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ABSTRACT 
 
 

Chromium (Cr) is a heavy metal commonly used in industrial settings worldwide and is 

therefore a source of contamination in the environment due to leaks, spills, and releases. In the 

environment, chromium takes the highly toxic and soluble hexavalent chromium (Cr(VI)) form 

or the nontoxic, less soluble trivalent chromium (Cr(III)) form. Cr(VI) poses a risk to life and the 

environment, so its removal is vital. One method for this is the reduction of Cr(VI) to Cr(III), 

which will then precipitate and could be removed from the environment. This study seeks to 

determine if three different bacterial strains, Pseudomonas aeruginosa, Bacillus subtilis, and 

Micrococcus luteus can perform this reduction.  

 The organisms used for this study are American Type Culture Collection (ATCC) strains, 

naïve to chromium in any valence state. They were grown on a blood agar plate for 24 hours, 

and then inoculated into a flask with 25 mL of Luria-Bertani (LB) broth. Each flask was then 

inoculated with a concentration of K2CrO4,  either 1 µM, 50 µM, 100 µM, or 200 µM, and 

incubated for 24 hours at 35°C. The samples were filtered, and the Cr(VI) was measured using 

the 1,10-Diphenylcarbazide method on a UV-VIS spectrophotometer. 

 All three organisms were able to reduce Cr(VI) to Cr(III) to some degree; Pseudomonas 

aeruginosa and Bacillus subtilis were able to reduce the Cr(VI) almost completely, while 

Micrococcus luteus was able to reduce most of it, but not all. These naïve organisms were all 

able to reduce Cr(VI) to Cr(III), which makes them candidates for Cr(VI) reduction strategies in 

the environment. Further studies must be done to determine whether they can be placed in an 

environment with other heavy metals, and if they could be used together for more robust 

remediation.  
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CHAPTER 1 
 

INTRODUCTION 
 
 

 Chromium (Cr) is a heavy metal commonly used in industrial settings worldwide. It is a 

major component in the manufacture of various materials, including stainless steel, superalloys, 

and nonferrous alloys. With a high temperature tolerance and melting point, chromium is useful 

as a plating material and as a mold for high-temperature manufacturing. Chromium is also used 

as a source of yellow pigmentation in many materials, and many of its compounds are brightly 

pigmented [1]. As with any material that is used in industry, there exists a risk for leaks, spills, 

and releases into the environment. For chromium, the contamination from its release has effects 

on the atmosphere, soils, and water sources. In recent decades, chromium levels have increased 

in both soil and aqueous environments due to anthropogenic activity, necessitating remediation 

[2]. Chromium exists naturally at oxidation states ranging from -2 to 6+, but when released into 

the environment, it generally takes one of its most stable forms: either the hexavalent (Cr6+) form 

or the trivalent (Cr3+) form [3]. Hexavalent chromium, hereafter Cr(VI), is highly soluble and 

mobile, enabling it to move readily throughout aqueous environments and soils. Trivalent 

chromium, hereafter Cr(III), tends to form complexes with other ions and precipitate out of the 

environment [2].  

 In addition to its increased solubility properties, Cr(VI) has many toxic effects to life. 

Because Cr(VI) is an oxyanion ((CrO4)2-) at a normal physiological pH between 7.35 and 7.45 with 

a -2 charge, it can readily enter cells due to its structural similarity to phosphate and sulfate. This 

resemblance contributes to its toxicity. Cr(III) on the other hand does not easily enter cells, 

rendering it much less toxic to life [4]. Studies have shown that Cr(VI) particularly effects specific 
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organs in the human body, including the liver and kidneys, which are organs known to process 

toxins [5]. While the exact mechanism of damage to the human body is unknown, cases of 

chromium ingestion ranging from a few grains to 5 grams of potassium dichromate (a compound 

containing Cr(VI)) have been shown to cause death due to coagulopathy (blood clotting 

disorders), hemorrhage, and cardiac arrest [6]. There is also some evidence that Cr(VI) can act as 

an oxidizing agent forming the hydroxyl free radical (OH), which causes damage to 

deoxyribonucleic acid (DNA), proteins, and the lipid membranes of cellular structures [5]. 

Regardless of the mechanism of damage, Cr(VI) poses a significant environmental threat. The 

Environmental Protection Agency (EPA) has deemed Cr(VI) a significant threat to human health 

due to its prevalence in the environment and its toxicity [7]. 

 Conversely, Cr(III) is considered a necessary dietary mineral in many organisms, including 

humans. In the human body it assists with the action of insulin, facilitating carbohydrate, fat, and 

protein metabolism. The daily adequate intake for Cr(III) is 35 µg/day for men and 25 µg/day for 

women, with few adverse side effects for excess intake [8]. Because of the extreme toxicity, 

increased solubility, and motility properties of Cr(VI) when compared to Cr(III), it is vital to 

convert Cr(VI) in the environment to its Cr(III) counterpart whenever possible. Many methods 

have been proposed to accomplish this in the past. These methods include ex situ treatments 

aimed at chemically reducing Cr(VI) to Cr(III) and subsequent precipitation and filtration of the 

treated water. There are various in situ treatments available, including enhanced extraction, 

electrokinetics, biological processes including the metabolic action of bacteria, 

phytoremediation, and natural attenuation, and others that utilize chemical reduction of Cr(VI) 

to Cr(III), and then fixation of the less soluble Cr(III) [9]. In situ vitrification is a process that is 
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particularly applicable to Cr(VI) remediation, but the cost could be prohibitive due to the 

necessity of three-phase electrical power at high voltage and multiple trailers that must be 

present for the duration of the procedure [10]. The method of interest for this paper is the 

utilization of bacterial respiration using extracellular electron transfer [11]. This method is cost-

effective, can be tailored to the individual environments, and is would likely be less energy-

intensive than some of the other methods utilized. The organisms utilized for this study are 

Pseudomonas aeruginosa, Bacillus subtilis, and Micrococcus luteus, all of which have been 

studied at some capacity for their ability to reduce Cr(VI) to Cr(III), although no studies have been 

found that compare the ability to reduce Cr(VI) of the three bacteria against one another. 

Pseudomonas aeruginosa STR ATCC 27853 (P. aeruginosa) is a common organism that exists in 

many environments around the world, including soils, aquatic environments, and as normal skin 

flora. Bacillus subtilis STR ATCC 6633 (B. subtilis) is also a ubiquitous organism and inhabits soil 

and aquatic environments throughout the world. It is also considered normal flora for the 

intestinal tracts of humans as well as the skin. Micrococcus luteus STR ATCC 49732 (M. luteus) 

(also known as Kocuria rhizophilia) is ubiquitous in nature as well, including in soils and aquatic 

environments, and is also normal skin flora for humans [12]. In this study, we seek to determine 

whether one or all the three selected naïve aerobic bacteria can perform this reduction, and 

which of these species performs the best at reducing chromium to its nontoxic state.  
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CHAPTER 2 
 

BACKGROUND STUDIES 
 
 

 The use of bacteria to reduce Cr(VI) to Cr(III) has been well-established in previously 

published literature. Generally, bacteria utilize one of two mechanisms for the reduction of Cr(VI) 

to Cr(III) in the environment: Transformation of Cr(VI) to Cr(III), or sorption of Cr(VI) onto the 

bacterial surface, the most common mechanism being transformation [12]. Transformation 

involves the use of a soluble enzyme, chromate reductase, to allow the bacterial cell to utilize 

Cr(VI) in anaerobic environments as the terminal electron receptor for microbial respiration in 

those environments [13]. In this process, electrons are transferred outside of the bacterial cell to 

the electron receptor, in this case Cr(VI), which is then reduced to the Cr(III) state. The bacterial 

cell can then utilize the energy produced by this transfer to facilitate adenosine triphosphate 

(ATP) production for metabolic purposes [10]. The newly reduced Cr(III) will then form an 

insoluble compound, such as Cr2O3 or Cr2(SO4)3, thus rendering it largely unable to contribute to 

environmental toxicity [14].  

 Previous studies have explored the use of anaerobic and aerobic bacteria for the 

reduction of Cr(VI) to Cr(III). While aerobic bacteria utilize oxygen for ATP production, anaerobic 

bacteria must conduct the process of fermentation, employing other compounds for their 

terminal electron receptor due to their inability to grow in oxygenated environments. In addition 

to aerobic and anaerobic bacteria, there is a third set of bacteria that function as facultative 

anaerobes, meaning that they use oxygen as their terminal electron receptor when it is present, 

but these organisms can also thrive in anoxic environments.  
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The utility of anaerobic organisms to conduct Cr(VI) reduction is in deeper soils which 

have largely anaerobic environments. One anaerobic study procured bacteria from sludge 

outside of a sewage treatment plant [15]. The individual bacterial strains were not identified in 

this study, but some were characterized as bacilli. The activity of the sludge microorganisms was 

evaluated based on their ability to reduce Cr(VI) to Cr(III). This study found that these indigenous 

bacteria, which were well-suited to a chromium-rich environment and were therefore able to 

tolerate relatively high chromium concentrations of up to 100 mg/L, were very effective at 

reducing Cr(VI) to less than 0.05 mg/L in a span of 3 days [15]. The study concluded that bacteria 

indigenous to Cr(VI)-rich environments could be used to remediate low-level chromium 

contamination as the last step in the treatment of industrial water or wastewater [15]. Another 

anaerobic study evaluated the differences in bacterial remediation efficacy and survivability in 

anaerobic (with sulfate as the main electron receptor) vs. anoxic conditions (with nitrate as the 

main electron receptor) and concluded that the anaerobic bacteria in the study were able to 

tolerate higher Cr(VI) levels in anoxic conditions (of up to 10,000 µg/L) than in anaerobic 

conditions (2,000 µg/L) [16]. Other studies found that some facultatively anaerobic bacteria could 

utilize the fermentation process in an anaerobic system to transform Cr(VI) to Cr(III) as well. In 

one such example, a study was performed examining a Leucobacter species [17]. The ability of 

facultative anaerobes to remediate Cr(VI) presents an interesting possibility, as those bacteria 

could be used in both contaminated subsurface and surface environments. In addition to the use 

of anaerobic bacteria, the use of various fungal and yeast species for remediation has also been 

examined. In one study, fungal-bacterial biofilms were studied, and those biofilms seemed highly 

tolerant to Cr(VI) levels and were effective at Cr(VI) remediation [18]. 
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While a great deal of the previous work on bacterial Cr(VI) reduction has involved 

anaerobic organisms, some work has been done using aerobic organisms as well. Aerobic 

bacterial species evaluated for their ability to reduce chromium, include (but is not limited to) 

Arthrobacter crystallopoites [19], Orchobactrum tritici [20], P. aeruginosa [21], B. subtilis [22], 

Halomonas species [23], M. luteus [24-25], and Staphylococcus species [25]. Like the previously 

mentioned study that examined anaerobic bacteria from the sewage water treatment site sludge, 

aerobic studies have focused on indigenous aerobic bacteria obtained from chromium-rich 

environments. In one such study, the bacteria were collected from tanning and steel industries 

in Pakistan [26]. Another study evaluated aerobic bacteria obtained from chromate mine water 

in the Sukindra Valley in India [27]. The species identified in the latter study were Bacillus subtilis, 

Acinetobacter jejuni, and Escherichia coli. These aerobic species had all grown and adapted to 

living in a chromium-rich environment, and all were found to be independently effective in 

reducing Cr(VI) to Cr(III). Another study procured a Bacillus strain from heavy-metal 

contaminated soil and concluded that not only could this strain reduce Cr(VI) to Cr(III), but it 

could also withstand high concentrations of other heavy metals, including copper, cobalt, 

cadmium, nickel, and zinc, making it a good choice for bioremediation of similar environments 

[28]. In addition to these studies, another study examined the capacity of aerobic bacteria 

acquired from a tannery site in Western Australia, identifying two distinct strains of Bacillus and 

one strain of Microbacterium, all of which were capable of reducing Cr(VI) to Cr(III). 

 Most previous studies focus on bacteria indigenous to a chromium-rich environment, 

such as from tanneries or industrial settings. One study examined the capacity of a naïve strain 

of Pseudomonas aeruginosa CCTCC AB93066, from China Center for Type Culture Collection in 
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Wuhan, China [3]. The CCTCC is the Chinese equivalent of the ATCC, or American Type Culture 

Collection, which is a non-profit organization that collects, stores, and distributes standardized 

bacterial strains and other microorganisms [29]. In this study, P. aeruginosa was tested against 

not only Cr(VI), but also other various heavy metals that are common to industrial sites. It was 

determined in this study that P. aeruginosa could reduce Cr(VI) up to 400 mg/L of Cr(VI), and the 

reduction peaked at 24 hours, with Cr(VI) levels remaining steady after 30 hours. This study also 

found that P. aeruginosa had greater Cr(VI) reduction in a broth medium than an agar medium, 

and that reduction was best at a pH between 7 and 8, and the presence of certain heavy metal 

ions, such as lead (Pb[II]), cobalt (Co[II]), and cadmium (Cd[II]) caused a decline in the reduction 

of Cr(VI) [3]. Another study identified bacterial strains from dry fly ash from a thermal power 

plant in India [25]. Fly ash is a common byproduct of coal pulverization, often in the energy sector 

[29]. The identified strains were resistant to chromium, and included M. luteus, Bacillus sp., and 

Staphylococcus sp. The study not only identified the bacterial strains in the fly ash, but also 

determined that these bacterial strains were capable of reducing Cr(VI) to Cr(III), even in the 

presence of other heavy metal ions including As, Co, Cd, Pb, Zn, Fe, Cu, and Mn, at a relatively 

high pH of 9, and at a moisture content as low as 1 – 2%. Ultimately, the study concluded that 

the hardiness of these bacterial strains, and their ability to withstand other heavy metals, would 

make them good candidates for bioremediation in alkaline and halophilic environments [25]. This 

study utilizes naïve bacteria for Cr(VI) reduction, which could allow for the standardization of the 

remediation process. If combinations of bacterial strains could be distributed as a remediation 

tool, the combinations of bacteria used could be tailored to the environment in which the 

remediation is desired. This presents the opportunity for the remediation of an area without the 
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necessity to conduct studies on the indigenous bacteria in the area for their capacity to reduce 

Cr(VI).  

 The materials and methods for previous studies varied, but most employed an alkaline 

growth medium for the bacteria, generally between 7.0 to 8.0, except in some studies aimed at 

examining the tolerance of different pH levels for Cr(VI) remediation. The incubation 

temperature was generally ranged from 30˚C to 37˚C, with one study in particular examining low-

temperature Cr(VI) remediation. Most studies were conducted utilizing a broth medium, while 

others used semi-solid agar mediums. The concentrations of Cr(VI) varied widely from study to 

study, ranging anywhere from 10 mg/L to 50 g/L. Finally, the methods of evaluation ranged from 

diphenylcarbazide, which was utilized in this study, to isotope dilution mass spectrometry [30], 

reagent-free ion chromatography [31], and inductively coupled plasma mass spectrometry [32], 

with the diphenylcarbazide method being the most utilized method. These materials and 

methods were, overall, consistent with this study. None of the papers evaluated, however, did a 

direct parallel investigation of multiple naïve bacterial species of their capacity to reduce Cr(VI) 

to Cr(III), which is the aim of this study.  

  



9 
 

CHAPTER 3 

MATERIALS AND METHODS 
 
 

3.1  Bacterial Species and Culture Conditions 
 
 The species utilized for this study were P. aeruginosa STR ATCC 27853, B. subtilis STR ATCC 

6633, and M. luteus STR ATCC 49732. All of these strains are ATCC strains of bacteria, and these 

specific strains were naïve to chromium exposure at any valence state. The identification of the 

organisms was confirmed using a VITEK mass spectrophotometer, which utilizes Matrix Assisted 

Laser Desorption Ionization Time-of-Flight (MALDI-TOF) technology, and is an FDA 510(k) cleared 

database for bacteria, fungi, and molds [33]. The organisms were grown first in a tryptic soy broth 

(TSB broth), which is a nutrient-rich broth utilized for the cultivation of non-fastidious 

microorganisms that contains 17.0 g of tryptone (pancreatic digest of casein), 3.0 g of soytone 

(peptic digest of soybean), 2.5 g of glucose, 5.0 g of sodium chloride, and 2.5 g of dipotassium 

phosphate, all per 1 L of deionized water. After reconstitution, the TSB broth has strong amber 

color, as shown in Figure 1. 
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Figure 1. Tryptic Soy Broth 

Due to the strong color of the TSB broth, later studies were conducted using Luria-Bertani (LB) 

broth, which is a nutrient-rich agar for the growth of non-fastidious microorganisms and the most 

widely used medium for bacterial growth. LB broth contains 10g of peptones per 1 liter, 5g of 

yeast extract per 1 liter, and 5g sodium chloride per 1 liter, and as shown in Figure 2, has a pale-

yellow color [34].  
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Figure 2. Luria-Bertani Broth 

After reconstitution with deionized water, the pH of the LB broth was titrated to 7.4 with the 

addition of 5 M NaOH after reconstitution with deionized water per the manufacturer’s 

instructions. 

The bacteria were taken from isolates frozen at -80˚C and plated on blood agar plates. 

The organisms were allowed to grow aerobically for 24 hours at 35˚C. A 1 mL sample of each 

organism was suspended in sterile saline at a 0.5 MacFarland concentration. For reference, a 0.5 

MacFarland concentration is equivalent to a colony forming unit (CFU) concentration of roughly 

1.5x108 bacterial cells/mL [35]. Each of the organism suspensions were then inoculated into 4 

flasks per organism containing 25 mL of TSB broth or LB broth, depending on the experiment. 

Until inoculation, the LB broth was stored in a refrigerator at 4˚C. A 10 mM K2CrO4 stock solution 
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was added to each of the flasks containing the bacterial strains, diluted to achieve concentrations 

of 1 µM, 50 µM, 100 µM, and 200 µM. The flasks were agitated briefly and were placed in a 35˚C 

incubator for 24 hours. All experiments were conducted in triplicate. The experimental process 

is diagrammed as a flowchart in Figure 3. 

 

 

Figure 3. Flowchart depiction of method for microbial viability and sample preparation. 
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3.2  Microbial Viability 

 

 After incubation and before the samples were removed from the flasks for Cr(VI) 

concentration determination, a calibrated 1 µL loop was used to remove a portion of each 

chromium concentration for each organism. The 1 µL loop was used to plate each sample on a 

blood agar plate, which was incubated for 24 hours at 35˚C. After 24 hours, the colonies were 

counted to determine the number of viable bacteria remaining in the solutions, and pictures 

were taken of each of the plates to record any morphological changes that may have occurred to 

the bacterial colonies because of the chromium exposure.  

3.3  Evaluation of Cr(VI) Concentration 

 The concentration of Cr(VI) was determined after 24 hours of incubation using the 1,10-

Diphenylcarbazide (1,10-DPC) spectrophotometric method. The instrument used was a Thermo-

Fisher Scientific Genesys 10s UV-VIS. The absorbance was reported as optical density (A). 

Standards were prepared utilizing LB broth inoculated with P. aeruginosa, B. subtilis, and M. 

luteus, allowed to grow for 24 hours at 35˚C, and filtered with a 200 nm filter to remove any 

organic matter, including bacterial cells. This method of preparation was done to account for any 

interference from the ambient color of the LB broth as well as any colorimetric changes that 

occurred due to bacterial growth, since P. aeruginosa naturally secretes a variety of pigments, 

including pyocyanin, which is a blue color, and pyoverdine, which is a yellow fluorescent color. 

These two pigments are secreted in tandem, culminating in a visually green color in various 

growth mediums. These standards were measured spectrophotometrically to produce a curve 

for each of the organisms.  
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Once the standard curves were produced, the flasks containing the chromium and 

bacterial mixtures were filtered using a 200 nm filtered syringe to remove any organic matter, 

including bacterial cells. The filtered solution was combined with HNO3 to lower the pH of the 

solution for Cr(VI) measurement, and the 1,10-DPC solution was added to facilitate the 

spectrophotometric reading. Readings of each Cr(VI) concentration for each organism were 

measured in triplicate, and the averages of each reading for each individual species were plotted 

against the curves created using the standards. 

  



15 
 

CHAPTER 4 

RESULTS 
 
 

4.1  Experiment 1 
 
 In the first experiment conducted, two concentrations of chromium were tested with the 

bacteria to determine the exact chromium concentrations that would be useful for this study: 

100 µM and 500 µM. Rather than utilizing LB broth for this experiment, it was conducted using 

tryptic soy broth (TSB), which has a darker amber color than the LB broth ultimately used for the 

study. The standards for this experiment were made with distilled-deionized water (DDI), and 

standard curves were produced. The bacteria were able to reduce the chromium at the 100 µM 

concentration by varying degrees, but the results of the 500 µM experiment were more 

ambiguous. The absorbance (A) of the solution as measured by the UV-VIS were not consistent, 

and all the measurements were well above the linearity established by the standard curve. The 

inconsistencies in the readings across the same bacterial species indicate that the instrument was 

unable to accurately determine the Cr(VI) concentration. This could be either due to the high 

initial concentration or because of the color of the TSB broth (see Figure 1), which would have an 

impact on the spectrophotometric reading, especially given that the standards were made using 

DDI instead of using the TSB broth. While this problem could have been corrected with dilutions, 

there exist other microbial nutrient broths that are better suited to spectrophotometric analysis, 

including the LB broth that was used in later studies.  

4.2  Experiment 2 

 In the second experiment, one concentration of Cr(VI) was examined at 100 µM. The 

calibration standards were made using the TSB broth as the base instead of DDI as was done in 
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the first experiment to correct the inaccurate results previously obtained due to the amber color 

of the TSB broth. In this experiment, the absorbance numbers were more consistent, and the 

results were plotted to form a standard curve, as shown in Figure 4.  

 

 

Figure 4. Standard curve from TSB broth standard measurments 
from experiment 2. 

 
As shown in Figure 5, B. subtilis was the most efficient organism at reducing Cr(VI), 

bringing it to a concentration of 57.85 µM, while M. luteus and P. aeruginosa reduced smaller 

concentrations to 89.56 µM and 97.93 µM, respectively. 
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Figure 5. Results of Cr(VI) remediation from 
experiment 2. The error bars represent the standard deviation 

from triplicate experiments, which was 0.008 for 
P. aeruginosa, and 0 for both B. subtilis and M. luteus. 

 

While it is consistent with other findings that B. subtilis would reduce Cr(VI) to Cr(III), it was 

anticipated that P. aeruginosa would have reduced a greater amount. After 24 hours of 

incubation with the Cr(VI) compound, all the P. aeruginosa flasks had a biofilm growing in the 

broth, which may have contributed to the inconsistencies that the results revealed. The next 

study was conducted with multiple Cr(VI) concentrations to determine whether we could utilize 

the TSB broth.  
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4.3  Experiment 3 

 The third experiment was conducted utilizing the TSB broth and was performed with 

multiple Cr(VI) concentrations. Additionally, the concentrations of the standards were adjusted 

to determine what the best standard concentrations for future studies would be. Three 

concentrations of Cr(VI) used in this experiment: 1 µM, 50 µM, and 100 µM. The standard 

concentrations used in this experiment were 0 µM (blank), 1 µM, and 10 µM. These values were 

determined based on the final Cr(VI) concentrations in the previous studies. The standards were 

made using the TSB broth, and a standard curve was made with the obtained absorbance values, 

as shown in Figure 6.  

 
 

Figure 6. Standard curve from TSB broth standard measurments 
from experiment 3. 
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 In this experiment, the three organisms all reduced Cr(VI) levels by at least 96%, as 

shown in Figure 7.  

 

Figure 7. Results of Cr(VI) remediation from 
experiment 3. The error bars represent the standard deviation 

from triplicate experiments, which was 0 for P. aeruginosa, 0.0006 for  
B. subtilis, and 0.0006 for M. luteus. 
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chromium to a final concentration of 0.13 µM, and M. luteus reduced the chromium to a final 

concentration of 1.63 µM. All three of the organisms were efficient at reducing Cr(VI) at all 

three concentrations tested, but P. aeruginosa and B. subtilis were the most effective. There 

were some inconsistencies in the final Cr(VI) concentration in the P. aeruginosa experiments, so 

further studies were conducted utilizing the LB broth to correct for the potential interference of 

the amber color of the TSB broth.  

4.4  Experiment 4  

 In the fourth experiment, the LB broth was utilized for microbial growth rather than the 

TSB broth as the color of the LB broth is much lighter in color, and the dark TSB broth was thought 

to be responsible for the noted Cr(VI) concentration inconsistencies. Three concentrations of 

chromium were examined in this experiment: 1 µM, 50 µM, and 100 µM. The standards were 

made using the LB broth, and as shown in Figure 8, a standard curve was made with the obtained 

absorbance values. 
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Figure 8. Standard curve from TSB broth standard measurments 
from experiment 4. 
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Figure 9. Results of Cr(VI) remediation from 
experiment 4. The error bars represent the standard deviation 

from triplicate experiments, which was 0.0006 for P. aeruginosa, 0.0006 for 
B. subtilis, and 0 for M. luteus. 
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of bacteria. The absorbance of the 0 µM concentration of the standard was 0.108 A, and the 

absorbance of the 1 µM concentrations for the sample with P. aeruginosa and B. subtilis was 

0.079 A and 0.081 A, respectively. We hypothesized that there may have been a biological 

change in the LB broth with the growth of the organisms, which contributed to the inconsistent 

readings between the 0 µM standard and the 1 µM bacterial/chromium flask.  

4.5  Experiment 5 

In the fifth and final experiment, the standards were made using LB broth in which each 

of the organisms had grown for 24 hours at 35˚C. This was done in an attempt to alleviate any 

inconsistencies in the data that may have been caused by the growth of the biofilm in the P. 

aeruginosa flasks. Aliquots of the broth were filtered using a 200 nm filter to remove organic 

material and bacterial cells, a set of standards was made for each organism ranging in K2CrO4 

concentration from 0 µM to 25 µM, and a standard curve was made for each organism, as shown 

in Figure 10 for P. aeruginosa, Figure 11 for B. subtilis, and Figure 12 for M. luteus. As 

demonstrated by Figures 10 – 12, the standard curves for each organism have a different slope, 

indicating that each of the organism produces different metabolic byproducts (such as pigments 

in the case of P. aeruginosa) that impact the absorbance measured by the 1,10-DPC method. This 

finding has implications for future studies investigating microbial Cr(VI) reduction as discussed 

below.  
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Figure 10. Standard curve from LB broth standard measurments 
for P. aeruginosa. 

 

 

Figure 11. Standard curve from LB broth standard measurements 
for B. subtilis. 
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Figure 12. Standard curve from LB broth standard measurements 
for M. luteus.  
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Figure 13. Results of Cr(VI) remediation from 
experiment 5. The error bars represent the standard deviation 

from triplicate experiments,  which are 0.0006 for P. aeruginosa,  
0.0006 for B. subtilis, and 0.001 for M. luteus. 
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2.24 µM. For M. luteus, the initial 1 µM concentration was reduced to 0.96 µM, the initial 50 µM 

concentration was reduced to 2.65 µM, the initial 100 µM concentration was reduced to 6.27 

µM, and the initial 200 µM concentration was reduced to 15.96 µM.  

4.6  Viability Studies 

Viability studies were also conducted in this experiment, with B. subtilis and P. aeruginosa 

showing the most robust growth even at 200 µM concentrations of Cr(VI). Figure 14 shows the 

post-Cr(VI)-reduction growth for the 1 µM concentration for P. aeruginosa, and Figure 15 shows 

the post-Cr(VI)-reduction growth at the 100 µM concentration for P. aeruginosa. Figure 16 shows 

the post-Cr(VI)-reduction growth at the 1 µM concentration for B. subtilis, and Figure 17 shows 

the post-Cr(VI)-reduction growth at the 100 µM concentration for B. subtilis. The organisms were 

grown on sheep blood agar plates, which is the red background of the viability images in Figures 

14 to 19. When plating the organisms for growth, a 1 µL calibrated loop was used. After 

conversion to milliliters, the individual organism colony forming units (CFU) were counted and 

multiplied by 1,000 for the final count of bacteria in the broth post-Cr(VI)-reduction. Since growth 

was so strong, the colony count was reported as >100,000 CFU/mL. In the clinical microbiology 

laboratory, this indicates robust, healthy, and uninhibited growth. The colony sizes between the 

organisms varied as well; P. aeruginosa colonies will spread over time, but at 24 hours of growth 

they tend to grow as shown on these plates. B. subtilis grows very large, spready colonies even 

at 24 hours of growth, so they appear to have grown larger here. Finally, M. luteus produces 

much smaller, rounder colonies than the other two organisms.  
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Figure 14. P. aeruginosa growth on a blood agar plate at 1 µM concentration 
after Cr(VI) reduction. Growth indicated by shiny gray colonies, greater than 

100,000 colony forming units (CFU) per milliliter (CFU/mL). 
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Figure 15. P. aeruginosa growth on a blood agar plate at 100 µM 
concentration after Cr(VI) reduction. Growth indicated by shiny  

gray colonies, greater than 100,000 CFU/mL. 
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Figure 16. B. subtilis growth on a blood agar plate at 1 µM concentration 
after Cr(VI) reduction. Growth indicated by gray, dry colonies, 

greater than 100,000 CFU/mL. 
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Figure 17. B. subtilis growth on blood agar plate at 100 µM concentration 
after Cr(VI) reduction. Growth indicated by gray and dry colonies, 

greater than 100,000 CFU/mL. 
 

M. luteus still grew well, although its growth was somewhat inhibited at the 100 µM and 200 µM 

concentrations. Figure 18 shows the growth of M. luteus at the 1 µM concentration after Cr(VI) 

reduction, and Figure 19 shows the growth of M. luteus at the 100 µM concentration after Cr(VI) 

reduction.  
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Figure 18. M. luteus growth on a blood agar plate at 1 µM concentration 
after Cr(VI) reduction. Growth indicated by yellow colonies,  

greater than 100,000 CFU/mL. 
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Figure 19. M. luteus growth on a blood agar plate at 100 µM concentration 
after Cr(VI) reduction. Growth indicated by yellow colonies, 

50,000 to 100,000 CFU/mL. 
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CHAPTER 5 
 
 

DISCUSSION 
 

 While the use of bacteria to remediate Cr(VI) environmental contamination is not a new 

concept, the use of naïve bacteria in this process has not been fully explored as compared to 

indigenous bacteria. During the literature review, no studies were found that directly compared 

more than one strain of naïve bacteria; whereas this study evaluated and compared the capacity 

of P. aeruginosa, B. subtilis, and M. luteus to reduce Cr(VI) to Cr(III). During this comparison, it 

was discovered that each species evaluated produced a different standard curve when inoculated 

with the same concentrations of Cr(VI). This implies that, for future Cr(VI) concentration studies 

utilizing bacterial remediation and the 1,10-DPC UV-VIS method, standards need to be made 

independently for each organism being evaluated. More research and experiments need to be 

conducted to confirm this finding across more than these three bacteria, but since most studies 

reviewed studied indigenous bacteria as a group or one naïve bacterial species at a time, these 

studies had not made this discovery. Regardless of the bacterial source (indigenous vs naïve), the 

use of standards for each organism being evaluated should be done to reduce any interference 

and increase the precision of the 1,10-DPC UV-VIS method.  

 P. aeruginosa, B. subtilis, and M. luteus all reduced Cr(VI), but to different degrees. P. 

aeruginosa and B. subtilis were able to reduce the chromium nearly completely at all 

concentrations, but M. luteus was not able to reduce as much at higher concentrations, although 

at the 200 µM concentration it was still able to reduce all but around 8% of the chromium, as 

evidenced in Figure 13. The reason for this was beyond the scope of this particular study and 

deserves further exploration, but it could have something to do with the structure of the bacterial 
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cell itself, since M. luteus is the only coccus-shaped organism used in this study. M. luteus also 

tends to grow more slowly than P. aeruginosa and B. subtilis, so it is possible that with the time 

constraints in this study for bacterial growth (24 hours) before challenging them with Cr(VI), M. 

luteus simply did not have time to grow as robustly as the other organisms and was therefore 

unable to reduce as much Cr(VI). A future study could be done with a longer incubation time to 

account for this difference.  

 As previously mentioned, the use of naïve bacteria implies that there exists the capability 

for producing standardized mixtures of bacteria for Cr(VI) remediation. For this to become a 

reality, more work must be done to not only determine which bacteria have the capability to 

remediate Cr(VI) contamination and to what extent, but also which bacteria can be used together 

without causing problems of inhibition, overgrowth, disruption of the environment in which they 

will be placed, or the transmission of antibiotic resistance between species. The organisms 

examined in this study had previously been identified in indigenous settings as capable of 

reducing Cr(VI) when growing with other bacteria, but this study also helps to prove that these 

strains have the innate ability to reduce Cr(VI), even when they had not ever been exposed to it.  

The utility of these bacteria for Cr(VI) remediation is further increased by the fact that they are 

ubiquitous in the environment and are not common causes of disease, making them less of a risk 

to the environment and human health if they are used.  

There are some methods and materials to more fully study the capacity of these 

organisms to reduce Cr(VI) to Cr(III) that were beyond the scope and capability of this study. 

The use of a scanning electron microscope (SEM) could give some insight into any potential 

changes to the structure of the bacterial cell. One study found that P. aeruginosa cells became 
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shorter by 0.5 – 1 µm and tended to clump more than usual after growth with 40 mg/L of Cr(VI) 

when examined under SEM [3]. It would be interesting to study the changes that B. subtilis and 

M. luteus potentially undergo after incubation with Cr(VI), and to determine if P. aeruginosa 

still changes at incubation with a lower concentration of Cr(VI), especially since each of these 

organisms has a different shape and cell wall structure. P. aeruginosa is a gram-negative 

bacillus, B. subtilis is a gram-positive bacillus, and M. luteus is a gram-positive coccus, which 

could determine any structural changes that may occur with Cr(VI) exposure. 

5.1 Future Studies 

In terms of future studies, it would be useful to determine if the antibiotic resistance 

patterns changed in these organisms after their exposure to Cr(VI). While these organisms are 

normal flora on the skin and other organ systems in the body, they are all capable of causing 

opportunistic infections among sensitive and immunocompromised groups. A useful study would 

be to determine the antibiotic resistance patterns of the organisms before their exposure to 

Cr(VI), and then to reexamine their resistance patterns after Cr(VI) reduction. In addition to 

determining their resistance patterns before and after Cr(VI) exposure, their antibiotic resistance 

patterns should also be studied after incubation with other organisms to rule out or confirm the 

genetic transfer of antibiotic resistance mechanisms. This could provide further evidence for or 

against each organism’s use as a bioremediation tool from a public health standpoint.  

The utility of naïve bacteria could be further strengthened by studying different types of 

bacteria for their capacity to reduce Cr(VI), including anaerobic bacteria. Certain yeasts and 

molds could also carry the innate capacity to reduce Cr(VI), and yeast and fungal organisms tend 

to not cause severe illness in humans, except rarely and in the case of immunocompromised 
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individuals. Once more organisms are determined to be capable of Cr(VI) reduction, they could 

be added to the pool of organisms that could be used to remediate environmental 

contamination. Anaerobic organisms could potentially be used to remediate chromium 

contamination beneath the surface, and aerobic organisms could be used to remediate 

contamination at the surface level and in oxygenated waters. The utilization of facultatively 

anaerobic bacteria could also provide a good method for reaching contamination in multiple 

environments without the need to add more bacteria for the surface and subsurface.  
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CHAPTER 6 

CONCLUSION 
 
 

As evidenced by these experiments, P. aeruginosa, B. subtilis, and M. luteus are capable 

of reducing Cr(VI) to Cr(III) to a large degree, with P. aeruginosa and B. subtilis achieving the most 

reduction. Additionally, P. aeruginosa and B. subtilis also had the most robust growth following 

their incubation with Cr(VI). Because of these factors, both P. aeruginosa and B. subtilis would be 

better suited than M. luteus for the potential bioremediation of Cr(VI) contamination. Since P. 

aeruginosa is an organism naturally occurring in aquatic environments and can function as a 

facultative anaerobe, it would be a good choice for spills occurring in water sources, even at 

depths and in soils that would be considered anaerobic or at a reduced oxygen concentration. 

These organisms are ubiquitous in nature and non-fastidious, so they would likely not need large 

amounts of additional nutrients to facilitate their growth and subsequent reduction of chromium. 

P. aeruginosa, for example, can be found in roughly 6% of sampled waters worldwide [36]. Since 

these bacteria, especially P. aeruginosa and B. subtilis, reduce Cr(VI) concentrations at such small 

amounts, they may be a particularly good choice as the final step in remediation, or to remediate 

very small concentrations of Cr(VI). 

P. aeruginosa, B. subtilis, and M. luteus are all suited for the bioremediation of Cr(VI) in 

their naïve state, as evidenced by these experiments. Since Cr(VI) contamination does not happen 

in a vacuum, the influence of other heavy metals used in industry on the capacity of these naïve 

organisms should be examined. Some commonly used materials that should be tested are cobalt, 

copper, iron, lead, magnesium, manganese, nickel, and zinc [37]. Please note that this is not a 

comprehensive list. The organisms in this study should be tested not only for their tolerance to 
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these metals, but their potential to bioremediate one or more of them as well, as that would be 

beneficial in the case of a broad contamination.  

To determine the capacity of these organisms to remediate higher concentrations of 

Cr(VI), the use of a method of measurement other than spectrophotometry or the use of a 

lighter-colored broth for the bacterial growth would be necessary, as the UV-VIS used for this 

work did not adequately measure higher concentrations of Cr(VI), as evidenced by the first 

experiment with the 500 µM concentration. These organisms are not fastidious in nature, so a 

manually prepared (rather than purchased) broth may be a good option for a lighter-colored 

broth. The development of a broth or growth medium which would be nutritious enough for 

these bacteria to grow and have a neutral enough color to prevent inhibition with the 1,10-DPC 

method of Cr(VI) determination is a potential topic for further study. These organisms have the 

potential to remediate large quantities of Cr(VI), which could not be determined by this study 

due to analysis limitations. A study better suited to higher concentrations would provide valuable 

insight into the true potential of these bacteria.  As these bacteria require similar growth 

conditions and nutritional requirements, they could potentially be used in tandem for more 

robust bioremediation. 

Before these bacteria have the capacity to perform bioremediation in a true 

contamination site, their growth in environments similar to those found at contamination sites 

should be performed. These are all bacteria that are found in soil and water throughout the world 

so they should theoretically grow well at lower temperatures and aquatic environments, but this 

needs to be confirmed. Additionally, determining methods for the deployment of these bacteria 

would be necessary to fully understand and apply these methods on a larger scale. Future work 
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should be done to determine the mechanism by which each of these bacteria reduce Cr(VI), and 

perhaps that mechanism can be exploited in other ways for the purposes of heavy metal 

bioremediation. 
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