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ABSTRACT 

Johnson, Hannah Lesley, Analysis of gold tolerance in Rhodobater sphaeroides. Master 
of Science (Biology), December, 2016, Sam Houston State University, Huntsville, Texas. 
 

Heavy metal pollution is a worldwide problem with many associated health risks, 

including bone loss, kidney damage, and several forms of cancer.  There is a great need 

of bioremediation of these toxic metals from the environment, as well as implementing a 

monitoring system to control the spreading pollution.  This study focuses on the 

bioremediation potential of R. sphaeroides in the presence of the toxic gold chloride 

(AuCl3).  A bioinformatics approach is taken to identify all heavy metal related genes 

within 2,489 bacterial species, identify the genes potentially involved in their 

bioremediation within the genome of R. sphaeroides.  Growth characteristics of the 

bacterial cells exposed to a range of toxic gold concentrations were analyzed through the 

growth kinetics and the colony forming units (cfu’s) under aerobic, photosynthetic, and 

anaerobic growth conditions.  The localization of the gold particles within two cellular 

fractions, cytoplasmic and the plasma membrane, are analyzed using Inductively Coupled 

Plasma Optical Emission Spectroscopy (ICP-OES).  The results of this current study 

reveal the majority (46%) of the heavy metal related genes belong to the species within 

the Proteobacteria group, and subsequently the αProteobacteria.  Upon analysis of the R. 

sphaeroides genome, 475 heavy metal related genes were identified.  Results also reveal 

the photosynthetic growth condition as best suited for the metal tolerance, allowing a 

higher survivability under the gold concentrations compared to subsequent growth 

conditions.  Results of the localization revealed the overall accumulation of gold 

particles, while not different between the cellular fractions, increased at different 

concentrations of the gold contamination.  The results of the photosynthetic localization 



v 

revealed the accumulation reached the highest very quickly, and an overall shift in 

localization of the gold particles from an equal distribution to an increase within the 

membrane fraction at the highest concentrations of gold contamination.  Expression 

profiles of the heavy metal related genes within R. sphaeroides, 369 in total, reveal a total 

of 46 photosynthetic genes which will be the targets of molecular analysis in the future 

work. 

 

KEY WORDS: Heavy metal tolerance, Bioremediation, Rhodobacter sphaeroides, Gold 
chloride, Heavy metal gene, Inductively Coupled Plasma (ICP), Real time reverse 
transcriptase polymerase chain reaction (qRT-PCR 
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CHAPTER I 
 
 

Environmental Heavy Metal Pollutions and their Bioremediation 

The definition of heavy metals has differed over the years, beginning with 

defining heavy metals as metals with a density of five times greater than water (Morris, 

1992) and then as metals with densities above 4-5 g/cm3 (Jennings, 1993; Nies, 1999).  

The definition of heavy metals has also included the elements with atomic weight 

between 63.546 and 200.590 (Kennish, 1991).  There are about 30 metals and metalloids 

within the heavy metals group, including zinc (Zn), mercury (Hg), gold (Au), lead (Pb), 

cadmium (Cd), copper (Cu), silver (Ag), platinum (Pt), chromium (Cr), arsenic (As) and 

chromium (Cr), which have densities that are greater than 5g/cm3 (Oves, Saghir Khan, 

Zaidi, & Ahmad, 2012).  Heavy metals may have a nutritional benefit to the organism as 

cofactors, such as zinc, magnesium, copper, chromium, or nickel, while other metals, 

such as lead, cadmium, mercury, arsenic, and gold, are not yet identified with any 

beneficial attributes to the organism (Spiegel, 2002). Regardless of the nutritional benefit, 

all metals lead to toxic effects when accumulated in high concentrations in the cell.  The 

toxicity of the metals is dependent upon the concentration, but also the chemical 

structure, time of exposure, and the source of the metal contamination (Mielke & Reagan, 

1988). 

Sources of Heavy Metal Contamination 

Heavy metal contamination, particularly in the air, soil and rivers, is a major 

problem for their toxic effects worldwide (Facchinelli, Sacchi, & Mallen, 2001; Solgi, 

Esmaili-Sari, Riyahi-Bakhtiari, & Hadipour, 2012). The toxic contaminants come from a 

variety of sources, including industrial effluents, gold mines, acid rain, and metal ions 
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leaching out into the soil.  For example, a major source of copper in the agricultural 

processes comes from fertilizers that use the metal to enrich the soils around the crops, as 

well as pesticides that are used widely in agriculture (Wuana & Okieimen, 2011).  Metals 

can also enter the environment through animal waste that is used as fertilizers; the pig 

and poultry industries use various metals, Cu and Zn, to promote growth of the animals, 

and the metals accumulate within the waste (Wuana & Okieimen, 2011).  Noble metals 

are also a source of the contamination, and include gold, silver, and platinum.  A 

significant source of gold contamination comes from gold mines that have been 

abandoned and left unregulated where it was reported that platinum and gold are the most 

environmentally damaging metals (Rosen, 1996).  Heavy metals are also used in 

manufacturing processes which end up as industrial waste.  The metals then leach into the 

water supplies and water cycle, enter the food chain and ultimately accumulate to toxic 

levels (Stillman & Presta, 2000). 

Implications of Metal Contamination 

Heavy metal pollution is irreversible, but can be managed through bioremediation 

tactics (Qingren, Cui, & Liu, 2001).  The implications of the metal contamination include 

degradation of food crops, negative impacts on water sources, and atmospheric changes 

(Dong, et al., 2011).  Industrial wastewater is commonly used in third world countries, 

and when the presence of heavy metals reaches the toxic concentration, there are serious 

impacts on agricultural productions (Zalups & Koropatnick, 2000).  Each metal has a 

different concentration at which it is deemed to be toxic to both the environment and the 

human body.  These toxic pollutants pose serious health risks to humans, including bone 

loss (Kido, 2013), kidney damage (Barbier, Jacquillet, Tauc, Cougnon, & Poujeol, 2005), 
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neurological damage (Clarkson, 1987), skin cancer (Jarup, 2003), and lung cancer 

(Rokadia & Agarwal, 2013). Some of these metals, such as chromium, cobalt and nickel, 

not only play a vital role in metabolic processes as essential micronutrients, stabilizing 

molecules (Crannell, et al., 2000) and catalysts in enzymatic reactions (Vatamaniuk, 

Mari, Lu, & Rea, 2000), they also help regulate osmotic balance (Rosen, 1996) and are 

used in redox reactions (Tan, Liu, Feng, Huang, & Li, 2005). 

Heavy metals are also expelled into the air through the process of mining and 

other industrial effluents.  The changes in energy use and energy generation will have 

huge impacts on the atmosphere and lead to an increase in the metal emission.  A study 

done on the new energy productions within Brazil predicted a 100% increase of heavy 

metals into the atmosphere two years after a major policy on energy production was 

passed (Vaisman & Lacerda, 2003).  Metals within the atmosphere add to the pollution 

that the World Health Organization estimates to be the cause of death of nearly two 

million people per year.  There is a serious need for the bioremediation of the metal 

contaminants from not only the soil and water samples, but also the atmosphere.  Several 

organisms are being utilized as a biomonitoring system to detect and monitor the amount 

of metal within the atmosphere in certain regions and locations. 

Heavy Metal Bioremediation 

Bioremediation is the use of microorganisms to clean up contaminated water or 

soil, whereby the microorganisms use the contaminant as a source of energy or as 

nutrients (Hess, et al., 1997).  Within the process of bioremediation, there are three main 

components necessary to successfully implement the methodology.  The three 

components include the microorganisms, a food source, and nutrients (Kulshreshtha, 
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Agrawal, Barar, & Saxena, 2014).  The use of microorganisms for bioremediation was 

analyzed by Nies (1999) and three potential uses were identified: 1) Biotechnological 

processes can be facilitated through the addition of metal resistance to microorganisms.  

2) Expensive metals could be extracted from environmental sources through bioleaching 

with metal resistant bacteria. 3) Bioremediation of metal-contaminated environments 

could be possible through metal tolerant microorganisms. Many bacterial strains are 

found to be useful in bioremediation processes, however some are only found to be 

successful in laboratory conditions.  The limiting factors for bacteria to be used as a 

bioremediation tool include pH, soil structure, nutrient availability, temperature, and the 

presence of other toxins and contaminants (Karigar & Rao, 2011).  In the laboratory 

setting, these factors are easily controlled and accounted for in the optimization of 

bacteria in the use of bioremediation.  However, in the environmental setting, these 

factors are no longer controlled, which will alter the performance of a microorganism in 

the tolerance and bioremediation of toxic heavy metals. 

Metal Tolerance of Bacteria and its Potential Role in Bioremediation  

Microorganisms have a wide array of different tolerance mechanisms depending 

on the organism as well as the heavy metal involved; each mechanism is specific to 

particular metals or group of metals.  An example of the different tolerance mechanisms 

can be seen in Figure 1 (Valls & Lorezo, 2002) below with the different concentrations of 

the metals as a general example.  
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Figure 1. Metal accumulation capacity of microorganisms and the various mechanisms of 
tolerance.  This figure is depicting the general metal concentrations found to be tolerable 
by various microorganisms and the accompanying tolerance mechanisms to the 
concentration capabilities. 

 
 
Whether essential or non-essential, heavy metals become toxic to organisms at 

high levels, resulting in bioaccumulation, modifications of conformational structure of 

nucleic acids and proteins, damage to the DNA and cell membrane, and interference with 

the oxidative phosphorylation and osmotic balance (Rosen, 1996).  Resistance 

mechanisms to heavy metals have been identified including intracellular and extracellular 

sequestration, exclusion by permeability barrier, efflux pumps, active transport, reduction 

of heavy metal ions and cellular targets, and enzymatic detoxification as seen in Figure 2 

(Jaiswal, 2011). 
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Figure 2. Interactions of metals and microbial cells. There are many interactions present 
between heavy metals and microorganisms.  This figure shows the major tolerance 
mechanisms known to date.  An important aspect is that there is no universal mechanism 
for metals, and while one mechanism may be effective for one metal, it may also require 
many mechanisms to tolerate other metals. 

 
Heavy metals and their byproducts are generally detoxified by the oxidative 

coupling, which is mediated by oxidoreductase enzymes.  Transformation of the heavy 

metals and metalloids into bio-nanoparticles can occur in microorganisms by oxidation, 

reduction, methylation, and dealkylation (Gadd, 1992).  Studies have shown that there are 

many algae, fungi and bacteria that have the ability to reduce the metal ions into 

elemental metallic form; for example, the reduction of Au (III) to the elemental Au (0) as 

well as Ag (I) to Ag (0) (Oves, Saghir Khan, Zaidi, & Ahmad, 2012).  Moreover, some 

heavy metals and metalloids have multiple oxidation states that can be reduced, as they 

provide electrons to the terminal electron acceptors in the electron transport chain of the 

heterotrophic bacteria.  
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There has been considerable interest for the identification of tolerance 

mechanisms for specific heavy metals in various microorganisms.  Cadmium is one of the 

most well-known toxic heavy metals, and is commonly used in paints and plastics, as 

well as steel coatings (Wilson & Bhattacharyya, 1997). It appears that an overall trend in 

cadmium resistance in bacteria is a result of cadmium efflux. A mutation in the DsbA 

product in Escherichia coli impairs resistance against cadmium to the bacterium 

(Rensing, Mitra, & Rosen, 1997).  Chromium has serious toxic effects on human kidney 

and livers. It has previously been determined that chromate enters bacterial cells through 

a sulfate system that is mirrored in many other microorganisms to uptake chromium and 

other metal ions (Nies, 1999).  It has been suggested that the resistance to chromate is a 

result of chromate reduction and efflux, which allow other bacteria including 

Pseudomnas fluorescens strain LB300 (Bopp, Chakrabarty, & Ehrlich, 1983) as being 

resistant to chromate.  Copper is commonly found in many industrial processes and 

pesticides, and that damages the nucleic acids of microorganisms, and as a result there are 

many mechanisms that microorganisms utilize in order to minimize the damage done by 

the copper. Microorganisms utilize various mechanisms, which include detoxification 

and sequestration to mediate copper resistance to the cell (Gaballa & Helmann, 2003).  

Copper resistance has been shown across species, including Escherichia coli and 

Pseudomonas putida, however there are phenotypic differences within the copper-

resistant bacteria.  It has been shown that the E. coli remains colorless while 

Pseudomonas strains exhibit a blue color when in contact with high copper medium as a 

result of accumulation within the outer membrane that make them resistant against 

copper (Cooksey, Copper uptake and resistance in bacteria, 1993; Cooksey, Molecular 
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mechanisms of copper resistance and accumulation in bacteria, 1994).  This type of 

phenotypic difference may be implemented as a means of indicating and quantifying the 

amount of copper contamination within environmental samples. 

Mercury is perhaps one of the most toxic heavy metals with no beneficial use to 

microorganisms.  Due to the widespread prevalence of the metal, microorganisms have 

mercury resistant genetic determinants (mer system) that are found in many bacterial 

species (Smit, Wolters, & Dirk van Elsas, 1998). It has been characterized that MerP 

protein binds the toxic cation and delivers it to a mercury transporter, MerT, which then 

transports the cation to the cytoplasm of the cell (Hobman & Brown, 1997).  This system 

is tightly regulated by the repressor protein, MerR, which binds to the mer promoter to 

prevent transcription unless Hg2+ is present.  To ensure the induction of the mer 

promoter, MerD is a secondary regulator that is involved in order to initiate transcription.  

The mer system has been extensively studied and has been successfully transferred to 

other bacterial systems in order to promote the tolerance of mercury contamination within 

bacterial species equipped to tolerate other metals.  

Nickel is useful in many bacteria for enzymes like dehydrogenase, but as with 

most heavy metals, an excess of nickel is toxic to the cells (van Vliet, et al., 2001).  

Nickel tolerance follows similar mechanisms to other metals and is primarily believed to 

be through sequestration and transport/efflux, although the transport may be mediated by 

a chemiosmotic driven gradient. Ralstonia eutrophus, a member of the proteobacteria is 

one of the best known organisms with nickel resistance.  Two early tolerance 

mechanisms were described as a nickel-cobalt resistance (Cnr) as well as a nickel-cobalt-

cadmium resistance (Ncc) (Schmidt & Schlegel, 1994).  Zinc is a very essential metal for 
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the growth of bacteria and other microorganisms, as it is found as cofactor in a variety of 

enzymes and DNA-binding proteins (Chou, Archdeacon, & Kado, 1998). The zinc 

transport is not strictly limited to “zinc only transport”, but the metal may be transported 

through other systems, such as magnesium transporters, when there is an excess of zinc.  

The three transport groups that are seen within these magnesium/zinc systems include 

CorA, found in Saccharomyces cervisiae as well as many bacteria and archaea, MgtE and 

MgtA transporters found in Salmonella typhimurium.  

 

 

Figure 3. Schematic of the ZntA transport system in E. coli regulated by the ZntR 
protein. In the E. coli system, zinc comes into the cell through passive transport at high 
concentrations.  The ZntR protein acts as a transcriptional repressor when not bound to 
zinc.  When zinc concentrations are higher inside the cell, the ZntR repressor undergoes a 
conformational change when bound to zinc, which activates the transcription of zntA to 
produce the ZntA transporter to remove the excess zinc inside the cell through active 
transport. 
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There are a few zinc only transporters that have been identified, including ZntA, 

which is found in E. coli (Charrier, et al., 2010), as illustrated in Figure 3 and ZiaA, 

which is found in the cyanobacterium Synechocystis (Thelwell, Robinson, & Turner-

Cavet, 1998).  Gold averages about 1-5ppt in natural water (Williams-Jones, Bowell, & 

Artashes, 2009), but has been found to reach more than 100ppb in soils (Reith, et al., 

2009). Free gold ions are found in high abundance in aqueous media since the redox 

potential of Au (I) and Au (III) exceeds water, which could lead to the toxicity of gold on 

organisms (Williams-Jones, Bowell, & Artashes, 2009).  To combat the toxicity, bacteria 

actively transports the gold out of the cytoplasm through means of efflux pumps.   

Salmonella contains a gol-gene cluster, which codes for a metal exporter, GolT, a 

transcriptional regulator, GolS, and a metal binding protein GolB.  This cluster is 

responsible for the resistance of gold, and while it is found in two species of Salmonella, 

it is not found in other enteric bacteria; this finding suggests that it is not a required 

component but possibly arose through horizontal gene transfer to allow the bacteria to 

survive the gold metal contamination. GolS, along with CupR, belongs to the MerR 

family of regulators that are activated in the presence of heavy metal ions, ranging from 

the essential ions such as Zn (II) or Cu (I), to the toxic Pb (II) and Au (I) ions.  Studies 

have shown the formation of biofilms, such as Cupriavidus, on deposits of Au, which 

suggests that Au-specific resistance mechanisms are the mechanisms to survive against 

gold toxicity. Arsenic is found in soil and water in two main forms, As (III) and As (V).  

It has been shown to be a carcinogen that leads to skin, bladder, kidney and lung cancers.  

Two main mechanisms of arsenic resistance have been identified so far for As (V), 

including the reduction of arsenate, which was initially identified and characterized in 
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Sulfursopirillum arsenophilum (Stolz, Basu, Santini, & Oremland, 2006).  The second 

arsenic tolerance mechanism involves ArsC and other arsenic resistance genes (Ranjan, 

Rani, Bavishi, Sharma, & Choudhary, 2012) which have arisen by convergent evolution 

(Kaur & Rosen, 1992) and includes the following components: 1) ArsC, which is the 

arsenate reductase, 2) ArsB, which is the arsenite-specific efflux pump, and 3) a group of 

reducing agents such as thioredoxin or glutaredoxin (Kaur & Rosen, 1992; Ranjan, Rani, 

Bavishi, Sharma, & Choudhary, 2012; Stolz, Basu, Santini, & Oremland, 2006). 

As previously mentioned, there is no single mechanism of metal tolerance found 

within bacteria.  This presents a challenge as each metal has a different mechanism found 

in the different group of bacteria.  The main mechanisms of heavy metal tolerance that 

have been identified in microorganisms to date includes transport of the metal ions out of 

the cell, through efflux pumps, or detoxification and sequestration to form bio 

nanoparticles.  In order to design and synthetically construct an effective bioremediation 

tool, the mechanisms of metal transport and the use of efflux pumps needs to be better 

characterized in a choice of model microorganism.  As mentioned above, the transport 

systems are not always limited to a single metal, but may be activated in the presence of 

several metals.  This type of system would be beneficial for use to implement into 

organisms to allow a wide array of metal tolerance and bioremediation. 

In order to monitor the increasing contaminates and pollutants in the atmosphere, 

there are two approaches that can be used: the first approach is to directly collect the 

particulate matter found in the air and deposit the particles for analysis; the second 

approach is to use the biomonitors.  The direct collection approach is useful for local 

surveys, but it is very limited when considering global scale due to the continuous 
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sampling that is required (Hoodaji, Ataabadi, & Najafi, 2012).  Another limitation of the 

direct collection is the inability to install and maintain the necessary equipment needed in 

all of the locations that would be required worldwide.  To monitor the amount of heavy 

metal accumulation in the air and atmosphere, a cheap and reliable means of monitoring 

includes the use of biological materials.  Previous studies have been done on the use of 

various plants, lichens, leaves and mosses in the detection of heavy metal contamination 

in the air (Akosky, 2008).  Introducing a plant monitoring system would allow a 

worldwide distribution of data on the accumulation of heavy metals and contaminants.  

The bioindicators are also useful due to the large spectrum of contaminants they are 

sensitive to (Hoodaji, Ataabadi, & Najafi, 2012).  There is an important distinction to be 

made with biomonitors and bioindicators.  The bioindicator is an organism, or a 

community of organisms, that contain(s) information about the quality of a particular 

environment.  A biomonitor is an organism, or a community of organisms, that contains 

information on the quantitative aspects of the quality of the environment (Hoodaji, 

Ataabadi, & Najafi, 2012).  It is important to understand the distinction when attempting 

to implement a monitoring system using suitable biological materials. 

For heavy metal contamination and accumulation, it is effective to use the 

biomonitoring approach.  The biomonitoring can be split into two groups: active and 

passive.  The active biomonitoring system is used to expose the well-defined plants, or 

other system, to the specific contaminants in order to study the effects of the metal 

contamination.  Passive monitoring is used to observe the effects of the metal 

contamination on the indigenous plants and mosses in the area.   
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The byproducts of heavy metal contamination can be useful in a variety of 

applications.  An example is bio nanoparticles that are formed when microorganisms 

cannot remove the heavy metals from their cells.  The metals are transformed into less 

toxic bio-nanoparticles that have a wide array of uses.  The unique features of gold bio 

nanoparticles allow them to be used as transporters for therapeutic agents, as basic 

components of nanocomposite preparations (Gamaleia & Shton, 2015), in electronic 

plating (Florea, et al., 2015), and in cancer therapy designed to target tumors (Jain, Hirst, 

& O'Sullivan, 2012).  
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CHAPTER II 

Genomic Analysis of Heavy Metal Resistant Genes Across Bacterial Species 

Since the expansion of bacterial genome data, it has been necessary to introduce 

bioinformatics as a methodology to analyze the large genome database.  A standard 

definition of bioinformatics is the ability to combine biology and computer science in 

order to extract large amounts of data from a database, organize the local database, and 

discover the specific pattern in the data (Luscombe, Greenbaum, & Gerstein, 2011).  One 

of the most used approaches for bioinformatics study is the analysis of large amounts of 

gene or protein sequences of the genomes that are fully annotated.  In this study, 

bioinformatics approaches are used to analyze the gene and protein sequences of 

Proteobacteria to examine their potential use for the bioremediation of heavy metals.  

Bioinformatic methods are used to extract data files such as the protein sequence files 

(.ptt) files from the National Center for Biotechnology Information (NCBI) database and 

study the distribution of the heavy metal tolerance genes identified within different 

subclasses (α Proteobacteria, β Proteobacteria, γ Proteobacteria, δ Proteobacteria, and ε 

Proteobacteria) of eubacteria. 

Within the NCBI database, there are currently >70,000 genomes available for 

analysis.  The genomes are organized by Eukaryotes (3,494 genomes), Prokaryotes 

(73,708 genomes), Viruses (5,673 genomes) as well as some organelles and synthetic 

plasmids.  Within the prokaryotes genome files that includes bacterial, fungi and 

unclassified prokaryotic sequences, there are 71, 424 bacterial genomes that have been 

sequenced.  The total number of genomes that are completely sequenced within the 

database includes 5, 654 bacterial genomes, which consists of 2,526 unique species.  The 
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genome database contains many partial genomes which have not yet been completely 

sequenced and annotated, therefore they are not available for bioinformatics analysis.  Of 

the 2,526 species in the database, 2,489 were found to have genes related to heavy metal 

transport, reduction, and/or resistance.  Since proteobacterial species are metabolically 

versatile, and several species have been previously shown to be heavy metal resistant, 

including gold, silver, and platinum.  Also, Rhodobacter capsulatus, a species closely 

related to R. sphaeroides has demonstrated considerable gold resistance and 

bioaccumulation of gold bio-nanoparticles. The following hypotheses will be tested in the 

current study: First, the species belonging to the Proteobacteria contain numerous heavy 

metal related genes across the bacterial genomes.  Second, the genome of R. sphaeroides 

contains heavy metal resistant genes, including genes involved in gold resistance.  If 

these two hypotheses are validated, R. sphaeroides will be further utilized as a model 

species to study the bacterial tolerance against gold contamination in the gold mines. 

Materials and Methods 

Heavy Metal Gene Identification. To access the FASTA files for all bacteria, 

the FTP directory was accessed through the National Center for Biotechnology 

Information (NCBI) database.  The FTP directory was opened in File Explorer, and all of 

the files were downloaded, from all bacteria, to serve as the directory for the heavy metal 

gene identification.  Using the VMware player on the Linux Platform, a directory was 

created using the previously downloaded FASTA files.  A keyword, for example “heavy 

metal”, was used as a search query to extract the files from all bacteria that contain the 

keyword(s).  The total list of keywords used to extract the related files is located in 

Appendix A.   
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Distribution of Heavy Metal Genes Across Bacterial Species. The total number 

of heavy metal genes identified in each bacterial group was divided by the total number 

of genes within the group to obtain the frequency of the heavy metal related genes.  The 

distribution was calculated for each bacterial group in which heavy metal related genes 

were identified.  To identify gene distribution within the Proteobacteria, the previously 

downloaded FTP files containing the genomes of all bacteria (2,489 in total) were filtered 

to include only those bacteria belonging to the Proteobacteria group.  All of the files were 

downloaded and sorted by the group Proteobacteria, and then subgroups of α 

Proteobacteria, β Proteobacteria, γ Proteobacteria, δ Proteobacteria, and ε Proteobacteria.  

The filtered files were compiled and added as a new directory in the VMware Player. A 

keyword search was done on this new directory with the terms found in Appendix A to 

extract the number of species, as well as the number of genes within those species, that 

include the genes related to the heavy metal tolerance, function, or annotation.  All codes 

used to perform the bioinformatics analysis are found in Appendix C. 

Analysis of R. sphaeroides Genome. The previously downloaded FASTA files 

were compiled for R. sphaeroides, and sorted into individual files: Chromosome I, 

Chromosome II, Plasmid A, Plasmid B, Plasmid C, Plasmid D, and Plasmid E.  All of the 

protein (.ptt) files were accessed through Entrez using the FASTA files compiled.  The 

PID headings of each protein file was uploaded to the “desktop” of the VMware to 

upload to the Linux platform.  A new directory was created using the previously 

extracted .ptt files from all bacterial genomes.  The PID entries for the genome of R. 

sphaeroides were used in the Basic Local Alignment Search Tool for Proteins (blastp) 
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comparison.  The following criteria were used: Amino acid identity >50%, E-value 

<0.001, and bit score >100.  

Results and Discussion 

A total of 2489 bacterial genomes were analyzed and it was found that the group 

containing the most genes related to heavy metal resistances included the Proteobacteria 

group.  This widely diverse group of bacteria is ideal for the study of heavy metal 

bioremediation due to the large number of genes related to heavy metal tolerance, that 

encode transporter, sensor proteins, transcriptional regulators, and oxidoreductive 

enzymes.  The genome of R. sphaeroides, although fully sequenced, is annotated with a 

large amount of hypothetical proteins.  It was a goal of this study to determine whether 

heavy metal resistant genes are found within the genome of R. sphaeroides.  Through the 

analysis of the distribution of heavy metal genes in bacterial species, the total number of 

heavy metal genes can also be identified in this way. Due to the high level of interest in 

the toxic effects of metal contaminants, it will be useful to set a directory of heavy metal 

related genes across bacterial species.  A directory of this type will provide a database in 

which to analyze organismal genomes compared to this derived database.  A large 

number of bacterial genomes that have been completely sequenced and annotated several 

heavy metal related genes, but those genes are not currently stored in a separate database 

available for analysis. If a database was organized with the annotations collected that are 

related to heavy metals, the database could be used for further analysis of organisms 

thought to be capable of bioremediation. 
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Distribution of Heavy Metal Related Genes within Bacteria 

After extracting all of the .ptt files that contain the key words, Appendix A, the 

files were sorted by bacterial groups.  While the entire bacterial database was analyzed, 

only the groups that contain the key words were extracted.  The ordered groups were 

compiled based upon the total number of heavy metal genes and the total genes within 

the bacterial group.  The distribution of the heavy metal genes was graphed as illustrated 

in Figure 4.  

 

Figure 4. Unique heavy metal gene distribution across all bacterial species. Unique heavy 
metal genes were extracted from the .ptt files of all bacterial species. Proteobacteria and 
Terrabacteria group make up the two largest groups that contain the heavy metal genes, 
with 46% and 39% respectively.  Proteobacteria have been studied under different heavy 
metal contamination and used in previous bioremediation studies. 

 
 
The two main groups that contain the heavy metal genes include Proteobacteria 

and Terrabacteria.  Proteobacteria is comprised of a wide array of bacterial species with 
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diverse metabolic systems with a large number of species that are photosynthetic, making 

them ideal candidates for bioremediation purposes.  The Terrabacteria group is also 

widely diverse and has been studied with bioremediation experiments and has shown 

potential with environmental hazards, although there are fewer studies on heavy metal 

contamination within this group (Battistuzzi & Hedges, 2009).  The high percentage of 

genes related to heavy metal resistance in these two major groups of bacteria suggests 

that the heavy metal resistance genes have possibly evolved multiple times, however the 

wide distribution of the heavy metal genes also supports the notion that many bacterial 

species have acquired these genes by horizontal gene transfers (HGT).  Due to the 

majority of the distribution of heavy metal genes being found in the Proteobacteria, the 

group was split into the sub groups of α Proteobacteria, β Proteobacteria, γ 

Proteobacteria, δ Proteobacteria, and ε Proteobacteria to analyze the distribution of heavy 

metal genes within Proteobacteria.  For the analysis of the Delta/Epsilon subdivisions, the 

two groups were combined in order to fully capture all of the related heavy metal genes 

within the NCBI database as the two groups are often annotated together in the gene and 

protein files.  The results of the distribution of heavy metal genes within the 

Proteobacteria are shown in Figure 5. 
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Figure 5. Heavy metal gene distribution within Proteobacteria. Within the Proteobacteria 
group, γ Proteobacteria and α Proteobacteria have the highest frequency of heavy metal 
genes. 

 
Results reveal that the γ Proteobacteria harbors the highest frequency of metal 

resistance related genes, followed by α Proteobacteria.  Previous studies have also shown 

that when sampling a heavy metal contaminated area, the α Proteobacteria are found to be 

the most prevalent bacterial species (Margesin, Plaza, & Kasenbacher, 2011) 

Heavy Metal Related Genes in R. sphaeroides 

Due to extensive studies of Rhodobacter sphaeroides interactions with the heavy 

metals and oxides, such as tellurite and arsenic, it is the ideal bacteria for this study in 

gold bioremediation (O'Gara, Gomelsky, & Kaplan, 1997).  The extracted .ptt files for 

the entire genome of R. sphaeroides were used as a directory to compare the proteins to 

the bacterial species that contain the heavy metal genes.  The results are listed in 

Appendix B.  These genes were classified into three functional classes- enzymes, 

transporters, and transcriptional regulators as shown in Figure 6.  
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Figure 6. Distribution of heavy metal related genes in R. sphaeroides. The number of genes for each function is found on the y-axis.  
The x-axis is the location of the heavy metal genes in the genome of R. sphaeroides, chromosome I, chromosome II, and all combined 
plasmids. 
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The genome of R. sphaeroides contains a total of 375 genes that are possibly 

involved in giving rise to the heavy metal resistance phenotype.  These genes are 

distributed on both chromosomes (CI and CII) as well as on four of the five plasmids 

(Plasmids A, B, D, E).  Plasmid C lacks any heavy metal related genes. 

Of the total 375 proteins, the majority (~63%) of them are metal dependent 

enzymes or enzymes that reduce the metallic compounds into elemental metals.  The 

second largest group (127 genes, ~34%) represents transporters that include both metal 

binding proteins and ATPase translocases.  As previously mentioned, the main 

mechanisms of bacterial tolerance are involved in sequestration, reduction, and 

transportation.  The presence of so many heavy metal related transport genes within the 

genome of R. sphaeroides makes the bacterium a good model system to study heavy 

metal tolerance and bioremediation. 

Salmonella enterica serovar typhimurium contains a transcriptional regulator, 

STM0354, which has shown the ability of detecting Au ions specifically with high 

expression levels in the presence of gold ions, particularly with the toxic salts (Checa, et 

al., 2007).  This transcriptional regulator was renamed as golS for gold-resistance sensor, 

and is closely related to the copper sensing regulators (MerR and CueR) that are 

identified in E. coli and Salmonella, respectively.  There are two closely located genes, 

STM0353 and STM0355, which are annotated, respectively, as a cation transporter 

ATPase and a copper chaperone (Checa, et al., 2007).  These two genes have also been 

renamed as golT and golB to reflect the interaction with gold ions, as well as the 

interaction with the golS gene.  The annotation of gold is not present within the gene 

database, and subsequently the Salmonella genes were not present in the heavy metal 
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gene database that was compiled in this study.  However, upon analyzing the genes 

within Salmonella, STM0354, STM0354, and STM0355, against the genome of 

R.sphaeroides, these gene homologs were identified and noted by an asterisk in Appendix 

B. 

The distribution of heavy metal genes favors those bacteria within Proteobacteria, 

particularly with γ Proteobacteria and α Proteobacteria.  Many studies have previously 

been performed on bacteria within this group on heavy metals such as arsenic and 

mercury, but studies with gold have not been as extensive.  Since R. sphaeroides belongs 

to the α Proteobacteria, and the presence of gold specific genes have been identified 

within the genome, this bacterium is chosen as the model organism for this study, as well 

as a potential organism for bioremediation of heavy metals.
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CHAPTER III 

Characterization of Gold Tolerance in Rhodobacter sphaeroides 

The noble metals are those in the periodic table that do not corrode and are 

resistant to oxidation in moisture.  Gold, silver, palladium, platinum, rhodium, ruthenium, 

osmium, and iridium all belong to the noble metals group.  Copper, mercury and rhenium 

are often included in the noble metals lists, while titanium is not included although it is 

resistant to corrosion.  The term “noble metals” should not be used interchangeably with 

“precious metals” as they are not synonymous; although most of the noble metals are 

used in jewelry and technology, they do not all belong in the precious metal group.  Gold 

is considered to be the most noble of the noble metals due to two distinct properties, 

including that gold is the least reactive metal with a gas or liquid as well as the lack of 

overlap, at the orbital level, with the adsorbate (Hammer & Norskov, 2002).  The most 

common form of gold within the environment is as a solid, in the shape of nuggets or 

bricks.  With an atomic number of 79, it is one of the highest elemental numbers that 

exists naturally and has a long history of use in a wide array of applications.  Gold is 

often used in jewelry, food decorations, alcoholic beverages, art, currency, dental 

restorations, and has a historical association with wealth.  Due to the association with 

wealth, the presence of gold in many household objects and jewelry causes humans to be 

in close contact with the gold.  When ingested, the metallic gold is not degraded by the 

stomach acid, and therefore the harmful effects are avoided.  The harmful form of gold is 

when the gold oxidation state allows the interaction with salts to form compounds of 

“gold salts”.  Gold has oxidation states of 5, 3, 2, 1, -1, -2, and -3.  The most common 

oxidation state of gold is Au(III), which allows a reaction to occur with salts and chlorine 
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in- aqua regia.  Gold salts (Au(I)) are still used as medicinal treatments, particularly for 

rheumatoid arthritis as well as some forms of chemotherapy; this form of treatment with 

gold salts was reduced due to the large number of side effects seen after administering the 

gold salts as a treatment. 

While the gold is found in nature in the solid form, mining practices increase the 

frequency in which the gold salts are formed.  A common mining practice to erode 

certain sedimentation can include a slurry of acids and harsh compounds, which is used 

to expose new deposits within mines.  When this slurry, known as acid mine drainage, 

travels downstream, it brings the metals with it and causes damage to all watersheds, 

destruction of ecosystems, and contaminates human water sources (Coil, et al., 2014).  

Although acids themselves do not dissolve gold, the acid drainage greatly increases the 

potential of interacting with iron sulfides, and thus allows the formation of the toxic gold 

salts or the gold chloride.  Once the gold is dissolved into gold chloride, it can enter the 

water supplies and becomes very difficult to remove. 

To better understand the mechanism of metal tolerance within bacteria, 

Rhodobacter sphaeroides is used as a model organism for this study.  R. sphaeroides 

belongs the α-3 subdivision of the Proteobacteria that is metabolically capable to tolerate 

high levels of several toxic heavy metals.  R. sphaeroides has previously been studied  in 

the removal of heavy metals to analyze the effects of metals such as Ni2+, Co2+, CrO4
2-, 

and MoO4
2- (Buccolieri, et al., Testing the photosynthetic bacterium Rhodobacter 

sphaeroides as heavy metal removal tool: a preliminary account, 2005).  The purple 

bacterium is comprised of two chromosomes (CI and CII) and five natural plasmids 

where heavy metal tolerance genes are distributed.  The genome of this organism has 
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many duplicate genes between the two chromosomes.  About 30% of open reading 

frames (Orfs) are still not fully annotated with any known functions, and therefore are 

designated as hypothetical proteins (Mackenzie, Simmons, & Kaplan, 1999).  Several 

studies have been performed on CII to disrupt the “hypothetical proteins” and it was 

discovered that when the genes are disrupted, the bacterium exhibits auxotrophic 

phenotypes, which would suggests that the secondary chromosome, while containing 

duplicated genes, is as essential as the primary chromosome (Mackenzie, Simmons, & 

Kaplan, 1999).  Since a large number of heavy metal genes are distributed on both 

chromosomes of R. sphaeroides, the range of target genes is increased to both 

chromosomes, as well as the plasmids for further analysis.  R. sphaeroides is one of the 

most well studied micro-organisms which grow in diverse growth conditions.  Aside it is 

metabolically versatile and is able to be easily manipulated for the aerobic, 

photosynthetic, and anaerobic growth conditions (Ryu, Hull, & Gomelsky, 2014).   

The following hypotheses will be tested in this study: First, that R. sphaeroides is 

able to tolerate high concentrations of AuCl3.  Secondly, due to the role of the 

photosynthetic membrane in metal tolerance, the photosynthetic growth condition allows 

a higher tolerance to the gold chloride contamination.  Finally, the mechanism of 

tolerance to gold contamination in R. sphaeroides is due to cellular adaptation rather than 

mutation-selection. 

  For the purpose of this study, the effects of the gold contamination on the growth 

and survival rate will be examined under aerobic, photosynthetic, and anaerobic growth.  

Growth characteristics and the survival rates are determined using population growth 

kinetics and colony forming units, respectively.  The results will shed important insight 
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whether bacterial gold resistance is due to either cellular adaptation or mutation-selection 

mechanisms. 

Materials and Methods 

Bacterial strain, gold solution, and growth media. The growth media used in 

this study consisted of Sistrom (SIS) media (Sistrom, 1960).  This is the minimal media 

used for R. sphaeroides (Imam, et al., 2011).  Cultures began on solid media plates, and 

then liquid cultures were inoculated.  Throughout the course of the study, R. sphaeroides 

cells were contaminated with gold chloride in both the solid media plates as well as liquid 

cultures.  The amount of gold chloride added to each solid media plate and liquid culture 

was determined based upon the volume of each plate and tube, as well as the 

concentration of the initial stock.  The final concentrations used in all three growth 

conditions, aerobic, photosynthetic, and anaerobic, of gold chloride were 0.0 µM, 0.1 

µM, 0.5 µM, 1.0 µM, and 10.0 µM.  

Rhodobacter sphaeroides 2.4.1 cells were obtained from stock cultures stored at -

80°C.  The cells were streaked onto SIS minimal media and grown aerobically at 30°C.  

For the photosynthetic growth condition, cells were streaked onto SIS plates and placed 

inside a photosynthetic box.  The photosynthetic box provides constant 10 Watt light 

conditions, and sealing the plates provides the low oxygen content.  Placing the plates in 

an anaerobic chamber and adding the appropriate anaerobic sachets with an indicator 

facilitated the anaerobic growth condition.  The chamber, which was placed inside an 

incubator at 30°C; was covered with aluminum foil to prevent the light penetrating the 

chamber.   
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Gold chloride, AuCl3, was purchased in powdered form from Sigma Aldrich.  The 

stock gold solutions were made by suspending the powder into deionized water to a 1.0 

mM concentration.  The gold chloride concentrations further discussed were diluted from 

the stock concentration of 1.0 mM gold chloride to final concentrations of 0.1 µM, 0.5 

µM, 1.0 µM, and 10.0 µM.   

Sample preparation.  A series of growth kinetics was performed for each 

concentration under three different growth conditions. For the aerobic growth condition, 

a sample of R. sphaeroides cells was grown in liquid SIS media until the log phase of 

growth was obtained (0.6-0.8 optical density at 600nm for R. sphaeroides).  The log 

phase of growth has been identified as the optimal growth phase to study metal tolerance 

(Beggs, 1984).  Once the log phase of growth was reached, the cells were contaminated 

with varying concentrations of gold chloride as seen below in Figure 7.
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Figure 7. Contamination of R. sphaeroides cells with varying concentrations of gold chloride. For each growth condition, the cells 
were distributed as seen above.  This figure represents the tubes for the first 24 hours of one growth condition.  The cells were 
distributed as seen above for each 24-hour time period from 24 hours until 120 hours in each growth condition. Each gold 
concentration was performed in three replicates across all time periods with the varying concentrations of gold chloride.
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To accommodate each experiment on the samples, a total of 8 mL SIS was the 

final volume of each tube; 1 ml of each sample was used for the Optical Density 

readings, 1 ml was removed to perform a colony forming units (cfu) analysis, 3 ml was 

separated for the localization experiment, 2 ml was separated for RNA isolation and 1 ml 

was frozen at -80°C and prepared as a stock solution.  This method was repeated for each 

growth condition of aerobic, photosynthetic and anaerobic.  Each tube also included 80 µl 

of R. sphaeroides cells, and the correct amount of gold stock solution (AuCl3) to bring 

the tubes to the final concentrations of 0.0 µM, 0.1 µM, 0.5 µM, 1.0 µM, and 10.0 µM.   

The samples were all inoculated with the bacterial cells and the subsequent gold 

concentrations on the same day, designated as ‘day zero’.  The following day, the tubes 

for the 24-hour time period, ‘day one’ were analyzed, while the rest of the time periods 

were left untouched.  This process repeated until the 120-hour time period, ‘day five’.   

This methodology allows the samples to remain untouched for the duration of the study.  

Once all of the tubes were prepared for the aerobic growth condition, the samples were 

placed in a shaker incubator at 30°C.  The prepared samples for the photosynthetic 

condition were sealed tightly and placed in a photosynthetic box under a constant 10 Watt 

light condition.  The anaerobic samples were overlaid with sterile mineral oil and then 

placed in an incubator at 30°C and covered in aluminum foil to prevent light reaching the 

tubes.  The aerobic growth condition was completed first, then the photosynthetic 

condition, and then finally anaerobic.  

Growth Kinetics.  To analyze the growth kinetics, two different experiments 

were performed.  The first was the construction of a growth curve through the absorbance 

of each sample, conducted through optical density (OD) readings.  To further determine 
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the growth characteristics, the colony morphology as well as the potential tolerance 

mechanism was studied through the colony forming units (cfu).  These methodologies are 

further described in the appropriate sections. 

Optical density. Each day, 24 hours to 120 hours, the tubes for that time period 

were removed from the incubator and 1 ml was analyzed for the optical density (OD) 

readings. A blank of SIS media was used for the sample containing 0.0 µM AuCl3, and a 

blank of SIS plus the equivalent AuCl3 was used for the samples containing the gold 

contamination.  For example, if the samples being analyzed were from the 1.0 µM 

concentration, the blank used for that set of samples was SIS media plus the gold needed 

to bring the final concentration to 1.0 µM.  A spectrophotometer was used with an 

absorbance wavelength of 600nm to produce the OD readings for each tube.  The 

samples were analyzed while returning to the blank in between each sample.  The data 

collected from the OD readings was used to plot the growth curve of each growth 

condition for each gold concentration as seen in Figure 9, Figure 10, and Figure 11. 

Colony forming units (cfu). To analyze the colony morphology, as well as 

providing a more detailed analysis on the mechanism of tolerance, the colony forming 

units (cfu’s) were done.  After the OD readings were taken, a separate 1 ml sample was 

removed from the original tube.  A series of dilutions was performed to a dilution factor 

of 10-6.  Two solid media plates were prepared for each sample; one plate contained only 

SIS minimal media, and the other contained SIS media plus the same concentration of 

gold chloride as seen in Figure 8.  
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Figure 8. Colony forming units analysis. An example of the cfu plating scheme. Each 
sample was plated on a solid media plate containing no gold, as well as a plate containing 
gold of the same concentration.  This was done to determine if the tolerance to the metal 
is due to a mutation and selection process, or cellular adaptation.  This was repeated for 
each concentration, each 24-hour time period, and each growth condition. 

 
For the aerobic samples, the cfu plates were stored in an incubator at 30°C, the 

photosynthetic plates were placed in the photosynthetic box and exposed to constant 10 

Watt light identical to the liquid culture tubes, and the anaerobic plates were placed in the 

anaerobic chamber 30 plates at a time with three anaerobic sachets with indicators.  

When visible colonies were formed on the plates, three to four days after plating, the 

plates were removed from the incubator, photosynthetic box, or anaerobic chamber and 

the colonies were counted on each plate.  The colony counts were plotted in a graph for 

each condition and concentration, as seen in Figure 13 and Figure 14. 

Statistical analysis. Analysis of growth kinetics under all growth conditions 

tested was performed using a t-test with an α value of 0.05.  The statistical analysis of the 

cfu was also performed using a t-test with an α value of 0.05. 

 

1.0µM 

(10
-6 

dilution) SIS Media 1.0µM Gold Plate 
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Results and Discussion 

Growth kinetics of the bacterial cell cultures under different growth 

conditions.  The results of the aerobic, photosynthetic, and anaerobic growth kinetics are 

presented in Figure 9, Figure 10 and Figure 11, respectively.  Each graph represents the 

plot of the average of each replicate (three total) across time.  

 

 

Figure 9. Growth curve of aerobically grown R. sphaeroides exposed to varying 
concentrations of gold chloride.  
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Figure 10. Growth curve of the photosynthetically grown R. sphaeroides exposed to 
varying concentrations of gold chloride.  
 
 

 

Figure 11. Growth curve of the anaerobically grown R. sphaeroides exposed to varying 
concentrations of gold chloride.  
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cells grown without gold contamination and cells grown with 0.1 µM and 0.5 µM gold 

contaminations in the growth media.  However, there is a considerably long lag phase of 

growth within the first 24 hours of exposure to the higher concentration of gold chloride 

(1.0 µM).  This significant lag phase (p value=0.000902) may be attributed to the cellular 

adaptation of the R. sphaeroides to the gold contamination, or it may represent the time in 

which a spontaneously occurring mutant is selected for to allow the R. sphaeroides cells 

to survive the increased metal contamination.  In addition, there is no significant growth 

seen at the 10 µM concentration of gold contamination, suggesting the R. sphaeroides 

cannot tolerate 10 µM gold concentration. 

  In contrast, the photosynthetic growth condition as shown in Figure 10 does not 

show a significant lag phase (p value = 0.745) in the growth media containing 1 µM gold 

contamination.  The lag phase that is seen in the photosyntheic growth condition, Figure 

10, may be attributed to the small amount of time the tubes are no longer photosynthetic 

as the original culture is distributed and it briefly encounters oxygen.  Due to the lack of a 

lag phase seen in the photosynthetic condition, it is possible that the photosynthetic 

growth condition is better suited for the tolerance of the gold contamination.  Previous 

studies on photosynthetic organisms, including studies done on Rhodobacter 

sphaeroides, have shown that photosynthetic organism are effective and efficient for 

bioremediation in contaminated environments because the energy source is plenty and 

widely available (Buccolieri, et al., Testing the photosynthetic bacterium Rhodobacter 

sphaeroides as heavy metal removal tool, 2005).  However, in both the aerobic and the 

photosynthetic growth conditions, the concentration of 10.0 µM AuCl3 was found to be 

toxic to the R. sphaeroides cells and no cells survived.  It is note-worthy that R. 
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sphaeroides cells have been found to tolerate up to 5 µM AuCl3, in a pilot experiment 

(data is not shown).  For this study, the bacterial cells have been seen to tolerate up to 5.0 

µM AuCl3, and thus the range of above 5.0-10.0 µM gold (AuCl3) is considered the toxic 

range for R. sphaeroides. 

The results of the anaerobic growth curve as shown in Figure 11 reveal the poor 

growth of R. sphaeroides in the anaerobic growth condition.  When analyzing the curve, 

it was noted that the highest concentration of 10 µM AuCl3 was not completely toxic as it 

was seen in the other two growth conditions (aerobic or photosynthetic), however overall 

the growth of the bacterial cells was drastically reduced compared to the aerobic and 

photosynthetic growth conditions.  It has been previously demonstrated that light and 

oxygen tension are the two important factors for the optimal growth of R. sphaeroides.  

The absence of light and oxygen on the bacterial cells resulting in such poor growth 

suggests the cells are requiring the light found in the photosynthetic condition in order to 

bio-remediate the toxic gold concentration.  Previous research has shown that the 

presence of a metal stressor can suppress cellular functions, such as respiration and other 

essential cellular metabolisms (McTee, et al., 2013; Kandeler, et al., 2000).  It is possible 

that the complete anaerobic growth (no oxygen) condition is not able to recover the 

cellular functions for the bacterial cells unless other terminal electron acceptors are 

provided, which may promote the survival in the normal or metal contaminated 

conditions.  To test this, the anaerobic experiment was repeated, however the starting 

cells were grown aerobically first and then subjected to the anaerobic condition as shown 

in Figure 12.  There is a marked decrease in the survivability of the anaerobic cultures 

that is present at the 48 hour time period and beyond. 
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Figure 12. Effect on growth curve characteristics in shifting from aerobic to anaerobic 
growth.  
 

The results conclude that the photosynthetically grown cells of R. sphaeroides are 

better equipped for cellular adaptation compared to the aerobically grown cells under 
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condition, and therefore give better survival growth characteristics.  It was anticipated 

that gene functions essential for the photosynthetic growth are providing the genetic 

determinants for the cellular adaptation to the gold tolerance under the photosynthetic 

growth condition, and the phenomenon will be further examined by Cfu analysis. 

Analysis of colony forming units and the cell survival.  The results of the 

colony forming units for the aerobic and photosynthetic growth conditions are shown in 

Figure 13 and Figure 14, respectively.  When the cells were plated, there was no growth 

on either the gold plates or the non-contaminated plates.  Due to the rapid death of the 
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anaerobic cells, the cfu counts were not analyzed for the cell culture grown under the 

anaerobic growth condition.  

 

Figure 13. Cfu analysis of the aerobically grown R. sphaeroides cells in varying 
concentrations of gold contamination. * represents a p-value <0.05, ** represents a p- 
value <0.01, and *** represents a p-value <0.005. 
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Figure 14. Cfu analysis of the photosynthetically grown R. sphaeroides cells in varying 
concentrations of gold contamination. * represents a p-value <0.05, ** represents a p- 
value <0.01, and *** represents a p-value <0.005. 
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shown in Figure 13.  Results reveal that the highest number of colonies were found on the 

plates with the SIS media only (p value = 0.0033).  The colony forming units were 

significantly decreased for the samples grown at each concentration, 0.1 µM, 0.5 µM and 

1.0 µM (A, B, C) compared to the cfu’s observed on the corresponding samples plated on 

the Sis plates without gold contamination.  There were no colonies formed on any of the 

plates with or without gold, when cells were plated from the culture grown at 10.0 µM 

gold concentration.  Therefore, the 10.0 µM gold concentration was toxic to the cells in 

both growth conditions.  

The analysis suggests a cellular adaptation mechanism is occurring in the aerobic 

growth condition, as the colonies grew on the plates without gold contamination.  The 

cellular adaptation allows the cells to adapt within the lag phase and grow in the 

contaminated media, and then subsequently grow much better upon transferring these 

cells onto the relaxed media.  The cellular adaptation may be mediated by a result of 

membrane permeability or restructuring the membrane transport systems that allow the 

bacterial cells to survive the metal contamination. 

The results of the photosynthetic growth condition show the most number of 

colonies observed on the plates with SIS containing gold contamination (p value = 

0.046), represented by the darker shaded bars in Figure 14.  The lightly shaded bars 

represent the plates with only the minimal media (SIS) plates.  The results for each 

concentration, 0.1 µM, 0.5 µM and 1.0 µM (A, B, C) depicted higher colony counts on 

the gold contaminated plates.  The 10.0 µM concentration was toxic to the cells as there 

were no colonies formed on any of the plates, with or without gold, at this concentration. 
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  In contrast to the aerobic, the highest colony count was observed on the gold 

contaminated plates when cells grown in the corresponding cultures at different gold 

contaminations were plated.  The high frequency of colony forming units on the gold 

contaminated plates further validates a mutant-selection mechanism.  In this 

photosynthetic growth condition, the total amount of cells, as determined by the OD and 

cfu counts, was significantly higher than in the aerobic growth condition.  Cells from the 

photosynthetically grown culture were used to inoculate a liquid culture and were grown 

again in photosynthetic as well as aerobic cultures.  When the cfu was analyzed in this 

specific experiment, the photosynthetic growth condition again showed a higher cfu on 

the gold contaminated plates, while the aerobic cells showed the highest colony count on 

the non-gold plates.  This finding suggests the mechanism is cellular adaptation in both of 

these growth conditions, yet it is more efficient in the photosynthetic growth condition.  

The result concludes that there are genetic components involving the formation and 

regulation of the photosynthetic apparatus that mediate the efficient cellular adaptation 

for the gold tolerance under the photosynthetic growth condition.  It further demonstrates 

that both the transport and redox reactions are operating under the photosynthetic growth 

condition that fully support the gold resistant and bioremediation potential of R. 

sphaeroides.  
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CHAPTER IV 

Localization of Gold within Subcellular Fractions of Rhodobacter sphaeroides 

As discussed in the previous chapter, R. sphaeroides has shown a tolerance to 

heavy metals, including gold, as shown in this study.  Understanding the mechanism of 

the tolerance to the toxic metals is important in establishing a bacterium as a 

bioremediation tool.  However, to fully understand the potential of the microorganism to 

tolerate metals, the localization of the metal particles and/or metal cations is equally as 

important (Merroun, 2007).  Several methodologies are used to determine the 

localization, as well as quantification, of metallic particles within cells, including but not 

limited to: transmission electron microscopy (TEM), inductively coupled plasma mass 

spectroscopy (ICP-MS), inductively coupled plasma optical emissions spectroscopy 

(ICP-OES), dynamic light scattering (DLS) and graphite furnace (Chatterjee, 

Bandyopadhyay, & Sarkar, 2011).  

Atomic emission spectroscopy includes a wide array of methodologies, one of 

which includes the plasma source emission.  There are three types of plasma source 

emission spectroscopies with high temperatures, including: Inductively Coupled Plasma 

(ICP), Direct Current Plasma (DCP) and Microwave Induced Plasma (MIP) (Skoog, 

Holler, & Crouch, 2007).  For the purpose of this experiment, ICP-OES is implemented.  

A study performed on the interaction of Rhodobacter capsulatus with Au (III) revealed 

an acidic media increased the ability of the biosorption of the gold particles within the 

cell.  The increase in biosorption is due to the increase in proton concentration, which is 

able to neutralize the negative charge on the surface of the R. capsulatus cells.  When 

metals interact with the surface membrane, the main binding groups of the metals include 
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the amine, imidazole, phosphate, hydroxyl, and carboxylate groups (Feng, Yu, Wang, & 

Lin, 2007).  The increase of the protons within the media will alter the surface of the 

bacterial cells and thus allows the binding groups to carry a more positive charge, which 

allows the binding of the gold salts to the surface and thus increases the biosorption of the 

gold ions. (Feng, Yu, Wang, & Lin, 2007; Shaw & Dussan, 2015).  The results of these 

studies reveal that the biosorption potential is increased in the presence of an acidic 

media.  The large scale implications of this is the environmental damages that are present 

in the areas of gold contaminations within the acidic environments of the gold mines.  

Studying the interaction of the gold particles with bacteria under acidic conditions may 

provide a better understanding of the mechanisms of metal binding, and thus metal 

tolerance.  

Previous experiments of this study, bioinformatics analysis, growth curve 

characteristics, as well as the analysis of colony forming units, have demonstrated the 

fact that the gene functions associated with the transport system and bacterial 

photosynthesis are possibly involved in metal tolerance in R. sphaeroides. Studies 

performed on metal tolerance within bacteria have involved the exposure of bacterial 

cells with varying concentrations of heavy metals such as gold.  The samples are 

analyzed for the optical density (OD) to map the growth kinetics of the bacterial cells.  

To validate the survival of the cells, colony forming units are analyzed under relaxed or 

contaminated medias.  The localization of the metal particles is also performed through 

cellular fractionation.  The samples are often fractionated into cytoplasm and membrane 

fractions and then analyzed using Inductively Coupled Plasma Mass Spectroscopy or 

Optical Emissions to determine the amount of metal particles within each fraction.  
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Transmission electron microscopy and scanning electron microscopy are also frequently 

used to visualize the localization of the metal particles, as well as visualize any cellular 

damage done to the bacterial cells in the presence of the contamination.  It has been 

reported in R. capsulatus that Au (III) damages the structure of the cell in high 

concentrations, >80 ppm (Feng, Yu, Wang, & Lin, 2007). 

If the transport system is the significant line of defense against the toxic effects of 

gold biosorption and bioaccumulation, the efflux pump located in the plasma membrane 

would play an important role in flushing out the excessive gold ions from the cytoplasm, 

and after a while it allows to maintain a state of equilibrium between the plasma 

membrane and the cytoplasm.  If, however, the cytoplasmic space is equipped with 

reducing the gold cations into metallic gold and produces bio-nanoparticles of less toxic 

effects, a net increase in gold particles can be observed in the cytoplasm.  It is possible 

that photosynthetic vesicles within the cytoplasm are involved in the electron transport 

chain, and therefore the reduction of gold particles can take place there.  The following 

hypotheses are tested: 1) The cytoplasmic and membrane fractions of the cells will have 

an equal distribution of gold particles in the aerobic condition. 2) The membrane fraction 

of the cell has a higher accumulation of the gold particles than the cytoplasmic fraction in 

the photosynthetic growth condition.  For this study, the methodology to analyze the 

localization of the gold particles within R. sphaeroides that was used was Inductively 

Coupled Plasma Optical Emission Spectroscopy (ICP-OES).  This technology has been 

used in many previous studies of metal contamination as it provides a method of 

detecting trace amounts of metal, or collection of metals, within a sample (Jean-Philippe, 

Labbe, Franklin, & Johnson, 2012).  This method was chosen for this project as a highly 
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sensitive means of detecting the gold particles within two cellular fractions, the 

cytoplasmic and cell membrane fractions of R. sphaeroides. 

Mechanisms of metal tolerance. Three main mechanisms help the bacterial cells 

to sequester and/or detoxify the heavy metals within the two cellular fractions 

(cytoplasmic and membrane) of R. sphaeroides. The current study presents the following 

models of heavy metal resistance in R. sphaeroides as illustrated in Figure 15 depicts the 

anticipated results of the localization of gold under different models.  

 

Figure 15. Proposed mechanisms of gold tolerance in R. sphaeroides.  Circles represent 
Au(III) and triangles represent the reduced gold particles, Au. 

 
The first mechanism is the sequestration of heavy metals within the internal 

membrane layer, plasma membrane.  The second mechanism includes the reduction of 

the metallic ions into less toxic metallic forms of bio-nanoparticles in the cytoplasm.  The 

third mechanism is to actively transport the metallic ions into the cytoplasm, take out 
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excessive gold ions from the cytoplasm to outside the cell, and over time an equilibrium 

is maintained between the membrane and the cytoplasm.  The results of the Inductively 

Coupled Plasma suggest that the accumulation of gold into the bacterial cell increases as 

the incubation time increases as shown inFigure 16 and Figure 17.  Based on a pilot 

experiment, it was noted that 86-95% of the gold that is initially introduced into the 

culture medium is recovered by the ICP analysis.  The percentage that is lost is due to 

precipitation within the machine itself, not a result of the bacterial interaction.  Based on 

this knowledge, it can be seen that as time progresses, the cells are interacting more with 

the gold and increasingly accumulates the higher amounts.   

The results of the gold localization in cells grown under aerobic conditions as 

shown in Figure 16, reveals a shift in the localization of the gold particles.  In the 

aerobically grown cells, the localization of the gold particles in both the cytoplasmic and 

membrane fractions does not differ across the concentrations.  Although there is no 

difference seen in the distribution of the gold between the two cellular fractions, there is a 

significant increase in the amount of gold particles accumulated within each 

concentration grown under the aerobic condition.   

At low concentrations of gold, 0.1 µM and 0.5 µM, cells had about the same 

amount of gold in both cellular fractions through earlier incubation times (24, 48, and 72 

hours), and then later incubation times (96 and 120 hours) cells increasingly uptake and 

store significantly higher amount of gold (p value < 0.0001) in membrane and 

cytoplasmic fractions. However, at high concentrations, 1.0 µM and 10.0 µM, cells 

uptake and sequester significantly higher amount of gold (p value <0.0001) at earlier 

incubation times (72 hours), and then both cellular fractions maintained the same amount 
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of gold.  The result suggests that when cells are grown with low levels of gold 

contamination, it takes longer time to accumulate the toxic amount of gold which is 

detrimental to the cellular metabolism and bacterial growth. This longer duration 

provides the cells better adaptation at low concentration of gold contaminations. When 

cells are grown at high gold concentrations, gold gets into the cell so rapidly, that it 

reaches at the toxic level and kills the cell.  

Materials and Methods 

The localization of the gold particles within R. sphaeroides cells was performed 

through ICP-OES on three distinct subcellular fractions, including a media fraction, 

cytoplasmic fraction, and membrane fraction.  The methodology for fractionation and 

ICP-OES analysis are detailed in the appropriate sections below. 

Subcellular fractionation. To determine the localization of the gold particles, 

subcellular fractionation was done following the protocol outlined in Anthony, Green, & 

Donohue, (2003).  The cells of each sample, from the previous experiments, were 

pelleted by centrifugation at 5,000 g for fifteen minutes.  The supernatant was collected 

and labeled as the media fraction.  The pellet was resuspended in SIS media plus 20 µl of 

cell lysis solution.  The sample was sonicated on ice at 50% duty cycle for three, 30 

second bursts.  The samples were pelleted again for fifteen minutes at 5,000 g and the 

supernatant was collected and labeled as the cytoplasmic fraction.  The pellet was 

resuspended in SIS media and 20 µl of lysis solution.  The samples were sonicated on ice 

at 50% duty cycle for six, one minute bursts.  The samples were centrifuged once more at 

10,000 g for 10 minutes; the supernatant was collected and labled as the membrane 

fraction.  These samples were stored at -20°C until they could be analyzed.   
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Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES).  The 

subcellular fractions were taken to the Texas Research Institute for Environmental 

Studies (TRIES) at SHSU.  To analyze the localization of the gold nanoparticles within 

the subcellular fractions, Inductively Coupled Plasma Optical Emission Spectroscopy 

(ICP-OES) was performed.  The plasma source for ICP is an electrically conducting 

gaseous mixture with cations and electrons in a concentration so that the net charge is 

zero.  The main source of the cations and electrons comes from the argon gas that 

comprises the plasma.  Using the argon gas as the plasma source allows the temperature 

to reach as high as 10,000K (Skoog, Holler, & Crouch, 2007).  The ICP contains a torch 

with three concentric quartz tubes through which the argon gas flows at a rate of 15 

L/minute.  The sample travels through the center quartz tube and comes into contact with 

a glass nebulizer at a high velocity which breaks the liquid into various sized droplets, 

creating a very fine mist, which is passed through the plasma by a stream of argon 

(Skoog, Holler, & Crouch, 2007).  The plasma excites the metal particles within the 

sample, and causes the ions to jump to different oxidation states, and produces the 

emission of light.  There is a detector that picks up the light emissions and it quantitates 

the amount of metal within the sample based on the light the detector picks up.  The 

detector can be configured to detect at various wavelengths in order to provide the 

emission that is desired. 

The previously fractioned samples were loaded into the tubes designed for the 

equipment within the analytical laboratory. To each 4 ml sample, 80 µl of 2% Nitric Acid 

was added and mixed by inversion.  A standard calibration curve was made using stock 

concentrations.  The stock solutions were made using: 0.0 ml, 0.00246 ml, 0.0049 ml, 
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0.0492 ml, 0.492 ml, and 4.92 ml of Au concentrate into 25 ml 2% HNO3 to make the 

stock concentrations of 0.0 mM, 0.0005 mM, 0.001 mM, 0.01 mM, 0.1 mM and 1.0 mM 

respectively.  The machine was programmed to take the stock concentration readings and 

then the standard curve was analyzed for any outliers. If any outliers were present, the 

standard curve was reset.  Once the standard curve was linear, the job file was set up 

through the Smart Analyzer Vision software.  A new ‘method’ was constructed and 

named (Au_only)rev_2.  The plasma was turned on within the machine and left to heat up 

for 30 minutes.  The job file was constructed with a series of steps that included: Pre-

flush, Iteration One, Flush, Iteration Two, Flush, Iteration Three, Final Flush.  This 

methodology was repeated for each of the samples.  The machine calculates the total 

amount of gold (mg/L)  in the average of the three iterations per sample, and each 

individual iteration for the samples.  The data was stored and exported to an excel sheet 

for further analysis.  Statistical analysis on the localization of the gold particles was 

completed using the repeated measures analysis (Frison & Pocock, 1992), as well as the 

multiple comparison analyses. 

Transmission electron microscopy (TEM). To determine further cellular 

localization of gold, samples were analyzed using TEM.  R. sphaeroides cells were 

grown to the log-phase and exposed to 0.5 µM and 1.0 µM gold contamination under the 

aerobic and photosynthetic growth conditions.  The samples were taken on ice to the 

Image Analysis Laboratory at the Veterinary Medicine and Biomedical Sciences College 

at the University of Texas A&M.  The cells were pelleted and the supernatant was 

removed.  The cells were fixed in 2% glutaraldehyde and 2.5% paraformaldehyde in a 

0.1M sodium cacodylate buffer for three hours.  The cells were washed and enrobed in 
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agar overnight.  The enrobed cells were cut into 1mm cubes and fixed onto a block for 

imaging.  Pre and post stained blocks were imaged. 

Results and Discussion 

Localization of gold particles within subcellular fractions. To better 

understand the tolerance mechanism of R. sphaeroides to gold, or any bacterium with 

metal resistance, it is important to determine both the uptake kinetics and the spatial and 

temporal distributions of the gold ions and gold nanoparticles within subcellular fractions 

of the cell.  This information will provide further insight into the mechanism that may be 

operating within the bacterial cell.  There are multiple mechanisms of heavy metal 

resistance in bacteria which include: active transport through efflux pumps, reduction of 

the metal ions, the production of an extracellular barrier, as well as intra or extracellular 

sequestration (Ianeva, 2009).  However, each of these mechanisms may function 

independently or coordinate with another mechanism to optimize the metal resistance.  

The uptake and localization of the metal particles and/or ions over time can provide 

support for the mode and the mechanism of metal tolerance mechanisms (Munoz, et al., 

2012).  
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Figure 16. ICP analysis of the aerobic growth condition in varying concentrations of gold contamination. A) Analysis of the 0.1 µM 
AuCl3 cellular fractions.  B) Analysis of the 0.5 µM AuCl3 cellular fractions. C) Analysis of the 1.0 µM AuCl3 cellular fractions. D) 
Analysis of the 10.0 µM AuCl3 cellular fractions.
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Figure 17. ICP analysis of the photosynthetic growth condition in varying concentrations of gold contamination. A) Analysis of the 
0.1 µM AuCl3 cellular fractions.  B) Analysis of the 0.5 µM AuCl3 cellular fractions. C) Analysis of the 1.0 µM AuCl3 cellular 
fractions. D) Analysis of the 10.0 µM AuCl3 cellular fractions. 
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The localization of gold in cells grown under photosynthetic condition as shown 

in Figure 17 reveals a different pattern in comparison to the localization of gold in cells 

grown under aerobic condition.  The 0.1 µM gold contamination in the photosynthetic 

condition reveals an equilibrium between the two cellular fractions, as well as overall 

accumulation of the gold ions and gold bio-nanoparticles across the entire 120-hour 

incubation time.  At the 0.5 µM gold concentration, a higher accumulation of gold 

particles is seen within the cytoplasmic fraction for the first 72 hours (p value <0.0001), 

and an equilibrium between membrane and cytoplasm is reached at 96 hours, and then 

gold starts to get sequestered and/or reduced at higher concentration (p value < 0.05) in 

the membrane fraction.  At the 1.0 µM gold concentration, cells revealed an equilibrium 

state of the gold particles between both cellular fractions in the first 24 hours, and then it 

is increasingly localized within the membrane fraction (p value <0.0001) throughout the 

incubation of 120 hours.  At the 10.0 µM gold concentration, gold is localized at much 

higher concentration in the membrane fraction throughout the 120 hours post exposure.  

The results of the localization of the gold particles within cells grown under 

photosynthetic conditions suggests the photosynthetic condition is better suited for the 

tolerance of the metal contamination. Cells grown under photosynthetic condition 

maintain high concentration gold particles within both subcellular fractions compared to 

the concentration of gold found in aerobically grown cells.  As the concentration of the 

gold increases, the accumulation of the gold particles remains higher within the 

membrane.   Cells which are grown in anaerobic plus light (photosynthetic condition), 

and produces light harvesting complexes embedded in the photosynthetic vesicles. These 

vesicles are membranous structure, and contain electron transport carriers and NADP 
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dehydrogenases (Sener, Olsen, Hunter, & Schulten, 2007). The photosynthetic 

membranes are localized in the cytoplasm, however when cells are sonicated to break the 

plasma membranes, photosynthetic membranes are pelleted along with the cell 

membrane.  Therefore, it is indicative of the photosynthetic membrane attributing to the 

enhanced capability of tolerance of R. sphaeroides cells to the higher concentrations of 

gold toxicity, as well as the survivability.   

An alternative way to examine this is to determine the  amount of gold per colony 

forming units (cfu) as shown in Figure 18.  The localization of the gold particles using 

the technology of the ICP does not allow for the distinction to be made between living 

and dead cells.  The amount of gold was distributed over live and dead cells. Also, a 

population of bacterial cells become compromised due to the toxicity of the gold, and 

these cells will not survive as colony forming units. Due to the presence of only 1-3 

colonies, from an undiluted sample, on the plates from the 10.0 µM gold contaminated 

samples, the analysis of the accumulation and localization of the gold particles per cfu 

was not performed under this concentration.  The fewer number of colonies observed 

within the highest concentration of gold does not allow to calculate the total number of 

colony forming units which are not representative as well as statistically significant. 

Moreover, the result shown in Figure 18 does not show any specific pattern  in regards to 

the overall accumulation and the differentiation between the cytoplasmic and membrane 

cellular fractions as seen in the previous analysis, Figure 17.
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Figure 18. Analysis of gold per cfu under aerobic and photosynthetic conditions. The top panels (A, B, C) represent the amount of 
gold calculated per cfu (mg/cfu) under the aerobic growth condition.  The bottom panels (D, E, F) represent the amount of gold 
calculated per cfu (mg/cfu) under the photosynthetic growth condition.  10.0 µM AuCl3 contaminated samples were not analyzed for 
gold per cfu due to the presence of only 1-3 colonies that formed on the plates. 
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Previous studies with the bioreduction and biosorption of Rhodobacter capsulatus 

revealed potential mechanisms of tolerance for the photosynthetic bacteria in the 

presence of varying metals.  It was revealed that upon cellular fractionation and analysis 

of the localization of the metal particles, the different metals, lead (Pb), arsenic (As), and 

gold (Au), are present in different fractions (Shaw & Dussan, 2015).  It was noted in the 

study that the metal recovery was found to reach equilibrium after 24 hours.  This 

equilibrium was noted for each metal that was tested.  The overall level of gold 

concentration is much higher in both subcellular fractions of cells grown under 

photosynthetic condition, and also an increasingly high concentration of gold found 

within membrane fraction. This indicates that membrane fraction indeed contains 

photosynthetic membranes that allow cells to reduce gold ions into gold bio-

nanoparticles, and further promote uptake of gold ions from the contaminated medium.   

The first line of defense is the cellular membrane, with the sequestration of the 

metal particles in order to prevent the toxic particles from entering the cell (Feng, Yu, 

Wang, & Lin, 2007).  When the concentration of toxic metal particles, such as gold, 

increases, the intracellular concentration of the metal also increases.  In order to reduce 

the toxicity, the bacterial cells reduce the gold Au (III) into the elemental gold and/or bio-

nanoparticles.  However, as the concentration of the metals continues to increase, the cell 

must maintain a low intracellular concentration, in which the transportation of the metal 

ions is triggered.  The transport of metal ions is utilized through the metal dependent 

efflux pumps, such as the GolT transporter within Salmonella.  Previous studies have 

shown that all three tolerance mechanisms are involved in the resistance of bacterial cells 

to the metal contamination.  Results of previous studies also revealed that some metals, 
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such as lead, were found equally distributed amongst the cytoplasmic and membrane 

fractions of the cell.  However, metals such as Cr and As were found to be higher within 

the cytoplasmic and membrane fractions, respectively, of R. capsulatus.  This study 

suggests that the mechanisms of tolerance are metal specific as well as species specific.  

In addition, bioaccumulation of various metals are growth phase, pH, and temperature 

dependent (Shaw & Dussan, 2015).  Gold resistance was seen at the highest in log phase 

in acidic pH, however in the current study, R. sphaeroides was grown at neutral phase 

spanning over log phase (exponential growth phase) and stationary growth phases. 

In this study, it was shown that the levels of gold recovered in the cytoplasmic 

and membrane cellular fractions after ICP analysis were not significantly different in 

some of the concentrations in different time points.  Due to the fixation process of the 

samples before elemental localization, all of the gold particles within the samples are 

reduced to elemental gold, Au (0).  As the cells are reducing the gold when it comes into 

the cytoplasm, the reduction of Au (III) to Au (0) is taking place.  If metabolic reduction 

is the mechanism of tolerance, it would be expected to see a higher amount of gold 

recovered within the cytoplasmic fraction.  In the photosynthetic condition however, the 

membrane fraction would be higher in accumulation due to the location of the 

photosynthetic membranes inside the cytoplasm.  The photosynthetic membrane would 

be included in the membrane fraction after sonication.  Upon fractionation of cellular 

components, it can be expected to reveal a higher amount of gold particles within the 

membrane fraction if the sequestration of the toxic gold particles occurs within the 

plasma membrane.  Results of the current study reveal the similar amount of gold 

recovered in the cytoplasmic and membrane fraction under some of the concentrations of 
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gold contamination.  This may be due to the equilibrium of the metallic concentration 

maintained within the membrane and the cytoplasm.  As the bacterial cells are incubated 

long term with the gold contaminated media, more of the gold accumulates within the 

cell.  The first defense of the cell is the sequestration of the particles within the 

membrane, which was not consistently observed in all samples as the first time point of 

the collected samples was after 24 hours.  It is proposed therefore that in the future work 

of this study to analyze the fractionation of the cells in a time frame that is every 2 hours, 

compared to the 24 hour periods used in this study, in order to capture the transport 

kinetics of metal biosorption and tolerance to gold contamination within R. sphaeroides. 

Transmission electron microscopy (TEM). Results of the TEM are shown in 

Figure 19 below.  The localization of the gold nanoparticles is shown, depicted by the red 

arrows as a reference, within the aerobic growth condition inside the cytoplasm and 

membrane of the cells, which validates the previous ICP-OES data.  The 

photosynthetically grown cells reveal a higher accumulation and localization of the gold 

particles within the membrane, both plasma and photosynthetic membrane, which also 

validates the previous ICP-OES data under the photosynthetic growth condition.  Several 

cells within the images below can be seen to have a compromised membrane due to the 

presence of the toxic gold particles.  The cells shown in the control images can be seen in 

various stages of cellular growth and division, representative of the logarithmic phase of 

growth.  This growth phase, as previously mentioned, is the ideal phase to study metal 

contamination within, and this has been captured in the samples analyzed using the 

transmission electron microscopy.  The aerobically grown cells exposed to the gold 

contamination can be seen to have the gold particles within the cytoplasm and membrane 
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of the cells.  Contrastingly to the accumulation determined within the methodology ICP, 

it is not possible to quantify the bacterial cells for the presence of the gold contamination.  

The photosynthetically grown cells were identified to contain the gold particles localizing 

within the cytoplasm and membrane fractions.  The presence of a photosynthetic 

membrane was identified in several images taken of the photosynthetically grown 

samples across the gold contamination concentrations.  The vesicle structures, 

photosynthetic membrane, can be seen inside the cytoplasm of the R. sphaeroides cells, 

as seen in Panels E and F.  This photosynthetic membrane, as previously mentioned, has 

been identified as the site of metallic reduction in closely related organisms, such as R. 

capsulatus, and the visualization of the gold particles within the photosynthetic 

membrane can be seen.  The presence of the gold particles within this photosynthetic 

membrane validates the higher accumulation and localization of the gold particles 

identified under the photosynthetic growth condition as measured by the ICP 

methodology. 
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Figure 19. Transmission electron microscopy images of R. sphaeroides cells exposed to gold contamination. Top panel (A, B, C) 
represents the R. sphaeroides cells grown under the aerobic growth condition with the gold contamination of 0.0 µM AuCl3, 0.5 µM 
AuCl3, and 1.0 µM AuCl3 respectively.  Bottom panel (D, E, F) represents the R. sphaeroides cells grown under photosynthetic 
growth conditions with the gold contamination of 0.0 µM AuCl3, 0.5 µM AuCl3, and 1.0 µM AuCl3 respectively.  Red arrows point to 
detectable gold nanoparticles identified within the cellular membrane and the cytoplasm of the cells.
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CHAPTER V 

Gene Expression Analysis of Heavy Metal Related Genes in R. sphaeroides 

Based on the previous results of this study, it is shown that there are 375 metal 

related genes within the genome of R. sphaeroides.  The survivability work done in this 

study has shown the growth condition that is under gold contamination for R. sphaeroides 

is the photosynthetic condition, which is a promising growth condition to study further.  

Studies have shown that the photosynthetic gene cluster within R. sphaeroides contains 

65 open reading frames (ORFs) that encode transporters and carotenoid biosynthesis 

genes (Choudhary & Kaplan, 2000).  These photosynthetic genes may be responsible in 

the tolerance of the heavy metal contamination for R. sphaeroides in the presence of 

varying concentrations of gold.  Previous studies have highlighted the importance of gene 

expression analysis in a wide range of conditions.  The study on the gol locus in 

Salmonella revealed the expression levels of the metal transporter upon activation when 

exposed to high levels of gold, Au ~50 µM (Checa, et al., 2007).   
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Figure 20. Adapted figure of GolS-dependent metal induction of the golB gene.  GolS-
dependent metal-induction of the golB gene. Relative β-galactosidase activity from a 
golB::lacZ transcriptional fusion expressed on wild-type cells grown overnight in SLB 
broth with the addition of 1 mM CuSO4 (Cu), 50 μM AgNO3 (Ag), 50 μM AuHCl4 
(Au), 100 μM ZnCl2 (Zn), 100 μM CdCl2 (Cd), 10 μM HgCl2 (Hg), 100 μM FeSO4 
(Fe), 50 μM CoCl2 (Co), 100 μM NiSO4 (Ni) or 100 μM PbCl2 (Pb). The data 
correspond to mean values of four independent experiments performed in duplicate. Error 
bars correspond to the standard deviations. 

 
The GolS gold sensor is related to the CueR and MerR found within E. coli and 

Salmonella, and the expression of the gol locus was found to be 10 times higher within 

the presence of gold compared to the other metals, as seen in Figure 20 (Checa, et al., 

2007).  The analysis of the gene expression levels can provide another insight as to the 

function of the specific gene.  As with the golS locus, it was found to be more highly 

expressed in the presence of the gold contaminants, and is therefore a target for future 

studies.  The expression data of R. sphaeroides has been collected for the entire genome 

and is available for analysis (Pappas, et al., 2004).  The expression data collected is under 

seven different growth conditions, including 3W, 10W, 100W, 10W with DMSO, 

Aerobic, 2% Oxygen, and dark with DMSO.  The expression data available is without the 

presence of metal contamination, which will serve as a basis of comparison after 

analyzing the expression levels of gold exposed samples in future work. 
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Materials and Methods 

Gene expression. Microarray data was collected for the R. sphaeroides genome 

on the expression analysis of selected genes related to metal tolerance in the non-

contaminated conditions.  The raw data was normalized using 1-norm normalization. 

Results and Discussion 

The gene expression data reveals the diversity of gene expression under different 

growth conditions, including aerobic, photosynthetic, and semi-anaerobic.  The 

expression for each heavy metal gene identified is included in the table located within 

Appendix B.  The genes with the highest expression (1.5 fold) for the photosynthetic 

growth condition are shaded in green, the genes with the highest expression (1.5 fold) in 

the aerobic growth condition are shaded in pink, and the genes which show a similar 

expression profile in both aerobic and photosynthetic are shaded in yellow.  Of the total 

375 heavy metal bioremediation related genes identified in R. sphaeroides, 369 genes 

contained gene expression profiles.  The six genes that are lacking gene expression data 

are annotated within Appendix B with N/A; the lack of data can be attributed to incorrect 

annotations or the lack of experimental analysis on the specified genes.  Of the 369 genes 

that do contain expression data, 46 are more highly expressed in the photosynthetic 

condition, 114 genes are more highly expressed within the aerobic condition, and 209 are 

generally expressed about the same levels under both aerobic and photosynthetic 

conditions.   
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Figure 21. Normalized gene expression levels of heavy metal related genes in two growth 
conditions. 

The photosynthetically expressed genes consist of genes involved in reduction, 

heavy metal specific transportation, chlorophyll associated enzymes, and membrane 

associated proteins.  As shown in the previous chapters, the photosynthetic growth 

condition depicted higher survivability in the presence of the gold contamination.  Upon 

analysis of the total number of heavy metal related genes within the genome of R. 

sphaeroides, the identification of the 46 photosynthetically expressed genes under non-

contaminated conditions will provide the target genes for future analysis. 

Future Works 

With the identification of the photosynthetic genes, (Choudhary & Kaplan, 2000), 

the next phase of this study will include the total RNA sequencing and Reverse 

Transcriptase Real Time Polymerase Chain Reaction (qRT-PCR).  With the total RNA 

sequencing, the genome of the R. sphaeroides cells that have been exposed to the gold 

contamination will be compared to the wild type strain grown under both aerobic and 

photosynthetic conditions.  It is expected to find differences within the genome, not only 
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due to the spontaneous mutation, but also as a result of the gold exposure dependent gene 

expression.  If the cellular mechanism of tolerance is adaptation, differences within the 

genome of the exposed cells may be reflected in the promoter regions of heavy metal 

related genes to increase the gold transportation systems.  The target genes for the qRT-

PCR will be focused on the photosynthetic genes identified in this study.  The target 

genes will be photosynthetic due to the increased tolerance to the gold contamination 

under that growth condition.  Upon qRT-PCR, it is expected that there will be an increase 

in expression of the photosynthetic genes in the samples of R. sphaeroides exposed to 

gold contamination compared to the cells that remained unexposed.  The levels of 

expression can be compared to the expression of the genes under non-contaminated 

conditions to provide a better understanding of the mechanism of tolerance to the 

increasing levels of gold contamination. 
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CHAPTER VI 

Summary 

Heavy metals are any metals with a high density, above 5g/cm3, that include 

metals such as zinc (Zn), mercury (Hg), gold (Au), lead (Pb), cadmium (Cd), copper 

(Cu), silver (Ag), platinum (Pt), chromium (Cr), arsenic (As) and chromium (Cr).  These 

metals have detrimental effects when the concentration becomes too high in the cell, 

despite any metabolic use or nutritional benefit to the organism.  When humans come 

into contact with heavy metals at a toxic concentration, it can cause kidney damage, bone 

loss, several cancers, lung damage, and skin damage.  The heavy metal pollutions also 

cause significant environmental and climate alterations affecting biodiversity and food 

chains at different trophic levels.  When heavy metals accumulate in the environment, it 

can lead to contamination of water supplies, destruction of agricultural crops, and 

changes to the atmosphere.  There are a variety of sources of the heavy metal 

contamination, including agricultural processes such as livestock feed and waste, runoff 

from industrial effluents, natural deposits, as well as mining operations.  A common 

mining practice is to use a mixture of acids in order to gain access to the deep ores of 

metal within mines.  The acid drainage that follows is a large contributor to the damaging 

effects of heavy metals and carries the contamination long distances downstream.  Many 

studies have been conducted on the effects of metals such as arsenic and mercury, but 

gold is significantly less reported.  In fact, gold and platinum are the most demanded 

heavy metals, and yet are damaging metals to the environment especially within the 

mining procedures. 
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Gold, although not harmful to the human body in the elemental form, is very toxic 

when it is in the auric state, or gold salts.  Gold is often used in the decoration of food, 

alcoholic beverages, as well as in many types of jewelry, coins, and household objects as 

a symbol of wealth.  The form of gold used in those attributes is non-toxic and is thus 

harmless since the human body is not capable of reducing the elemental gold to the other 

oxidation states.  Gold has several oxidation states, however the most stable, and thus 

more common, are Au (III) and Au (I).  These oxidation states allow the formation of 

gold salts, auric gold, very easily and a stable reaction.  The gold salts in particular are 

associated with the negative side effects of certain auric mediations, as well as the 

harmful effects from the environmental contamination.  As previously mentioned, there 

are few studies performed on the bioremediation of gold in the environment.  Although 

the gold in the elemental form is non-toxic, the soluble gold salts are toxic to humans and 

bacteria, and thus need to be studied further.  It was the goal of the current project to 

analyze the effects of gold salts on a model bacterium, Rhodobacter sphaeroides in order 

to better understand the mechanisms of bacterial tolerance to heavy metals in general, and 

gold in particular, to study further for the role in its bioremediation. 

The identification of heavy metal genes located in all bacterial species revealed a 

total of 2,489 unique species of bacteria that contain heavy metal related genes.  Heavy 

metal genes are abundantly found in two major groups of bacteria, the Terrabacteria and 

Proteobacteria (39% and 46% respectively), and members of both have been studied for 

heavy metal bioremediation.  Within the Proteobacteria group, the subgroups of α 

Proteobacteria, β Proteobacteria, δ Proteobacteria, γ Proteobacteria, and ε Proteobacteria 

were also analyzed for the distribution of heavy metal genes.  It was revealed that the 
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subgroups of γ Proteobacteria and α Proteobacteria contain more heavy metal genes, 

(52% and 19% respectively) compared to the other groups.  The protein similarity 

comparison of R. sphaeroides’s genome to the total species containing the heavy metal 

related genes revealed 375 genes within the genome of R. sphaeroides.  Of the 375 genes 

located within the genome of R. sphaeroides, the majority (~63%) are heavy metal 

related enzymes, ~34% of the genes are involved in heavy metal transportation, or the 

transcriptional regulation (~2%) of genes involved in heavy metal transporters and their 

cellular metabolism. 

The growth kinetics of R. sphaeroides under varying concentrations of gold 

chloride, 0.0 µM, 0.1 µM, 0.5 µM, 1.0 µM and 10.0 µM were performed under three 

growth conditions including aerobic (20% O2), photosynthetic (10 Watts light), and 

anaerobic conditions.  It was found that the photosynthetic growth condition provided the 

best environment in which cellular adaptation allowed for the survival of the bacterial 

cells.  The anaerobic growth resulted in very poor growth, and thus was not able to be 

further analyzed.  The aerobic growth condition resulted in a significant lag phase (p 

value=0.000902) of the 1.0 µM concentration.  It was suspected that a mutation selection 

process was occurring within the first 24 hours of this concentration that attributed to the 

lag phase observed.  Cells were plated on SIS plates with or without the same 

concentration of gold to determine if a spontaneous mutation-selection process was 

occurring, or if cellular adaptation was allowing the survival in the high concentrations of 

gold contamination.  Results revealed that the aerobic colony count was higher on the 

plates that did not contain gold, which indicates a cellular adaptation that allows the 

stressed cells to grow better on the relaxed media plates.  Bacterial colonies grown under 
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photosynthetic conditions were higher on the plates that contain the gold, however it is 

attributed to a cellular adaptation supported by photosynthesis. 

The localization of the gold was performed using Inductively Coupled Plasma-

Optical Emissions Spectroscopy (ICP-OES).  In the aerobic growth condition the results 

reveal an equal distribution between the cellular fractions across all concentrations.  

There is a significant increase in accumulation of the gold particles in 96 hours for the 0.1 

µM and 0.5 µM concentrations (p value = <0.0001) while the accumulation increases in 

72 hours for the higher concentrations of 1.0 µM and 10.0 µM (p value = <0.0001).  The 

mechanisms of tolerance for the aerobic growth condition shift from the transport and 

efflux of the metal ions out of the cell, to sequestration within the membrane fraction, as 

suggested by the equal localization of the gold particles.  The photosynthetic growth 

condition revealed a different shift in the localization of the gold particles between the 

two cellular fractions.  The overall accumulation of the gold particles within the 

photosynthetic condition reached an equilibrium and is higher than that of the aerobic 

conditions.  The lower concentrations of 0.1 µM and 0.5 µM revealed an overall 

distribution in both cellular and membrane fractions, while the higher concentrations of 

1.0 µM and 10.0 µM had higher accumulation within the membrane fraction (p value = 

<0.0001). 

The gene expression analysis of the heavy metal related genes identified within R. 

sphaeroides revealed the number of genes differentially expressed under different growth 

conditions.  Of the total 369 genes with expression data, 46 were found to be more highly 

expressed under the photosynthetic growth condition (10W) compared to the expression 

of these corresponding gene under aerobic growth conditions, 114 were found to be more 
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highly expressed in the aerobic condition (~20% oxygen), and 209 genes were found to 

be generally expressed about the same levels under both aerobic and photosynthetic 

conditions.  Due to the increase in survivability within the photosynthetic growth 

condition, the results of the colony forming units, and the number of genes highly 

expressed within the photosynthetic growth condition, the genes in this condition will be 

the targets of the future work of this study.  The next phase of this study will include the 

total RNA sequencing of bacterial cells that have been exposed to varying concentrations 

of gold, under both growth conditions, and will be compared to the cells that have not 

been exposed to the gold contamination.  It is expected to see differences within the RNA 

transcripts that will aid in the identification of the tolerance mechanism to gold within R. 

sphaeroides.  Several photosynthetically expressed genes will be targeted and analyzed 

using qRT-PCR to identify the differences in expression of the target genes under the 

gold contamination.  This expression profile will be used to compare to the expression 

data of the cells under no gold exposure in order to better understand the mechanism of 

gold tolerance within R. sphaeroides. 
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APPENDIX A 

Key terms used for the heavy metal distribution analysis. 

Key Term Name Key Term Symbol Name_Search Symbol_Search 

Antimony Sb N/A N/A 

Arsenic As YES N/A 

Cadmium Cd N/A YES 

Calcium Ca YES YES 

Chromium Cr N/A N/A 

Cobalt Co YES YES 

Copper Cu YES YES 

Gold Au N/A N/A 

Heavy Metal N/A YES N/A 

Iron Fe YES YES 

Lead Pb YES YES 

Manganese Mn YES YES 

Mercury Hg YES YES 

Molybdenum Mo YES YES 

Nickle Ni YES YES 

Selenium Se YES YES 

Silver Ag YES YES 

Thallium Tl N/A N/A 

Zinc Zn YES YES 

Note. The most common metals were used as key term searches for the entire bacterial 
genomes to analyze the distribution of the heavy metal genes.  The key term and 
correlating symbols are given in the table above.  N/A denotes no returned results.  YES 
denotes a result was extracted and analyzed.  
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APPENDIX B 

Heavy Metal Genes Identified in R. sphaeroides. 

Location RSP Code % Identity e-value 
bit 

score 
Subject Title 10W  Aerobic 

C1  RSP_0015  51  3.99E‐85  264 
putative iron ABC transporter ATP‐binding protein [Selenomonas 
ruminantium subsp. lactilytica TAM6421] 

559  603 

C1  RSP_0071  52  6.05E‐69  226 
Mo/Fe‐nitrogenase‐specific transcriptional regulator NifA [Dickeya 
dadantii 3937] 

308  438 

C1  RSP_0094  53  2.96E‐126  367 
sugar/spermidine/putrescine/iron/thiamine ABC transporter ATP‐
binding protein [Psychromonas ingrahamii 37] 

1249  579 

C1  RSP_0101  64  3.14E‐80  240 
NADH:ubiquinone oxidoreductase 20 kD subunit and related Fe‐S 
oxidoreductase [Edwardsiella tarda EIB202] 

433  81 

C1  RSP_0107  62  2.41E‐67  204 
NADH dehydrogenase I subunit I, 2Fe‐2S ferredoxin‐related 
[Xenorhabdus nematophila ATCC 19061] 

850  123 

C1  RSP_0129  57  2.82E‐127  370 
ABC‐type metal ion transport system, ATPase component 
[Sinorhizobium meliloti GR4] 

529  1124 

C1  RSP_0130  73  5.06E‐87  258 
iron ABC transporter, membrane spanning protein [Agrobacterium sp. 
H13-3] 

229  416 

C1  RSP_0132  68  5.50E‐128  364  iron ABC transporter periplasmic protein [Agrobacterium sp. H13-3]  855  1909 

C1  RSP_0163  50  3.06E‐153  452 
Iron(III) ABC transporter permease [Polymorphum gilvum SL003B-
26A1] 

98  266 

C1  RSP_0187  70  0  621 
putative dihydroorotate dehydrogenase, FMN‐linked, 4Fe‐4S 
ferredoxin‐type protein [Ralstonia solanacearum PSI07] 

324  287 

C1  RSP_0204  60  1.59E‐114  334  metallo‐beta‐lactamase family protein [Ruegeria pomeroyi DSS-3]  201  130 

C1  RSP_0230  50  2.75E‐97  306  Secreted alkaline metalloproteinase [Pseudovibrio sp. FO-BEG1]  482  346 

C1  RSP_0235  83  0  564 
molybdenum cofactor biosynthesis protein A [Paracoccus denitrificans 
PD1222] 

276  311 

C1  RSP_0260  84  0  840 
bacteriachlorophyllide reductase iron protein subunit Z 
[Dinoroseobacter shibae DFL 12 = DSM 16493] 

2195  214 

(continued) 
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Location RSP Code % Identity e-value 
bit 

score 
Subject Title 10W  Aerobic 

C1  RSP_0261  79  0  816 
bacteriachlorophyllide reductase iron protein subunit Y 
[Dinoroseobacter shibae DFL 12 = DSM 16493] 

559  74 

C1  RSP_0262  83  0  530  chlorophyllide reductase iron protein subunit X [Jannaschia sp. CCS1]  746  56 

C1  RSP_0273  52  5.81E‐103  318 
ChlI component of cobalt chelatase involved in B12 biosynthesis or 
ChlD component of cobalt chelatase involved in B12 biosynthesis 
[Streptomyces venezuelae ATCC 10712] 

1962  328 

C1  RSP_0287  55  0  1358  cobaltochelatase [Thiocystis violascens DSM 198]  1225  90 

C1  RSP_0288  84  0  520 
protochlorophyllide reductase iron‐sulfur ATP‐binding protein 
[Roseobacter denitrificans OCh 114] 

1845  241 

C1  RSP_0302  65  4.58E‐91  267 
urease accessory protein UreG, nickel metallocenter assembly 
[Azospirillum brasilense Sp245] 

169  268 

C1  RSP_0328  53  4.96E‐100  304  heme‐Cu protein NnrS [Rhodopseudomonas palustris BisA53]  66  44 

C1  RSP_0341  75  0  645 
cytosine deaminase‐like metal‐dependent hydrolase [Mesorhizobium 
australicum WSM2073] 

517  981 

C1  RSP_0346  72  0  537  iron III‐binding periplasmic protein [Agrobacterium sp. H13-3]  2288  3179 

C1  RSP_0347  68  4.28E‐137  390 
IRON(III)‐transport system permease SFUB [Brucella melitensis bv. 1 
str. 16M] 

230  421 

C1  RSP_0348  66  6.47E‐124  355 
IRON(III)‐transport system permease SFUB [Brucella melitensis bv. 1 
str. 16M] 

252  309 

C1  RSP_0349  64  7.41E‐160  453 
iron(III)‐transport ATP‐binding protein sfuC [Brucella melitensis bv. 1 
str. 16M] 

382  524 

C1  RSP_0352  79  7.05E‐63  187  putative2Fe‐2S ferredoxin [Octadecabacter arcticus 238]  1890  2443 

C1  RSP_0361  63  0  543 
L‐serine dehydratase, iron‐sulfur‐dependent, single chain form 
[Sinorhizobium meliloti GR4] 

341  350 

C1  RSP_0371  54  1.89E‐93  277  Fe(3+)‐transporting ATPase [Marinomonas posidonica IVIA-Po-181]  1405  1867 

C1  RSP_0416  56  3.20E‐32  117 
calcium‐binding EF‐hand domain‐containing protein [Rhodobacter 
capsulatus SB 1003] 

143  137 

C1  RSP_0418  59  4.07E‐49  155  Zinc‐finger protein [Ketogulonicigenium vulgare WSH-001]  142  330 

(continued) 



 

 

86 

Location RSP Code % Identity e-value 
bit 

score 
Subject Title 10W  Aerobic 

C1  RSP_0431  63  0  522 
aminotransferase involved in iron‐sulfur cluster biogenesis [Rhizobium 
leguminosarum bv. viciae 3841] 

249  482 

C1  RSP_0437  83  9.83E‐154  429 
Fe‐S cluster assembly ABC transporter‐like protein ATPase 
[Ketogulonicigenium vulgare WSH-001] 

797  2374 

C1  RSP_0439  63  3.44E‐40  130 
Putative heavy‐metal‐binding protein [Salmonella enterica subsp. 
enterica serovar Heidelberg str. B182] 

677  1628 

C1  RSP_0440  84  0  895 
Fe‐S cluster assembly ABC transporter permease [Ketogulonicigenium 
vulgare WSH-001] 

1016  2072 

C1  RSP_0443  77  6.57E‐86  249 
iron‐sulfur cluster assembly transcription factor IscR 
[Ketogulonicigenium vulgare WSH-001] 

1803  3502 

C1  RSP_0445  65  5.11E‐76  234  metal dependent phosphohydrolase [Paracoccus denitrificans PD1222]  323  544 

C1  RSP_0452  65  3.55E‐163  461  Ca2+‐transporting ATPase [[Eubacterium] eligens ATCC 27750]  1968  2332 

C1  RSP_0463  56  8.26E‐108  317 
cobalt‐zinc‐cadmium resistance protein czcD [Granulibacter 
bethesdensis CGDNIH1] 

504  470 

C1  RSP_0472  56  9.68E‐78  237  Metal‐dependent hydrolase [Sinorhizobium meliloti GR4]  392  146 

C1  RSP_0475  51  8.37E‐59  184 
Cytochrome b561/Ni‐hydrogenase domain‐containing protein 
[Pseudovibrio sp. FO-BEG1] 

357  69 

C1  RSP_0492  69  1.43E‐168  473 
Ni/Fe‐hydrogenase‐like protein small subunit HoxB (plasmid) 
[Oligotropha carboxidovorans OM4] 

309  282 

C1  RSP_0493  73  0  672 
nickel‐dependent hydrogenase, large subunit [Paracoccus denitrificans 
PD1222] 

129  177 

C1  RSP_0494  53  3.18E‐128  390 
[NiFe] hydrogenase metallocenter assembly protein HypF [Klebsiella 
oxytoca E718] 

170  171 

C1  RSP_0495  82  0  612 
Ni‐Fe hydrogenase small subunit protein [Azorhizobium caulinodans 
ORS 571] 

155  88 

C1  RSP_0496  89  0  1134 
nickel‐dependent hydrogenase, large subunit [Paracoccus denitrificans 
PD1222] 

49  90 

C1  RSP_0499  60  9.56E‐82  244  nickel metalloprotease HoxM [Cupriavidus metallidurans CH34]  278  259 

C1  RSP_0503  66  4.56E‐114  330  rubredoxin‐type Fe(Cys)4 protein [Paracoccus denitrificans PD1222]  134  142 

(continued) 
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Location RSP Code % Identity e-value 
bit 

score 
Subject Title 10W  Aerobic 

C1  RSP_0505  79  3.78E‐60  181 
hydrogenase nickel incorporation protein HypA [Paracoccus 
denitrificans PD1222] 

36  20 

C1  RSP_0506  64  7.79E‐126  362 
hydrogenase nickel incorporation protein HypB [Paracoccus 
denitrificans PD1222] 

176  234 

C1  RSP_0509  59  7.65E‐160  454 
(NiFe) hydrogenase metallocenter assembly protein HypD 
[Edwardsiella tarda FL6-60] 

147  130 

C1  RSP_0510  56  1.18E‐120  353 
[NiFe] hydrogenase metallocenter assembly protein HypE 
[Thioalkalivibrio nitratireducens DSM 14787] 

94  115 

C1  RSP_0513  53  3.67E‐43  165 
hemolysin‐type calcium‐binding protein [Chlorobium limicola DSM 
245] 

275  1323 

C1  RSP_0521  58  7.31E‐143  408 
Threonine dehydrogenase and related Zn‐dependent dehydrogenase 
(plasmid) [Sinorhizobium meliloti GR4] 

10  17 

C1  RSP_0530  62  2.59E‐174  493 
cysteine desulfurase (Nitrogenase metalloclusters biosynthesis protein 
nifS) [Azospirillum lipoferum 4B] 

43  165 

C1  RSP_0532  58  4.73E‐41  132  Iron‐binding protein IscA [Bradyrhizobium sp. ORS 278]  135  93 

C1  RSP_0534  60  1.75E‐35  118  4Fe‐4S ferredoxin [Rhodopseudomonas palustris HaA2]  30  35 

C1  RSP_0536  56  2.63E‐51  162 
nitrogenase molybdenum‐iron protein, NifX [Rhodospirillum centenum 
SW] 

11  23 

C1  RSP_0537  67  0  593 
nitrogenase molybdenum‐iron cofactor biosynthesis protein NifN 
[Rhodobacter capsulatus SB 1003] 

74  52 

C1  RSP_0538  71  0  773 
nitrogenase molybdenum‐iron biosynthesis protein NifE [Rhodobacter 
capsulatus SB 1003] 

23  41 

C1  RSP_0539  75  0  813 
nitrogenase molybdenum‐iron protein subunit beta [Rhodobacter 
capsulatus SB 1003] 

22  62 

C1  RSP_0540  82  0  847 
nitrogenase molybdenum‐iron protein subunit alpha [Rhodobacter 
capsulatus SB 1003] 

22  77 

C1  RSP_0541  96  0  547  nitrogenase iron protein [Rhodobacter capsulatus SB 1003]  98  94 

C1  RSP_0544  60  1.70E‐28  100  iron‐sulfur cofactor synthesis protein [Azoarcus sp. KH32C]  16  23 

(continued) 
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Location RSP Code % Identity e-value 
bit 
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Subject Title 10W  Aerobic 

C1  RSP_0546  68  0  600 
FeMo cofactor biosynthesis protein nifB [Rhodospirillum centenum 
SW] 

82  67 

C1  RSP_0547  53  9.12E‐79  254 
Response regulator of zinc sigma‐54‐dependent two‐component 
system [Tepidanaerobacter acetatoxydans Re1] 

477  106 

C1  RSP_0554  65  2.33E‐128  370 
g Zn‐dependent protease with chaperone function [Mesorhizobium 
australicum WSM2073] 

124  130 

C1  RSP_0581  51  1.67E‐40  138  Putative heme iron utilization protein [Sinorhizobium meliloti GR4]  34  90 

C1  RSP_0596  55  0  729  Zn‐dependent oligopeptidase [Sinorhizobium meliloti GR4]  586  692 

C1  RSP_0597  62  3.59E‐131  379 
molybdenum cofactor biosynthesis protein B [Rhodobacter capsulatus 
SB 1003] 

249  546 

C1  RSP_0615  60  1.89E‐129  372  zinc‐binding oxidoreductase (plasmid) [Agrobacterium vitis S4]  124  121 

C1  RSP_0657  77  2.83E‐154  432  metallophosphoesterase [Rhodobacter capsulatus SB 1003]  1065  1072 

C1  RSP_0659  55  7.92E‐65  201  metallo‐phosphoesterase [Paracoccus denitrificans PD1222]  12  159 

C1  RSP_0665  83  0  1028 
ATP‐dependent metalloprotease FtsH [Paracoccus denitrificans 
PD1222] 

3492  2898 

C1  RSP_0675  57  3.10E‐94  280 
metallo‐dependent hydrolase, deoxyribonuclease, TatD family 
[Methylobacterium extorquens DM4] 

364  660 

C1  RSP_0676  69  1.28E‐130  372  metallo‐beta‐lactamase [Rhodobacter capsulatus SB 1003]  386  573 

C1  RSP_0690  68  0  900 
heavy metal translocating P‐type ATPase [Ruegeria sp. TM1040] **Also 
matches with GolT in Salmonella** 

227  252 

C1  RSP_0692  72  0  709  4Fe‐4S ferredoxin [Ruegeria sp. TM1040]  1089  1309 

C1  RSP_0696  55  6.69E‐174  510 
heme B/copper cytochrome c oxidase subunit [Capnocytophaga 
canimorsus Cc5] 

4560  2921 

C1  RSP_0701  65  0  653 
peptide/nickel transport system ATP‐binding protein [Azospirillum sp. 
B510] 

324  390 

C1  RSP_0702  60  1.70E‐140  405  peptide/nickel transport system permease [Azospirillum sp. B510]  200  431 

C1  RSP_0703  65  1.33E‐168  476  peptide/nickel transport system permease [Azospirillum sp. B510]  253  483 

C1  RSP_0708  54  1.01E‐56  187 
NTP pyrophosphohydrolases containing a Zn‐finger, probably nucleic‐
acid‐binding [Sinorhizobium meliloti GR4] 

211  243 

(continued) 
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C1  RSP_0716  74  1.19E‐175  491  zinc‐binding alcohol dehydrogenase [Ruegeria sp. TM1040]  542  442 

C1  RSP_0741  65  1.27E‐162  459  metallo‐beta‐lactamase family protein [Ruegeria pomeroyi DSS-3]  424  841 

C1  RSP_0776  51  6.57E‐60  189 
dipeptide/oligopeptide/nickel ABC transporter ATPase [Alcanivorax 
dieselolei B5] 

155  401 

C1  RSP_0793  51  2.71E‐101  300 
Metal‐dependent hydrolases of the beta‐lactamase superfamily I 
[Xanthomonas citri subsp. citri Aw12879] 

183  126 

C1  RSP_0798  64  2.76E‐51  160  Neutral zinc metallopeptidase [Ketogulonicigenium vulgare Y25]  281  352 

C1  RSP_0799  60  1.75E‐119  347  metallo‐beta‐lactamase‐like protein [Roseobacter litoralis Och 149]  339  516 

C1  RSP_0802  64  2.42E‐165  467 
Dipeptidase AC, Metallo peptidase, MEROPS family M19 
[Ketogulonicigenium vulgare Y25] 

363  633 

C1  RSP_0803  67  2.37E‐114  329 
ABC‐type dipeptide/oligopeptide/nickel transport system, ATPase 
component [Mesorhizobium australicum WSM2073] 

278  350 

C1  RSP_0804  72  3.05E‐142  402 
ABC‐type dipeptide/oligopeptide/nickel transport system, ATPase 
component [Mesorhizobium australicum WSM2073] 

186  283 

C1  RSP_0805  73  8.85E‐144  408 
ABC‐type dipeptide/oligopeptide/nickel transport systems, permease 
component [Sinorhizobium meliloti GR4] 

239  407 

C1  RSP_0806  69  5.83E‐159  451 
ABC‐type dipeptide/oligopeptide/nickel transport systems, permease 
component [Sinorhizobium meliloti GR4] 

945  1202 

C1  RSP_0807  58  0  642 
peptide/nickel transport system substrate‐binding protein 
[Azospirillum brasilense Sp245] 

2474  2223 

C1  RSP_0850  64  7.99E‐140  400 
putative transmembrane iron‐regulated protein [Pelagibacterium 
halotolerans B2] 

240  249 

C1  RSP_0872  52  3.42E‐55  174 
peptide deformylase 1 (N‐formylmethionylaminoacyl‐tRNA 
deformylase, binds Zn(II)) [Acinetobacter pittii PHEA-2] 

1644  1715 

C1  RSP_0904  74  2.00E‐161  452 
periplasmic metal ion‐binding lipoprotein [Octadecabacter antarcticus 
307] 

147  241 

C1  RSP_0905  78  1.01E‐162  456 
Mn+2/Fe+2 ABC transporter ATPase SitB [Ketogulonicigenium vulgare 
Y25] 

27  188 

C1  RSP_0906  77  1.05E‐156  439  Manganese ABC transporter permease [Sinorhizobium meliloti 2011]  239  436 

(continued) 
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C1  RSP_0908  70  2.91E‐139  395 
metal ion ABC transporter membrane protein [Octadecabacter 
antarcticus 307] 

38  216 

C1  RSP_0923  61  3.70E‐114  331  Metallopeptidase family M24 [Brucella melitensis M28]  3237  3244 

C1  RSP_0924  72  3.57E‐120  343 
molybdenum cofactor biosynthesis domain protein [Ruegeria 
pomeroyi DSS-3] 

468  539 

C1  RSP_0935  65  0  529  Fe‐S oxidoreductase [Brucella melitensis bv. 1 str. 16M]  341  376 

C1  RSP_0945  68  1.77E‐124  370  nickel resistance protein, partial [Brucella melitensis bv. 1 str. 16M]  246  263 

C1  RSP_0960  76  0  674 
NADPH quinone reductase and related Zn‐dependent oxidoreductase 
[Magnetospirillum magneticum AMB-1] 

307  319 

C1  RSP_0979  88  3.99E‐177  489 
succinate dehydrogenase iron‐sulfur subunit [Phaeobacter inhibens 
DSM 17395] 

2264  2129 

C1  RSP_0982  56  8.61E‐72  221  zinc metallopeptidases‐like protein [Ketogulonicigenium vulgare Y25]  121  152 

C1  RSP_1018  73  0  660  glycolate oxidase iron‐sulfur subunit [Phaeobacter gallaeciensis 2.10]  155  307 

C1  RSP_1031  59  3.00E‐81  243 
HhH‐GPD:Iron‐sulfur cluster loop (FCL) [Nitrosomonas europaea ATCC 
19718] 

241  416 

C1  RSP_1057  52  6.61E‐140  411  mercury(II) reductase [Sinorhizobium meliloti AK83]  150  230 

C1  RSP_1065  51  1.52E‐82  248 
molybdenum cofactor sulfurase‐like protein [Roseobacter litoralis Och 
149] 

282  457 

C1  RSP_1071  57  2.11E‐53  167  molybdenum cofactor biosynthesis protein E [Azospirillum sp. B510]  345  587 

C1  RSP_1072  80  1.73E‐42  134 
molybdenum cofactor biosynthesis protein D [Rhodobacter capsulatus 
SB 1003] 

243  377 

C1  RSP_1078  58  8.63E‐52  163 
NAD‐dependent formate dehydrogenase, Molybdenum containing 
subunit gamma [Methylobacterium extorquens DM4] 

27  43 

C1  RSP_1079  63  0  665 
NADH‐ubiquinone oxidoreductase‐F iron‐sulfur binding region family 
protein [Burkholderia thailandensis MSMB121] 

55  113 

C1  RSP_1080  71  0  1432 
NAD‐dependent formate dehydrogenase, molybdenum containing 
subunit alpha [Methylobacterium extorquens AM1] 

20  99 

C1  RSP_1097  51  4.41E‐149  433  putative Zn‐dependent protease [Bradyrhizobium oligotrophicum S58]  655  729 
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C1  RSP_1114  54  1.30E‐45  160  putative calcium‐binding protein [Rivularia sp. PCC 7116]  413  362 

C1  RSP_1143  71  3.67E‐176  494 
putative iron‐sulfur cluster‐binding protein [Octadecabacter 
antarcticus 307] 

193  258 

C1  RSP_1156  58  6.31E‐100  293  Fe(3+)‐transporting ATPase [Fluviicola taffensis DSM 16823]  296  526 

C1  RSP_1172  56  8.61E‐150  429 
DnaJ‐class molecular chaperone with C‐terminal Zn finger domain 
[Edwardsiella tarda EIB202] 

629  1114 

C1  RSP_1204  51  0  559 
heavy metal tolerance protein precursor [Comamonas testosteroni 
CNB-2] 

368  299 

C1  RSP_1266  63  0  789  copper transporting ATPase [Herminiimonas arsenicoxydans]  95  80 

C1  RSP_1280  68  1.22E‐143  408  RuBisCo‐expression protein CbbX [Synechococcus sp. WH 8102]  1627  154 

C1  RSP_1295  79  0  630  glutaryl Co‐A dehydrogenase [Mesorhizobium loti MAFF303099]  125  118 

C1  RSP_1345  50  1.25E‐34  119  metallothiol transferase FosB [Halomonas elongata DSM 2581]  358  564 

C1  RSP_1353  56  3.86E‐81  244 
metallophosphoesterase [Dinoroseobacter shibae DFL 12 = DSM 
16493] 

193  275 

C1  RSP_1382  62  1.88E‐163  466  Fe‐S‐cluster redox protein [Agrobacterium vitis S4]  522  677 

C1  RSP_1395  55  7.57E‐159  457 
ubiquinol‐cytochrome C reductase iron‐sulfur subunit [Mesorhizobium 
loti MAFF303099] 

9793  5158 

C1  RSP_1396  72  4.89E‐104  298 
ubiquinol‐cytochrome c reductase, iron‐sulfur subunit [Ruegeria 
pomeroyi DSS-3] 

1123
7 

4801 

C1  RSP_1408  54  0  919  Zn‐dependent protease [Bacillus sp. 1NLA3E]  282  197 

C1  RSP_1410  52  7.94E‐107  316 
oxidoreductase molybdenum‐binding subunit YedY [Shewanella 
oneidensis MR-1] 

199  433 

C1  RSP_1434  66  3.24E‐156  442  zinc‐binding alcohol dehydrogenase [Tistrella mobilis KA081020-065]  113  241 

C1  RSP_1437  56  1.81E‐96  285 
iron‐hydroxamate transporter ATP‐binding subunit [Cronobacter 
sakazakii SP291] 

17  36 

C1  RSP_1438  60  1.54E‐169  501 
iron‐hydroxamate transporter permease subunit [Paracoccus 
denitrificans PD1222] 

96  212 
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C1  RSP_1439  53  6.32E‐82  250 
ABC Fe+3 hydroxamate (Ferrichrome) transporter, 
periplasmicsiderophore binding protein (plasmid) [Ketogulonicigenium 
vulgare WSH-001 

10  121 

C1  RSP_1445  52  5.84E‐79  247 
Fe(3+) ions import ATP‐binding protein FbpC (plasmid) [Sinorhizobium 
meliloti Rm41] 

114  149 

C1  RSP_1454  50  8.61E‐42  164 
ABC‐type dipeptide/oligopeptide/nickel transport systems, ATP‐binding 
protein I & II [Haloferax mediterranei ATCC 33500] 

103  180 

C1  RSP_1476  76  0  851 
heavy metal translocating P‐type ATPase [Rhodobacter capsulatus SB 
1003] **Also matches with GolT in Salmonella** 

485  137 

C1  RSP_1478  72  0  751  nickel‐transporting ATPase [Sinorhizobium meliloti AK83]  353  329 

C1  RSP_1479  75  0  533  peptide/nickel transport system permease [Brucella abortus A13334]  144  156 

C1  RSP_1480  63  1.37E‐139  398 
ABC‐type dipeptide/oligopeptide/nickel transport systems, permease 
component (plasmid) [Sinorhizobium meliloti GR4] 

290  264 

C1  RSP_1481  65  0  695 
peptide/nickel transport system substrate‐binding protein [Brucella 
canis HSK A52141] 

1874  2109 

C1  RSP_1505  54  8.86E‐86  257  putative metallophosphoesterase [Rhizobium tropici CIAT 899]  271  635 

C1  RSP_1509  78  0  544 
O‐sialoglycoprotein endopeptidase, putative [Ruegeria pomeroyi DSS-
3] 

352  462 

C1  RSP_1512  72  3.04E‐72  214 
Ubiquinol‐cytochrome c reductase, iron‐sulfur subunit [Polymorphum 
gilvum SL003B-26A1] 

495  867 

C1  RSP_1516  77  3.65E‐106  304 
metal‐dependent phosphohydrolase‐like protein [Phaeobacter 
inhibens DSM 17395] 

46  266 

C1  RSP_1538  56  1.36E‐106  310  metallophosphoesterase [Bacillus thuringiensis MC28]  194  382 

C1  RSP_1540  55  7.43E‐126  367  iron ABC transporter permease [Pseudomonas putida H8234]  39  19 

C1  RSP_1546  66  9.35E‐67  202 
bacterioferritin, an iron storage homoprotein [Methylobacterium 
extorquens DM4] 

848  795 

C1  RSP_1548  68  0  549  iron‐regulated protein [Dinoroseobacter shibae DFL 12 = DSM 16493]  506  2072 

C1  RSP_1578  69  4.01E‐123  352 
multi‐copper polyphenol oxidoreductase laccase [Octadecabacter 
arcticus 238] 

719  870 
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C1  RSP_1608  56  9.73E‐131  377 
putative zinc‐type alcohol dehydrogenase protein [Sinorhizobium fredii 
HH103] 

99  157 

C1  RSP_1666  53  2.15E‐109  322 
1‐hydroxy‐2‐methyl‐2‐(E)‐butenyl 4‐diphosphate reductase, 4Fe‐4S 
protein [Escherichia coli str. K-12 substr. MDS42] 

2426  1417 

C1  RSP_1670  76  0  1140  metal dependent phosphohydrolase [Ruegeria sp. TM1040]  203  466 

C1  RSP_1707  71  0  557 
iron‐regulated elongation factor tu Tuf [Mycobacterium avium subsp. 
paratuberculosis MAP4] 

1637
2 

11625 

C1  RSP_1714  71  0  557 
iron‐regulated elongation factor tu Tuf [Mycobacterium avium subsp. 
paratuberculosis MAP4] 

N/A  N/A 

C1  RSP_1728  56  8.13E‐35  116 
SSU ribosomal protein S14p (S29e) Zinc‐independent [Francisella cf. 
tularensis subsp. novicida 3523] 

4874  8280 

C1  RSP_1750  70  6.02E‐128  365  Fe(3+)‐transporting ATPase (plasmid) [Sinorhizobium meliloti BL225C]  1738  1605 

C1  RSP_1751  56  1.47E‐44  142  (2Fe‐2S) ferredoxin [Methylococcus capsulatus str. Bath]  182  110 

C1  RSP_1752  59  0  517 
Metallopeptidase family M24,creatininase/prolidase family protein 
[alpha proteobacterium HIMB5] 

178  215 

C1  RSP_1790  61  3.32E‐55  171 
heavy metal‐dependent transcription regulator 1 [Brucella canis ATCC 
23365] **Also matches with GolS in Salmonella** 

234  290 

C1  RSP_1791  69  0  874 
heavy metal translocating P‐type ATPase [Paracoccus denitrificans 
PD1222] **Also matches with GolT in Salmonella** 

96  123 

C1  RSP_1796  55  2.50E‐52  166 
superoxide dismutase copper/zinc binding protein [Sinorhizobium 
meliloti AK83] 

163  120 

C1  RSP_1806  54  0  980 
putative iron‐regulated aconitate hydratase [Mycobacterium canettii 
CIPT 140010059] 

1183  2575 

C1  RSP_1818  62  0  872  ferrous iron transporter FeoB [Thioflavicoccus mobilis 8321]  989  299 

C1  RSP_1823  68  2.45E‐78  232  molybdenum cofactor biosynthesis protein [Brucella melitensis M28]  253  281 

C1  RSP_1824  63  7.85E‐147  422 
zinc‐type alcohol dehydrogenase transmembrane protein 
[Burkholderia sp. RPE64] 

153  179 

C1  RSP_1825  63  0  589  zinc‐dependent protease protein [Rhizobium tropici CIAT 899]  511  521 
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C1  RSP_1829  59  3.75E‐108  316 
heme/copper‐type cytochrome/quinol oxidase, subunit 3 
[Mesorhizobium australicum WSM2073] 

214  3011 

C1  RSP_1832  50  7.83E‐136  397  putative zinc protease (mpp‐like) [Azospirillum brasilense Sp245]  451  876 

C1  RSP_1877  60  0  657 
Heme/copper‐type cytochrome/quinol oxidase [Magnetospirillum 
magneticum AMB-1] 

733  5524 

C1  RSP_1882  51  6.91E‐76  239 
Fe(3+) ions import ATP‐binding protein FbpC [Pseudovibrio sp. FO-
BEG1] 

1821  1836 

C1  RSP_1891  64  8.31E‐140  399 
oxidoreductase, zinc‐binding dehydrogenase family [Ruegeria 
pomeroyi DSS-3] 

75  191 

C1  RSP_1913  50  1.17E‐62  195 
butyate‐acetoacetate Ca‐transferase large chain [Oceanobacillus 
iheyensis HTE831] 

1810  3662 

C1  RSP_1921  60  1.39E‐89  265 
molybdenum cofactor sulfurase [Granulibacter bethesdensis 
CGDNIH1] 

199  81 

C1  RSP_1923  55  1.95E‐132  381 
biotin synthase, contains an iron‐sulfur cluster and PLP [Cycloclasticus 
sp. P1] 

131  156 

C1  RSP_1934  59  3.80E‐55  181 
xanthine and Co dehydrogenase maturation factor [Acidiphilium 
cryptum JF-5] 

113  110 

C1  RSP_1942  63  0  716 
nitrite and sulfite reductase 4Fe‐4S region [Mesorhizobium 
opportunistum WSM2075] 

754  1446 

C1  RSP_1948  81  8.42E‐68  201  iron‐sulfur cluster assembly like protein [Octadecabacter arcticus 238]  1352  1328 

C1  RSP_1949  56  4.18E‐33  113 
putative metal‐sulfur cluster biosynthetic enzyme [Solitalea canadensis 
DSM 3403] 

1556  1415 

C1  RSP_1973  80  8.36E‐81  236 
Fe‐S metabolism associated SufE [Dinoroseobacter shibae DFL 12 = 
DSM 16493] 

652  522 

C1  RSP_1975  66  0  775 
putative metallopeptidase [Dinoroseobacter shibae DFL 12 = DSM 
16493] 

315  510 

C1  RSP_1976  78  0  968  aerobic cobaltochelatase subunit T [Octadecabacter arcticus 238]  649  1020 

C1  RSP_1977  90  0  609  cobaltochelatase subunit CobS [Rhodobacter capsulatus SB 1003]  1881  1933 
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C1  RSP_1998  60  6.82E‐145  418 
molybdenum cofactor biosynthesis protein A [Roseobacter 
denitrificans OCh 114] 

535  1061 

C1  RSP_2000  79  1.05E‐84  247 
molybdenum cofactor biosynthesis protein MoaC [Dinoroseobacter 
shibae DFL 12 = DSM 16493] 

778  1369 

C1  RSP_2015  50  5.32E‐92  278 
methylmalonyl‐CoA mutase metallochaperone MeaB [Mycobacterium 
chubuense NBB4] 

304  541 

C1  RSP_2082  51  2.92E‐30  105 
NADH dehydrogenase (ubiquinone) Fe‐S protein 4 [Azorhizobium 
caulinodans ORS 571] 

1011  2255 

C1  RSP_2088  54  0  664 
leader peptidase GTP‐binding protein [Lactobacillus delbrueckii subsp. 
bulgaricus ND02] 

1165  1567 

C1  RSP_2093  51  7.28E‐96  290 
Scaffold protein for [4Fe‐4S] cluster assembly ApbC, MRP‐like protein 
[Thioalkalivibrio nitratireducens DSM 14787] 

368  351 

C1  RSP_2131  59  0  712 
ribonuclease E / zinc metalloprotease [Brucella melitensis bv. 1 str. 
16M] 

3547  4203 

C1  RSP_2149  63  1.14E‐107  311 
metal‐dependent hydrolases related to alanyl‐tRNA synthetase 
[Jannaschia sp. CCS1] 

388  834 

C1  RSP_2153  54  6.35E‐81  246  metallophosphoesterase [Rhodobacter capsulatus SB 1003]  418  225 

C1  RSP_2159  57  1.81E‐73  233 
ABC‐type iron(III) transport system, ATPase component [Thermococcus 
kodakarensis KOD1] 

258  690 

C1  RSP_2174  56  3.16E‐51  165  cobalt transport protein (plasmid) [Paracoccus denitrificans PD1222]  4010  4534 

C1  RSP_2175  52  9.24E‐74  226 
cobalt ABC transporter ATP‐binding protein CbiO [Rhodobacter 
capsulatus SB 1003] 

8742  6059 

C1  RSP_2214  66  1.33E‐85  251 
putative iron‐sulfur cluster scaffold,NifU‐like [Azospirillum brasilense 
Sp245] 

3793  2107 

C1  RSP_2234  50  4.12E‐124  367 
radical SAM domain‐containing iron‐sulfur cluster‐binding 
oxidoreductase [Geobacter sulfurreducens KN400] 

92  119 

C1  RSP_2254  54  4.90E‐69  235 
iron ABC transporter permease/ATP‐binding protein YbtP [Rubrivivax 
gelatinosus IL144] 

142  225 

C1  RSP_2267  74  7.93E‐72  213 
zinc‐binding CMP/dCMP deaminase protein [Hyphomicrobium 
denitrificans 1NES1] 

224  256 
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C1  RSP_2268  75  1.55E‐130  369  metallo‐beta‐lactamase [Rhodobacter capsulatus SB 1003]  254  237 

C1  RSP_2274  60  1.63E‐102  301 
Fe(3+)‐transporting ATPase [Marinithermus hydrothermalis DSM 
14884] 

136  314 

C1  RSP_2294  53  4.56E‐95  281  metallo‐beta‐lactamase [Methylococcus capsulatus str. Bath]  403  429 

C1  RSP_2307  79  3.62E‐178  495 
inorganic pyrophosphatase, manganese‐dependent [Ruegeria 
pomeroyi DSS-3] 

1495  3491 

C1  RSP_2310  71  5.69E‐46  144  Co‐chaperonin GroES (HSP10) [Sinorhizobium meliloti GR4]  7253  9401 

C1  RSP_2317  85  0  681 
iron‐containing alcohol dehydrogenase (plasmid) [Paracoccus 
denitrificans PD1222] 

566  1289 

C1  RSP_2340  63  0  552  Fe‐S oxidoreductase [Edwardsiella tarda EIB202]  641  731 

C1  RSP_2377  52  1.37E‐131  380 
Threonine dehydrogenase and related Zn‐dependent dehydrogenase 
[Xanthomonas citri subsp. citri Aw12879] 

206  244 

C1  RSP_2400  50  9.08E‐85  262 
iron ABC transporter, ATP‐binding component (plasmid) [Azospirillum 
lipoferum 4B] 

1435  1725 

C1  RSP_2403  52  1.08E‐67  213 
iron siderophore/cobalamin ABC transporter periplasmic iron 
siderophore/cobalamin‐binding protein [Rhodobacter capsulatus SB 
1003] 

143  208 

C1  RSP_2404  71  4.36E‐114  335 
iron siderophore/cobalamin ABC transporter permease [Rhodobacter 
capsulatus SB 1003] 

240  369 

C1  RSP_2405  60  2.93E‐82  248 
iron siderophore/cobalamin ABC transporter ATP‐binding protein 
[Rhodobacter capsulatus SB 1003] 

148  259 

C1  RSP_2412  60  0  730 
Neutral zinc metallopeptidase, zinc‐binding region [Brucella abortus 
S19] 

1234  1753 

C1  RSP_2414  54  4.97E‐141  405  metallo‐beta‐lactamase [Marivirga tractuosa DSM 4126]  97  69 

C1  RSP_2424  86  1.42E‐68  202  4Fe‐4S ferredoxin [Dinoroseobacter shibae DFL 12 = DSM 16493]  3768  2667 

C1  RSP_2494  79  1.17E‐75  222  FUR family manganese uptake regulator [Jannaschia sp. CCS1]  259  426 

C1  RSP_2513  86  3.79E‐113  321 
NADH dehydrogenase [ubiquinone] iron‐sulfur protein 7 
[Ketogulonicigenium vulgare WSH-001] 

1321  4431 

(continued) 
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C1  RSP_2515  80  0  663 
NADH dehydrogenase (ubiquinone) Fe‐S prote in 2, 49kDa 
[Ketogulonicigenium vulgare WSH-001] 

567  1963 

C1  RSP_2521  59  0  776 
NADH dehydrogenase (ubiquinone) Fe‐S protein 1 [Sinorhizobium 
fredii HH103] 

644  2007 

C1  RSP_2523  79  5.62E‐93  268  7Fe ferredoxin [Brucella melitensis M28]  1885  3936 

C1  RSP_2534  72  0  820  metallo‐beta‐lactamase [Rhodobacter capsulatus SB 1003]  798  1508 

C1  RSP_2539  71  0  510 
iron ABC transporter, ATP‐binding protein, putative [Ruegeria 
pomeroyi DSS-3] 

70  401 

C1  RSP_2576  85  0  654  zinc‐binding alcohol dehydrogenase [Nitrobacter hamburgensis X14]  1078  1323 

C1  RSP_2608  61  3.32E‐135  388 
magnesium/cobalt transport protein CorA [Rhodobacter capsulatus SB 
1003] 

187  274 

C1  RSP_2625  63  1.07E‐55  172 
NifU‐related protein involved in Fe‐S cluster formation [Paracoccus 
denitrificans PD1222] 

536  288 

C1  RSP_2638  53  2.19E‐74  232 
K+‐dependent Na+/Ca+ exchanger related‐protein [Ruegeria pomeroyi 
DSS-3] 

207  328 

C1  RSP_2649  62  1.61E‐99  290  metalloprotease [Phaeobacter inhibens DSM 17395]  162  137 

C1  RSP_2654  66  2.51E‐68  206  Zn‐finger protein [Azorhizobium caulinodans ORS 571]  4567  3396 

C1  RSP_2658  76  1.80E‐56  171 
iron‐sulfur cluster assembly accessory protein [Dinoroseobacter shibae 
DFL 12 = DSM 16493] 

1142  676 

C1  RSP_2661  68  4.81E‐163  463 
iron‐containing alcohol dehydrogenase [Paracoccus denitrificans 
PD1222] 

411  469 

C1  RSP_2693  63  3.40E‐86  254 
manganese and iron superoxide dismutase [Nitrobacter winogradskyi 
Nb-255] 

6536  6586 

C1  RSP_2696  60  0  669 
ABC‐type transport system involved in Fe‐S cluster assembly, permease 
and ATPase components [Magnetospirillum magneticum AMB-1] 

282  428 

C1  RSP_2700  50  4.53E‐71  235  nickel‐transporting ATPase [Frankia symbiont of Datisca glomerata]  20  48 

C1  RSP_2701  56  1.20E‐141  409 
ABC‐type dipeptide/oligopeptide/nickel transport system, permease 
component [Mesorhizobium australicum WSM2073] 

142  150 
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C1  RSP_2702  52  3.24E‐123  359 
ABC‐type dipeptide/oligopeptide/nickel transport system, permease 
component [Mesorhizobium australicum WSM2073] 

54  42 

C1  RSP_2710  61  0  563 
putative membrane‐associated zinc metalloprotease [Dinoroseobacter 
shibae DFL 12 = DSM 16493] 

524  267 

C1  RSP_2730  56  1.54E‐34  116 
Arsenical resistance operon repressor (plasmid) [Sinorhizobium fredii 
HH103] 

382  515 

C1  RSP_2731  75  3.29E‐129  366  arsenical resistance protein ArsH [Oligotropha carboxidovorans OM5]  133  131 

C1  RSP_2766  73  0  993  iron‐sulfur cluster‐binding protein [Ruegeria pomeroyi DSS-3]  262  215 

C1  RSP_2768  86  0  551 
methyltetrahydrofolate:corrinoid/iron‐sulfur protein methyltransferase 
[Dinoroseobacter shibae DFL 12 = DSM 16493] 

264  195 

C1  RSP_2783  52  2.93E‐97  291 
lipoate protein ligase, an iron‐sulfur enzyme [Xenorhabdus bovienii SS-
2004] 

1198  1321 

C1  RSP_2796  60  1.47E‐137  396 
putative TIM‐barrel fold metal‐dependent hydrolase [Mycobacterium 
smegmatis JS623] 

28  63 

C1  RSP_2810  61  2.33E‐109  318  Fe(3+)‐transporting ATPase [Sphingobium chlorophenolicum L-1]  221  332 

C1  RSP_2814  51  1.36E‐143  418 
Co2 transporter containing CBS domains [Pelagibacterium halotolerans 
B2] 

828  723 

C1  RSP_2821  62  2.63E‐100  294 
cobalt‐precorrin‐4 C11‐methyltransferase [Pelagibacterium 
halotolerans B2] 

376  413 

C1  RSP_2824  55  1.38E‐74  238 
cobalamin biosynthesis protein CbiG / Cobalt‐precorrin‐3b C17‐
methyltransferase [Pseudomonas fluorescens F113] 

348  305 

C1  RSP_2825  63  1.03E‐105  307 
cobalt‐precorrin‐6x reductase [Bradyrhizobium diazoefficiens USDA 
110] 

360  409 

C1  RSP_2827  73  0  1411 
cobaltochelatase CobN subunit (plasmid) [Acidiphilium multivorum 
AIU301] 

424  288 

C1  RSP_2828  57  1.57E‐132  384 
cobalt‐binding GTPase involved in cobalt incorporation [Granulibacter 
bethesdensis CGDNIH1] 

1227  946 

C1  RSP_2870  57  4.28E‐136  394 
sugar/spermidine/putrescine/iron/thiamine ABC transporter ATP‐
binding protein [Psychromonas ingrahamii 37] 

117  112 

(continued) 
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C1  RSP_2876  70  2.59E‐131  373 
molybdenum hydroxylase family protein, medium subunit 
[Phaeobacter gallaeciensis 2.10] 

1119  307 

C1  RSP_2877  74  0  1222 
molybdenum hydroxylase family protein large subunit [Octadecabacter 
antarcticus 307] 

1261  382 

C1  RSP_2878  74  2.98E‐86  251 
molybdenum hydroxylase family protein, small subunit [Roseobacter 
litoralis Och 149] 

2852  742 

C1  RSP_2889  72  7.32E‐63  189 
Cu(I)‐responsive transcriptional regulator [Ruegeria pomeroyi DSS-3] 
**Also matches with GolS in Salmonella** 

274  362 

C1  RSP_2890  63  0  906 
copper‐translocating P‐type ATPase [Ruegeria pomeroyi DSS-3] **Also 
matches with GolT in Salmonella** 

309  668 

C1  RSP_2910  51  6.85E‐133  387 
metal‐dependent amidase/aminoacylase/carboxypeptidase 
[Granulibacter bethesdensis CGDNIH1] 

705  959 

C1  RSP_2913  58  1.91E‐140  403  major ferric iron‐binding protein [Pseudovibrio sp. FO-BEG1]  354  3346 

C1  RSP_2930  61  1.39E‐77  254 
hemolysin‐type calcium‐binding repeat family protein [Rhodobacter 
capsulatus SB 1003] 

136  99 

C1  RSP_2933  53  2.88E‐140  411  metalo dependent hydrolase [Xanthomonas albilineans GPE PC73]  118  118 

C1  RSP_2974  56  1.26E‐38  143  zinc metalloendopeptidase [Pelobacter carbinolicus DSM 2380]  3351  3388 

C1  RSP_2986  62  0  586  putative metalloprotease M20 family [Agrobacterium fabrum str. C58]  1069  1476 

C2  RSP_3027  65  0  602  4Fe‐4S ferredoxin [Ruegeria sp. TM1040]  71  132 

C2  RSP_3032  55  4.07E‐39  138 
ABC‐type dipeptide/oligopeptide/nickel transport system, ATPase 
component (plasmid) [Sinorhizobium meliloti GR4] 

64  48 

C2  RSP_3033  55  1.62E‐51  184 
ABC‐type dipeptide/oligopeptide/nickel transport systems, ATP‐binding 
protein I & II [Haloferax mediterranei ATCC 33500] 

19  59 

C2  RSP_3041  50  1.58E‐91  280 
iron(III)‐transport ATP‐binding protein sfuC [Brucella melitensis bv. 1 
str. 16M] 

163  70 

C2  RSP_3050  70  2.74E‐161  455 
molybdenum cofactor biosynthesis protein A [Rhodobacter capsulatus 
SB 1003] 

134  100 

C2  RSP_3079  57  1.11E‐95  286 
ABC transporter periplasmic Fe+3 siderophore binding protein 
[Rhodopseudomonas palustris CGA009] 

155  249 

(continued) 
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C2  RSP_3081  51  1.78E‐62  217 
iron ABC transporter permease/ATP‐binding protein YbtP [Rubrivivax 
gelatinosus IL144] 

53  241 

C2  RSP_3085  51  5.10E‐83  260 
membrane‐associated, metal‐dependent hydrolase [Brucella abortus 
A13334] 

27  41 

C2  RSP_3090  67  4.05E‐42  135  Zn‐ribbon‐containing protein [Acinetobacter baumannii TYTH-1]  719  704 

C2  RSP_3104  61  2.73E‐176  498 
theronine dehydrogenase‐like Zn‐dependent dehydrogenase 
[Oscillatoria acuminata PCC 6304] 

17  16 

C2  RSP_3117  57  1.61E‐90  267 
putative metal‐binding protein YrpE (plasmid) [Sinorhizobium fredii 
USDA 257] 

282  428 

C2  RSP_3125  55  2.47E‐28  100  Arsenical resistance operon repressor [Burkholderia sp. KJ006]  468  264 

C2  RSP_3126  71  2.60E‐156  444  arsenical‐resistance protein ACR3 [Pelagibacterium halotolerans B2]  270  236 

C2  RSP_3127  62  4.97E‐52  170 
arsenical resistance protein ArsH (plasmid) [Asticcacaulis excentricus 
CB 48] 

11  50 

C2  RSP_3145  69  7.85E‐117  333 
Fe‐S type hydro‐lyases tartrate/fumarate beta protein [Jannaschia sp. 
CCS1] 

200  241 

C2  RSP_3146  82  0  526 
hydro‐lyase, Fe‐S type, tartrate/fumarate subfamily subunit alpha 
(plasmid) [Methylobacterium nodulans ORS 2060] 

39  99 

C2  RSP_3150  62  1.33E‐103  301 
succinate dehydrogenase and fumarate reductase iron‐sulfur protein 
(plasmid) [Methylobacterium nodulans ORS 2060] 

9  37 

C2  RSP_3164  69  8.21E‐71  211 
2Fe‐2S iron‐sulfur cluster binding domain‐containing protein 
[Sphingomonas wittichii RW1] 

122  330 

C2  RSP_3179  63  7.84E‐60  182  metal ion uptake regulator [Phaeobacter inhibens DSM 17395]  657  1200 

C2  RSP_3186  64  6.29E‐89  263 
putative ABC‐type cobalt transport system,permease component 
(plasmid) [Azospirillum brasilense Sp245] 

6057  3477 

C2  RSP_3190  60  2.45E‐38  125  (2Fe‐2S) ferredoxin [Methylococcus capsulatus str. Bath]  15  17 

C2  RSP_3204  64  2.78E‐74  223 
xanthine dehydrogenase iron‐sulfur‐binding subunit [Agrobacterium 
radiobacter K84] 

11  9 

C2  RSP_3206  53  0  729 
xanthine dehydrogenase YagR molybdenum‐binding subunit 
[Novosphingobium sp. PP1Y] 

197  179 

(continued) 
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C2  RSP_3207  56  1.82E‐58  184  cobalt transport protein CbiM [Brucella abortus S19]  270  201 

C2  RSP_3209  52  2.40E‐54  176  cobalt ABC transporter permease [Polymorphum gilvum SL003B-26A1]  195  161 

C2  RSP_3211  67  1.61E‐96  284 
cobalt ABC transporter ATPase CbiO [Polymorphum gilvum SL003B-
26A1] 

442  380 

C2  RSP_3220  56  6.95E‐107  316  ironIII transport permease [Rhodopseudomonas palustris CGA009]  194  246 

C2  RSP_3221  53  2.55E‐71  225 
iron(III) ABC transporter permease [Rhodopseudomonas palustris 
CGA009] 

61  125 

C2  RSP_3222  56  7.08E‐96  283 
putative iron(III) ABC transporter ATP‐binding protein [Sinorhizobium 
fredii HH103] 

110  139 

C2  RSP_3223  55  0  724 
iron‐regulated outer membrane virulence protein [Agrobacterium sp. 
H13-3] 

16  30 

C2  RSP_3231  57  0  621 
peptide/nickel transport system substrate‐binding protein (plasmid) 
[Azospirillum sp. B510] 

1261
6 

7866 

C2  RSP_3232  74  0  511 
ABC‐type dipeptide/oligopeptide/nickel transport systems, permease 
component [Sinorhizobium meliloti GR4] 

633  799 

C2  RSP_3233  75  1.18E‐153  433 
ABC‐type dipeptide/oligopeptide/nickel transport systems, permease 
component [Sinorhizobium meliloti GR4] 

1093  1753 

C2  RSP_3235  77  9.12E‐154  432 
ABC‐type dipeptide/oligopeptide/nickel transport system, ATPase 
component [Mesorhizobium australicum WSM2073] 

837  1142 

C2  RSP_3236  77  1.05E‐157  441  nickel‐transporting ATPase [Sinorhizobium meliloti AK83]  341  626 

C2  RSP_3241  65  1.73E‐100  292 
response regulator in two‐component regulatory system with CusS, 
regulation of copper resistance [Hyphomicrobium sp. MC1] 

358  505 

C2  RSP_3249  67  0  704  nickel‐transporting ATPase [Sinorhizobium meliloti AK83]  136  194 

C2  RSP_3250  82  2.75E‐146  412 
ABC‐type dipeptide/oligopeptide/nickel transport systems, permease 
component [Sinorhizobium meliloti GR4] 

70  130 

C2  RSP_3251  79  2.32E‐180  501 
ABC‐type dipeptide/oligopeptide/nickel transport systems, permease 
component [Sinorhizobium meliloti GR4] 

276  322 

C2  RSP_3252  54  0  597 
dipeptide/oligopeptide/nickel ABC transporter ATPase [Burkholderia 
lata] 

29  47 
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C2  RSP_3257  79  7.81E‐175  487 
ABC‐type dipeptide/oligopeptide/nickel transport system, permease 
component [Mesorhizobium australicum WSM2073] 

69  43 

C2  RSP_3258  78  3.24E‐150  424 
ABC‐type dipeptide/oligopeptide/nickel transport system, permease 
component [Mesorhizobium australicum WSM2073] 

211  140 

C2  RSP_3263  53  7.67E‐49  157  copper oxidase, possibly exported [Sinorhizobium fredii USDA 257]  1256  302 

C2  RSP_3287  50  5.97E‐121  355 
ABC‐type sugar/spermidine/putrescine/iron/thiamine transport 
systems, ATPase component [Caldanaerobacter subterraneus subsp. 
tengcongensis MB4] 

91  120 

C2  RSP_3338  51  4.46E‐83  256  iron(III) ABC transporter ATPase [Thermococcus cleftensis]  17  16 

C2  RSP_3342  66  7.73E‐68  205 
bacterioferritin, an iron storage homoprotein [Methylobacterium 
extorquens DM4] 

8789  5620 

C2  RSP_3381  55  2.35E‐121  353 
zinc‐binding dehydrogenase family oxidoreductase [Polymorphum 
gilvum SL003B-26A1] 

602  1009 

C2  RSP_3383  68  1.00E‐137  390  putative metal‐dependent hydrolase [Sinorhizobium meliloti GR4]  1822  2794 

C2  RSP_3390  74  5.37E‐134  380 
iron siderophore/cobalamin ABC transporter ATP‐binding protein 
(plasmid) [Rhodobacter capsulatus SB 1003] 

100  124 

C2  RSP_3391  81  2.22E‐157  446 
iron siderophore/cobalamin ABC transporter permease (plasmid) 
[Rhodobacter capsulatus SB 1003] 

198  144 

C2  RSP_3392  75  0  521 
iron siderophore/cobalamin ABC transporter periplasmic iron 
siderophore/cobalamin‐binding protein (plasmid) [Rhodobacter 
capsulatus SB 1003] 

214  253 

C2  RSP_3396  52  2.74E‐99  299 
Fe(3+) ions import ATP‐binding protein FbpC (plasmid) [Sinorhizobium 
meliloti Rm41] 

191  267 

C2  RSP_3412  63  4.04E‐159  452 
iron‐containing alcohol dehydrogenase [Azorhizobium caulinodans 
ORS 571] 

104  121 

C2  RSP_3413  76  6.83E‐143  404 
ABC‐type Fe3+‐siderophore transport system, ATPase component 
[Streptomyces albus J1074] 

97  95 

C2  RSP_3414  67  6.14E‐140  402 
Fe3+‐siderophore ABC transporter permease (plasmid) [Sinorhizobium 
meliloti 1021] 

96  59 
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C2  RSP_3415  67  3.90E‐134  387 
Fe3+ siderophore ABC transporter permease [Agrobacterium sp. H13-
3] 

102  161 

C2  RSP_3416  65  3.23E‐151  429 
iron ABC transporter periplasmic solute‐binding protein 
[Agrobacterium sp. H13-3] 

185  243 

C2  RSP_3417  58  0  807  ferrichrome‐iron receptor [Methylophaga frappieri]  169  178 

C2  RSP_3458  60  1.45E‐97  287  Fe(3+)‐transporting ATPase [Desulfovibrio africanus str. Walvis Bay]  192  168 

C2  RSP_3509  66  5.58E‐80  240 
hemolysin‐type calcium‐binding protein [Paracoccus denitrificans 
PD1222] 

222  435 

C2  RSP_3516  53  1.59E‐87  268  iron ABC transporter ATP‐binding protein [Pantoea ananatis PA13]  78  126 

C2  RSP_3520  57  0  608  nickel‐transporting ATPase (plasmid) [Sinorhizobium meliloti AK83]  221  228 

C2  RSP_3522  54  1.89E‐92  276 
dipeptide/oligopeptide/nickel ABC transporter permease [Rahnella 
aquatilis CIP 78.65 = ATCC 33071] 

120  137 

C2  RSP_3523  52  3.35E‐107  317 
dipeptide/oligopeptide/nickel ABC transporter permease [Erwinia sp. 
Ejp617] 

256  337 

C2  RSP_3537  65  3.96E‐164  463 
NADPH‐dependent curcumin/dihydrocurcumin reductase 
[Pseudomonas putida KT2440] 

63  62 

C2  RSP_3539  52  6.19E‐26  120 
putative calcium‐binding protein [Cylindrospermum stagnale PCC 
7417] 

172  5672 

C2  RSP_3554  50  1.19E‐37  137 
2Fe‐2S iron‐sulfur cluster binding domain‐containing protein 
[Mycobacterium sp. KMS] 

642  770 

C2  RSP_3555  69  0  1101 
xanthine dehydrogenase molybdenum‐binding subunit 
[Dinoroseobacter shibae DFL 12 = DSM 16493] 

268  411 

C2  RSP_3556  54  4.31E‐94  283  molybdenum cofactor sulfurylase [Ruegeria sp. TM1040]  278  400 

C2  RSP_3567  71  1.71E‐118  341  zinc ABC transporter permease protein [Octadecabacter arcticus 238]  213  243 

C2  RSP_3568  72  1.31E‐116  335 
zinc ABC transporter ATP‐binding protein ZnuC [Rhodobacter 
capsulatus SB 1003] 

292  282 

C2  RSP_3569  66  3.29E‐65  198  zinc uptake regulator [Octadecabacter arcticus 238]  232  206 

(continued) 
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C2  RSP_3571  51  3.50E‐89  271 
zinc ABC transporter periplasmic zinc‐binding protein ZnuA 
[Rhodobacter capsulatus SB 1003] 

315  433 

C2  RSP_3597  57  6.60E‐112  327 
putative magnesium and cobalt efflux protein [Octadecabacter 
antarcticus 307] 

1552  1266 

C2  RSP_3598  56  1.43E‐50  161  metalloprotease [Ketogulonicigenium vulgare Y25]  806  1013 

C2  RSP_3600  52  1.65E‐147  429 
4Fe‐4S binding protein [Marinobacter hydrocarbonoclasticus ATCC 
49840] 

398  571 

C2  RSP_3677  51  2.18E‐118  348 
sugar/spermidine/putrescine/iron/thiamine ABC transporter ATPase 
[Roseburia hominis A2-183] 

87  124 

C2  RSP_3696  51  7.83E‐82  255 
Fe(3+) ABC transporter, ATP‐binding protein [Rhizobium tropici CIAT 
899] 

1029  1198 

C2  RSP_3716  77  0  519  Selenium donor protein [Ramlibacter tataouinensis TTB310]  220  531 

C2  RSP_3745  54  1.93E‐92  274 
Fe(3+)‐transporting ATPase [Desulfotomaculum kuznetsovii DSM 
6115] 

10  52 

C2  RSP_3822  51  3.85E‐100  301  iron(II) transport protein [Comamonas testosteroni CNB-2]  1024  1532 

C2  RSP_3832  61  0  600 
carboxypeptidase Taq (M32) metallopeptidase superfamily protein 
[Ketogulonicigenium vulgare WSH-001] 

660  616 

C2  RSP_3836  57  0  604 
putative TIM‐barrel fold metal‐dependent hydrolase [Mesorhizobium 
australicum WSM2073] 

433  472 

PA  RSP_3855  50  1.97E‐70  259  Na‐Ca exchanger/integrin‐beta4 [Leptothrix cholodnii SP-6]  29  93 

PA  RSP_3858  53  3.21E‐85  259 
Fe3+ ABC transporter ATPase FbpC/AfuC [Thermococcus 
gammatolerans EJ3] 

164  120 

PA  RSP_3869  60  9.99E‐139  400 
molybdenum import ATP‐binding protein modC [Dinoroseobacter 
shibae DFL 12 = DSM 16493] 

24  56 

PA  RSP_3871  56  6.86E‐85  255 
molybdenum ABC transporter, periplasmic molybdate‐binding protein 
[Sinorhizobium meliloti GR4] 

339  227 

PA  RSP_3873  56  1.46E‐86  261  molybdenum utilization protein ModD [Thioflavicoccus mobilis 8321]  80  78 

PA  RSP_3874  60  2.68E‐102  300 
Molybdenum‐binding protein,N‐terminal:Molybdenum‐pterin binding 
protein [Rhodospirillum photometricum DSM 122] 

96  217 
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PA  RSP_3882  51  9.09E‐119  347 
peptide/nickel transport system ATP‐binding protein [Bacillus 
amyloliquefaciens Y2] 

119  84 

PA  RSP_3883  53  1.19E‐113  334 
dipeptide/oligopeptide/nickel ABC transporter ATPase 
[Anaerobaculum mobile DSM 13181] 

60  73 

PA  RSP_3890  54  7.76E‐92  275 
dipeptide/oligopeptide/nickel ABC transporter permease [Brucella 
canis HSK A52141] 

259  191 

PA  RSP_3891  51  1.54E‐103  306  peptide/nickel transport system permease [Brucella abortus A13334]  222  232 

PA  RSP_3894  62  6.73E‐45  152  Rieske (2Fe‐2S) protein (plasmid) [Ruegeria sp. TM1040]  59  43 

PB  RSP_3948  60  1.12E‐152  436 
sugar/spermidine/putrescine/iron/thiamine ABC transporter ATP‐
binding protein [Psychromonas ingrahamii 37] 

125  136 

PB  RSP_3950  65  1.34E‐118  340  Fe(3+)‐transporting ATPase (plasmid) [Sinorhizobium meliloti BL225C]  28  76 

PB  RSP_3978  60  0  515  Rieske (2Fe‐2S) protein (plasmid) [Ruegeria sp. TM1040]  29  17 

PB  RSP_3979  53  2.02E‐125  366  (2Fe‐2S) ferredoxin [Mesorhizobium loti MAFF303099]  26  21 

PB  RSP_3993  77  0  1603  Hemolysin‐type calcium‐binding protein [Pseudovibrio sp. FO-BEG1]  2119  635 

PB  RSP_4034  51  2.56E‐118  348 
ABC‐type sugar/spermidine/putrescine/iron/thiamine transport 
system, ATPase component [Eubacterium rectale ATCC 33656] 

39  32 

PD  RSP_4197  58  0  539 
metal ion transporter, Nramp family protein [Bacillus 
amyloliquefaciens subsp. plantarum AS43.3] 

85  56 

PD  RSP_4210  52  1.05E‐55  178 
Arsenate reductase (Arsenical pump modifier)(Low molecular weight 
phosphotyrosine protein phosphatase) (plasmid) [Cupriavidus 
taiwanensis LMG 19424] 

309  376 

PD  RSP_4242  50  1.38E‐33  144 
hemolysin‐type calcium‐binding region (plasmid) [Dinoroseobacter 
shibae DFL 12 = DSM 16493] 

1613  1418 

PD  RSP_4244  57  5.87E‐101  296  putative Zn peptidase [Mesorhizobium australicum WSM2073]  439  174 

PE  RSP_4257  58  0  532  metal ion transporter, Nramp family [Bacillus amyloliquefaciens Y2]  60  74 

PE  RSP_4276  64  4.60E‐121  351 
cobalt‐zinc‐cadmium resistance protein [Parvularcula bermudensis 
HTCC2503] 

185  301 

PE  RSP_4277  54  1.03E‐42  139 
Heavy metal‐dependent transcription regulator 2 [Sinorhizobium fredii 
HH103] **Also matches with GolS in Salmonella** 

507  371 

(continued) 
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Location RSP Code % Identity e-value 
bit 

score 
Subject Title 10W  Aerobic 

C1  RSP_6101  57  1.32E‐68  211  Fe(3+)‐transporting ATPase [Sinorhizobium meliloti AK83]  N/A  N/A 

C1  RSP_6153  51  2.15E‐27  102 
molybdenum ABC transporter ATP‐binding protein (plasmid) [Tistrella 
mobilis KA081020-065] 

N/A  N/A 

C2  RSP_6168  71  2.48E‐124  355 
cobalt ABC transporter periplasmic binding protein CbiN 
[Polymorphum gilvum SL003B-26A1] 

N/A  N/A 

C1  RSP_6217  63  1.97E‐81  243  cobalt‐precorrin‐8x methylmutase [Pelagibacterium halotolerans B2]  N/A  N/A 

PE  RSP_7397  52  2.43E‐91  273  iron‐hydroxamate transporter ATP‐binding subunit [Erwinia sp. Ejp617]  N/A  N/A 
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APPENDIX C 

Commands used in Chapter II 

Action Command line 

Change 

Directory 

[training@localhost ~]$ cd 

Desktop/heavyMetalRegistance/fastaFromNCBI/ 

Extract PTT 

files 

for f in allPTT/**/* 

do 

  # operations here 

  echo $f >> heavyMetalSeparate.txt 

  #grep -i -e heavy -e metal $f >> heavyMetalSeparate.txt 

  grep -i -e heavy -e metal $f >> heavyMetalSeparate.txt 

done 

Ordered Group perl orderDirectoryByGroup.pl 

./GENOME_REPORTS/prokaryontes.txt directory_allPTT.txt 

./allPTT ./ordered_allPTT 

#rm-rf ordered _allPTT 

FASTA Files #’getFastaFromEntrez.py” 

python ~/Desktop/B56Blasted_new/getFastaFromEntrez.py 

ordered_PID.txt ordered_PID.fasta 

 

python ~/Desktop/B56Blasted_new/getFastaFromEntrez.py 

ordered_PID_0001_0250.txt ordered_PID_0001_0250.fasta 

grep ">gi" ordered_PID_0001_0250.fasta | wc 

python ~/Desktop/B56Blasted_new/getFastaFromEntrez.py 

ordered_PID_0251_0500.txt ordered_PID_0251_0500.fasta 

grep ">gi" ordered_PID_0251_0500.fasta | wc 

python ~/Desktop/B56Blasted_new/getFastaFromEntrez.py 

ordered_PID_0501_0750.txt ordered_PID_0501_0750.fasta 

grep ">gi" ordered_PID_0501_0750.fasta | wc 



108 
 

 

python ~/Desktop/B56Blasted_new/getFastaFromEntrez.py 

ordered_PID_0751_1000.txt ordered_PID_0751_1000.fasta 

grep ">gi" ordered_PID_0751_1000.fasta | wc 

python ~/Desktop/B56Blasted_new/getFastaFromEntrez.py 

ordered_PID_1001_1250.txt ordered_PID_1001_1250.fasta 

grep ">gi" ordered_PID_1001_1250.fasta | wc 

python ~/Desktop/B56Blasted_new/getFastaFromEntrez.py 

ordered_PID_1251_1500.txt ordered_PID_1251_1500.fasta 

grep ">gi" ordered_PID_1251_1500.fasta | wc 

python ~/Desktop/B56Blasted_new/getFastaFromEntrez.py 

ordered_PID_1501_1750.txt ordered_PID_1501_1750.fasta 

grep ">gi" ordered_PID_1501_1750.fasta | wc 

python ~/Desktop/B56Blasted_new/getFastaFromEntrez.py 

ordered_PID_1751_2000.txt ordered_PID_1751_2000.fasta 

grep ">gi" ordered_PID_1751_2000.fasta | wc 

python ~/Desktop/B56Blasted_new/getFastaFromEntrez.py 

ordered_PID_2001_2250.txt ordered_PID_2001_2250.fasta 

grep ">gi" ordered_PID_2001_2250.fasta | wc 

python ~/Desktop/B56Blasted_new/getFastaFromEntrez.py 

ordered_PID_2251_2500.txt ordered_PID_2251_2500.fasta 

grep ">gi" ordered_PID_2251_2500.fasta | wc 

python ~/Desktop/B56Blasted_new/getFastaFromEntrez.py 

ordered_PID_2501_2750.txt ordered_PID_2501_2750.fasta 

grep ">gi" ordered_PID_2501_2750.fasta | wc 

python ~/Desktop/B56Blasted_new/getFastaFromEntrez.py 

ordered_PID_2751_3000.txt ordered_PID_2751_3000.fasta 

grep ">gi" ordered_PID_2751_3000.fasta | wc 

python ~/Desktop/B56Blasted_new/getFastaFromEntrez.py 

ordered_PID_3001_3250.txt ordered_PID_3001_3250.fasta 

grep ">gi" ordered_PID_3001_3250.fasta | wc 
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python ~/Desktop/B56Blasted_new/getFastaFromEntrez.py 

ordered_PID_3251_3500.txt ordered_PID_3251_3500.fasta 

grep ">gi" ordered_PID_3251_3500.fasta | wc 

python ~/Desktop/B56Blasted_new/getFastaFromEntrez.py 

ordered_PID_3501_3750.txt ordered_PID_3501_3750.fasta 

grep ">gi" ordered_PID_3501_3750.fasta | wc 

python ~/Desktop/B56Blasted_new/getFastaFromEntrez.py 

ordered_PID_3751_4000.txt ordered_PID_3751_4000.fasta 

grep ">gi" ordered_PID_3751_4000.fasta | wc 

python ~/Desktop/B56Blasted_new/getFastaFromEntrez.py 

ordered_PID_4001_4250.txt ordered_PID_4001_4250.fasta 

grep ">gi" ordered_PID_4001_4250.fasta | wc 

python ~/Desktop/B56Blasted_new/getFastaFromEntrez.py 

ordered_PID_4251_4500.txt ordered_PID_4251_4500.fasta 

grep ">gi" ordered_PID_4251_4500.fasta | wc 

python ~/Desktop/B56Blasted_new/getFastaFromEntrez.py 

ordered_PID_4501_4707.txt ordered_PID_4501_4707.fasta 

grep ">gi" ordered_PID_4501_4707.fasta | wc 

Key term search 

 

SYMBOL_SEARCH 

PATTERNS:   2 - + *(

 /* */ 

grep -r -e "[/]*Ca[2-9+-]*[ 2-9(/+-]" ./ordered_allPTT/ > 

ordered_filtered_calcium_Ca.txt 

(the metal name and symbol changed for each metal 

analyzed) 

Files retrieved 

for R. 

sphaeroides 

Downloaded from: 

ftp://ftp.ncbi.nih.gov/genomes/archive/old_genbank/Bacteria

/Rhodobacter_sphaeroides_2_4_1_uid56/ 

 

Stored in: 
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/home/cloudera/Desktop/heavyMetalResistance/hodobacter_

sphaeroides_2_4_1_uid56/ 

 

Filename  Replicon  #Proteins 

--------------------------------------------------------- 

CP000143.faa  c.1   3040 

CP000144.faa  c.2   845 

CP000145.faa  p.B   103 

CP000146.faa  p.C   89 

CP000147.faa  p.D   94 

DQ232586.faa  p.A   87 

DQ232587.faa  p.E   29 

Blast download http://www.ncbi.nlm.nih.gov/books/NBK52640/ 

 

ftp://ftp.ncbi.nlm.nih.gov/blast/executables/LATEST/ 

tar zxvpf ncbi-blast+2.2.29-x64-linux.tar.gz 

export PATH=”$PATH:$HOME/ncbi-blast-2.2.29+/bin” 

echo $PATH 

=============================================== 

/home/cloudera/ncbi-blast-2.4.0+/bin/makeblastdb -in 

ordered_PID_unique_all_0001_176892.fasta -dbtype 'prot' -out 

heavyMetalAllUnique 

 

/home/cloudera/ncbi-blast-2.4.0+/bin/blastp -db 

heavyMetalAllUnique -query 

../Rhodobacter_sphaeroides_2_4_1_uid56/Rsp241_pA.faa -

max_target_seqs 2000 -outfmt "7 qseqid pident length mismatch 

gapopen qstart qend sstart send evalue bitscore sseqid stitle" -out 

Rsp241_pA_heavyMetal_blasted.txt 
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Blast 

comparison 

/home/cloudera/Desktop/heavyMetalResistance/fastaFromN

CBI/Rsp241_c1_heavyMetal_blasted.txt 

/home/cloudera/Desktop/heavyMetalResistance/fastaFromN

CBI/Rsp241_c2_heavyMetal_blasted.txt 

/home/cloudera/Desktop/heavyMetalResistance/fastaFromN

CBI/Rsp241_pE_heavyMetal_blasted.txt 

/home/cloudera/Desktop/heavyMetalResistance/fastaFromN

CBI/Rsp241_pD_heavyMetal_blasted.txt 

/home/cloudera/Desktop/heavyMetalResistance/fastaFromN

CBI/Rsp241_pC_heavyMetal_blasted.txt 

/home/cloudera/Desktop/heavyMetalResistance/fastaFromN

CBI/Rsp241_pB_heavyMetal_blasted.txt 

/home/cloudera/Desktop/heavyMetalResistance/fastaFromN

CBI/Rsp241_pA_heavyMetal_blasted.txt 

Filter Blast 

Results 

../filterBlastResult.pl 

#It requires six parameters (IN, OUT, PI, AL, EV, BS):  at 

../filterBlastResult.pl 

# 

#perl ../filterBlastResult.pl 

Rsp241_pE_heavyMetal_blasted.txt temp.txt 50 50 0.05 100 

 

It requires six parameters (IN, OUT, PI, EV, BS):  at 

../filterBlastResult.pl 

 

perl ../filterBlastResult.pl 

Rsp241_c1_heavyMetal_blasted.txt temp.txt 50 0.001 100 

 

perl ../filterBlastResult.pl 

Rsp241_c2_heavyMetal_blasted.txt c2.txt 50 0.001 100 
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perl ../filterBlastResult.pl 

Rsp241_pA_heavyMetal_blasted.txt pA.txt 50 0.001 100 

 

perl ../filterBlastResult.pl 

Rsp241_pB_heavyMetal_blasted.txt pB.txt 50 0.001 100 

 

perl ../filterBlastResult.pl 

Rsp241_pC_heavyMetal_blasted.txt pC.txt 50 0.001 100 

 

perl ../filterBlastResult.pl 

Rsp241_pD_heavyMetal_blasted.txt pD.txt 50 0.001 100 

 

perl ../filterBlastResult.pl 

Rsp241_pE_heavyMetal_blasted.txt pE.txt 50 0.001 100 
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   (Genetics, Cell Biology: Spring 2015-current) 
   Senior Teaching Assistant-Fall 2015-current) 
 
Undergraduate Teaching Assistant 
   Department of Biological Sciences, Sam Houston State University,  
   Huntsville Texas 
   (Genetics: Fall 2014) 

  
Chemical Stockroom Assistant 
   Department of Chemistry, Sam Houston State University, Huntsville, Texas 

    (Chemistry: Spring 2011) 
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Research Experience and Techniques 
 

 Microbial and Molecular: Preparation of growth media, growing microbial 
cultures, aseptic techniques, growth curve analysis, DNA preparation from 
different sources, Performing bacterial conjugation, transformation, and 
transduction.  Different types of polymerase chain reactions including real 
time quantitative PCR, Sanger DNA sequencing, Mass Spectroscopy, Agarose 
and polyacrylamide gel electrophoresis, protein extraction and purification 
techniques, 2D gel electrophoresis, ELISA, Southern, Northern, and Western 
Blots, Electron Microscopy (Independent work on the microscope included 
sample prep and troubleshooting), etc. 
 

 Analytical: Inductively Coupled Plasma (ICP) analysis.  Elemental analysis of 
bacteria samples for the detection of gold.  The work included the set-up of 
the calibration curve, sample preparation, running of the machine. 
 

 Bioinformatics and Genomics: Sequence similarity searches (blast), Whole 
genome comparison (Mauve), Structural constraint analysis (Ka/Ks), Codon 
adaptation, Horizontal gene transfers (Island viewer, Hunter, cluster analysis), 
Analysis of Protein 3D structure, etc. 

 
 Data analysis: Data collection, organization and test hypotheses. Different 

statistical analysis.  
 
Relevant Undergraduate Coursework:  
 

Genetics, General Microbiology, Immunology, Genomics and Bioinformatics, 
Medical Microbiology, Parasitology 
 

Grant applications 
 

 Eugene and Millicent Goldschmidt Graduate Student Award, Finalist, Not 
Awarded. 

 Joey Harrison Research Award, Sam Houston State University. Awarded 
$1,000. 

 College of Sciences Graduate Summer Stipend, SHSU. Awarded $5,000. 
 

Presentations 
 

International/National Conference 
 
1. A Clean Purple Sweep: Gold Bioremediation Using Rhodobacter sphaeroides 

Hannah Johnson and Madhusudan Choudhary 
11th Annual International Symposium on Environment (Athens, Greece) Oral 
presentation-May 23-26. 
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2. Metabolic Diversity and Characterization of Heavy Metal Tolerance genes in 
Rhodobacter sphaeroides.  
Hannah Johnson and Madhusudan Choudhary   
Abstract reviewed and accepted to International Conference on Biodiversity and 
Sustainable Environment, Bihar University, Muzaffarpur, India. December 15-17, 
2015 

 
Regional/State Conference 

 
3. Analysis of Gold Tolerance in Rhodobacter sphaeroides. 

Hannah Johnson, Caroline Obkirchner, Hyuk Cho, and Madhusudan Choudhary.  
ASM Conference (Dallas, TX) Oral Presentation. November 10-12, 2016. 
 

4. Analysis of Heavy-Metal Related Genes in Bacteria.  
Caroline Obkirchner, Hannah Johnson, Paul Cho, Hyuk Cho, Madhusudan 
Choudhary.  
ASM Conference (Dallas, TX) Poster Presentation. November 10-12, 2016. 
 

5. UV Damage and Repair in a RecA knockout strain of Rhodobacter sphaeroides.  
Wanji Banda, Veronica Rodriguez, Michelle Harrel, Hannah Johnson, Madhusudan 
Choudhary. 
ASM Conference (Dallas, TX) Poster Presentation. November 10-12, 2016 
 

6. Incorporating Classroom Research to Clarify Common Misconceptions in 
Genetics 
Melissa Sustrisno, Gabreal Geleta, Hannah Johnson, Madhusudan Choudhary 
9th Annual Undergraduate Research Symposium (SHSU) Poster Presentation. April 
23, 2016 
 

7. Effect of UV Exposure on recA Mutant of Rhodobacter sphaeroides.  
Veronica Rodgriguez, Wanji Banda, Berra Koskulu, Hannah Johnson, Madhusudan 
Choudhary 
9th Annual Undergraduate Research Symposium (SHSU) Poster Presentation. April 
23, 2016 
 

8. Engaging Students in Class Research to Improve Their Learning Experience 
Hannah Johnson, Melissa Sustrisno, Gabreal Geleta, and Madhusudan Choudhary 
ASM Conference (New Braunfels) Poster presentation- March 31-April 2, 2016 
 

9. Biological Characterization of Au (III) Resistance in Rhodobacter sphaeroides  
Caroline Obkirchner, Hannah Johnson, and Madhusudan Choudhary 
ASM Conference (New Braunfels) Poster presentation-March 31-April 2, 2016 

 
10. Analysis of Au (III) Metal Tolerance in R. sphaeroides 

Hannah Johnson and Madhusudan Choudhary 
ASM Conference (SHSU) Oral Presentation-October 28-31, 2015 
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11. Molecular Characterization of Gold (III) Resistant Rhodobacter sphaeroides 
(Honorable Mention-Poster Session) 

 Amber Neal, Hannah Johnson, Damilola Omotajo, Hyuk Cho, Madhusudan  
 Choudhary  

Undergraduate Research Symposium (SHSU) Poster Presentation- Spring 2015 
 

12. Molecular Characterization of Gold (III) Resistant Mutant of Rhodobacter 
sphaeroides  
Hannah L. Johnson, Amber Neal, Damilola Omotajo, Hyuk Cho, Madhusudan 
Choudhary  
ASM National Conference (New Orleans) Poster Presentation-Spring 2015 
 

13. Characterization of Gold (III) Resistant Rhodobacter sphaeroides  
(TriBeta Graduate Research Award-Spring 2015) 
Hannah L. Johnson, Amber Neal, Damilola Omotajo, Hyuk Cho, Madhusudan 
Choudhary  
Tri-Beta Regional Conference (Oklahoma University) Oral Presentation-Spring 
2015  
 

14. Preliminary Characterization of Gold (III) Resistant Rhodobacter sphaeroides 
Hannah L. Johnson, Amber Neal, Hyuk Cho, Madhusudan Choudhary  
Texas Branch ASM Conference (New Braunfels) Oral Presentation-Spring 2015  
 

15. Isolation of Gold (III) Resistant Mutant of Rhodobacter sphaeroides  
Hannah L. Johnson, Hyuk Cho, Madhusudan Choudhary 
Texas Branch ASM Conference (Houston) Poster Presentation-Fall 2014 
 

16. Mechanisms of Gold (III) tolerance by Rhodobacter sphaeroides 2.4.1  
Hannah L. Johnson, Madhusudan Choudhary  
Undergraduate Research Symposium (SHSU) Oral Presentation- Spring 2014 
 

17. Sequestration of Gold (III) by Rhodobacter sphaeroides 2.4.1  
Hannah L. Johnson, Bat-Erdene Myagmarjav, and Madhusudan Choudhary 
Texas Branch ASM Conference (New Braunfels) Poster Presentation-Spring 2014 
 

18. Preliminary Analysis of Vertebrae from the Early Triassic Driefontein Site, 
South Africa  
Hannah L. Johnson, Patrick J. Lewis, Alicia M. Kennedy, Bhart-Anjan S. Bhullar 
Undergraduate Research Symposium (SHSU) Poster Presentation-Spring 2011 
 

Publications 
 
 Johnson, H. and Choudhary, M. (2016). "Heavy Metal Pollution and Use of 

Microorganisms for Bioremediation", Athens: ATINER'S Conference Paper 
Series, No: ENV2016-2012. 11th Annual International Symposium on Environment, 
Athens. ISSN: 2241-2891 
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 Johnson, Hannah and Choudhary, Madhusudan (2015) Metabolic Diversity and 

Characterization of Heavy Metal Tolerance genes in Rhodobacter sphaeroides.  
International Conference on Biodiversity and Sustainable Environment, December 
15-17, 2015, Bihar University, Muzaffarpur, India. Proceedings: ISBN: 978-93-
84264-20-8. 
 

 Johnson, Hannah; Obkirncher, Caroline; Cho, Hyuk; and Choudhary, Madhusudan. 
(2016) Analysis of Heavy Metal Related Genes in Bacteria. J. Investigative Genomics 
(Under Review) 
 

 Johnson, Hannah and Choudhary, Madhusudan (2016) Phenotypic, ICP, and 
Electron Microscopic Analysis of Gold Resistance in Rhodobacter sphaeroides. BMC 
Microbiology (Under Review)  

 
Honors and Achievements 
 
Outstanding Graduate Research Award-Spring 2016 
Officer of ASM Journal Club at Sam Houston State- President 
PEERS Scholarship Award- Fall 2015-Spring 2016 
SHSU College of Science Special Graduate Student Scholarship- Fall 2015, Spring 2016 
Graduated Highest Honors: Elliot T. Bowers Honors College 
Officer of TriBeta (Delta Tau Chapter)- Parliamentarian 
Officer of ASM Journal Club at Sam Houston State- Secretary 
Member of Golden Keys 
Member of National Society for Leadership and Success  
 
 


