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ABSTRACT 

INVESTIGATION OF CHEMOTAXIS GENES AND THEIR FUNCTIONS IN 
GEOBACTER SPECIES 

 
SEPTEMBER 2009 

 
HOA T. TRAN, B.Sc., HANOI UNIVERSITY OF EDUCATION 

 
M.Ed., VICTORIA UNIVERSITY 

 
M. Sc., UNIVERSITY OF LEEDS 

 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 

 
Directed by: Professor Robert M. Weis and Derek R. Lovley 

 
 

Geobacter species are δ-Proteobacteria and are often predominant in the Fe(III) 

reduction zone of sedimentary environments. Their abilities to remediate contaminated 

environments and to produce electricity have inspired extensive studies. Cell motility, 

biofilm formation, and type IV pili, which have been shown to be regulated by 

chemotaxis genes in other bacteria, all appear important for the growth of Geobacter 

species in changing environments and for electricity production. The genomes of 

Geobacter species show the presence of a significant number of chemotaxis gene 

homologs, suggesting important roles for them in the physiology of Geobacter species, 

although gene functions are not yet identified. In this study, we focus on identifying 

chemotaxis components and studying their functions in Geobacter species. 

We identified a large number of homologs of chemotaxis genes, which are 

arranged in six or more major clusters in the genomes of Geobacter sulfurreducens, 

Geobacter metallireducens, and Geobacter uraniireducens. Based on homology to 

known pathways, functions of some chemotaxis clusters were assigned; others appear to 
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be unique to Geobacter species. We discuss the diversity of chemoreceptors and other 

signaling proteins as well the regulation of chemotaxis genes in Geobacter species. 

The functions of chemotaxis genes were studied in G. sulfurreducens, whose 

genome contains ~ 70 chemotaxis gene homologs, arranged in 6 major clusters. These 

chemotaxis clusters are also found in other Geobacter species with similar gene order and 

high level of gene identity, suggesting that our study in G. sulfurreducens could be 

extrapolated to other Geobacter species. We identified the function of the che5 cluster of 

G. sulfureducens as regulation of the biosynthesis of extracellular materials. We showed 

that G. sulfurreducens KN400 is chemotactic, and that this behavior is flagellum-

dependent. Our preliminary data indicated that G. sulfurreducens may use the che1 

cluster, which is found exclusively in Geobacteraceae, to regulate chemotaxis. 

Our studies demonstrated important roles of chemotaxis genes in Geobacter 

physiology and their presence in large numbers could be one of the reasons why 

Geobacter species outcompete other species in bioremediation sites. Further studies are 

warranted for better understanding of the mechanisms of Che-like pathways and their 

potential use in optimization of conditions for applications of Geobacter species in 

bioremediation and electricity generation. 
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CHAPTER 1 
 

INTRODUCTION 

 
The chemotaxis system in Escherichia coli 

 
Escherichia coli cells swim using thin helical filaments called flagella, rotation of 

which is driven at the base by a motor embedded in the cell envelope, using energy in the 

form of the transmembrane proton gradient. The motor can switch between two states: 

clockwise (CW) and counter clockwise (CCW) rotation. In the CCW rotation state, the 

filaments of a cell unite as a bundle that propels the cell, and the cell has a smooth 

trajectory called a run. Upon disruption of the bundle as a result of one or more motors 

reversing to the CW direction, the uncoordinated rotation of filaments leads to rapid 

somersaulting of the cell, called a tumble (Blair, 1995). In suspension, unstimulated cells 

execute a three-dimensional random walk: using two modes of swimming, they run in a 

straight line for about a second, tumble for a fraction of a second, briefly stop, and then 

randomly swim in an arbitrarily determined new direction (Berg, 2003, Blair, 1995).  

Upon encountering a gradient of chemical attractant or repellent in the 

environment, motile cells use the so-called chemotaxis to control their swimming 

behavior, swimming towards higher concentrations of attractants and lower 

concentrations of repellents. The mechanism of chemotaxis has been studied extensively 

in E. coli genetically and biochemically, providing details of the pathway (Bren & 

Eisenbach, 2000), and has been used as a paradigm for chemotaxis studies in other 

bacterial species. There are five membrane-bound chemotaxis receptors, also called 

methyl-accepting chemotaxis proteins (MCPs), involved in the chemotactic signaling 

pathway of E. coli, and six cytoplasmic proteins: an autophosphorylating histidine kinase 



 

2 

(CheA); a linker protein (CheW); a response regulator (CheY), its phosphatase (CheZ), 

and a methyltransferase (CheR) and methylesterase (CheB) involved in the reversible 

methylation/demethylation of chemoreceptors: The detailed mechanism is shown in 

Figure 1, and the mechanism is explained as follows. 

 

Figure 1. Chemotaxis pathway of E. coli (adapted from Parkinson et al. 2005) with 
explanation in the text 

 
 MCPs bind to CheA via CheW to form a receptor complex. Upon binding of an 

attractant to the periplasmic domain of an MCP, CheA activity is inhibited, and the MCP 

is methylated on some specific glutamate residues by CheR. When the concentration of 

attractant decreases (or that of repellent increases), MCPs activate CheA 

autophosphorylation. Phosphorylated CheA (CheA~P) then transfers its phosphoryl 

group to CheY that is docked with the receptor complex. Phosphorylated CheY 

(CheY~P) has lower affinity for the receptor complex than CheY, and thus leaves the 

complex, diffusing to the motor, where it binds to the FliM protein, switching the motor 
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to the CW rotation state, leading to a change in cellular motion. The cell changes from a 

random walking pattern when unstimulated to a tumbling-biased pattern when the 

concentration of attractant decreases. This signal is terminated quickly (in a fraction of a 

second), due to the level of CheY~P dropping because of its self-dephosphorylation 

activity and accelerated dephosphorylation by a phosphatase, CheZ.  

In parallel with transfer of a phosphoryl group to CheY, CheA~P also transfers a 

phosphoryl group to CheB that is docked with the receptor complex, activating this 

enzyme. CheB~P removes methyl groups from the MCP, which have been previously 

added by CheR upon binding of the attractant. This reversible methylation/demethylation 

process brings about the resetting of the chemoreceptor, the so-called adaptation step. 

Although CheB~P can dephosphorylate itself like CheY~P, CheZ can not hydrolyze 

CheB~P, and because the status of the chemoreceptor also depends on the activity of 

CheR, the process of resetting is rather slow. Two processes contribute to 

dephosphorylation of CheA~P: the fast signaling step that leads to the change in cell 

behavior (within a fraction of second) and the slow adaptation process (over 3-4 

seconds). During this slow adaptation time, the cell has traveled some distance, enabling 

it to experience changes in attractant or repellent concentration spatially, based on which 

it makes the decision for its next move: either to continue a run due to higher attractant 

concentration, or to tumble due to either a lower attractant or higher repellent 

concentration.  

The chemotaxis system is significantly sensitive over a large concentration range 

of stimuli. It enables cells to detect ~0.1% changes in attractant concentration (Segall et 
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al., 1986, Sourjik & Berg, 2004), and to respond to attractant gradients ranging over 5 

orders of magnitude (Adler, 1975). 

Chemotaxis-like sytems in other species 

Analyses of bacterial genome sequences show that homologs of E. coli chemotaxis 

genes are widespread (Antommattei & Weis, 2006, Galperin, 2005). From these surveys, 

it is apparent that the MCP and che genes in E. coli are relatively few in number, which 

may plausibly reflect modest requirements for sensory transduction in the environment 

that E. coli inhabits. By comparison, the chemotaxis-like systems in other bacteria are 

greater in number and diversity (Szurmant & Ordal, 2004, Wadhams & Armitage, 2004). 

Copies of the ‘core’ genes (cheAWY) are clustered in multiple distinct locations and 

additional genes are present (cheC, cheD, cheV and cheX) that generate greater 

mechanistic diversity (Szurmant & Ordal, 2004). For example, Armitage and colleagues 

have shown that two chemotaxis clusters in the genome of Rhodobacter sphaeroides play 

a role in chemotaxis (Martin et al., 2001), an observation that plausibly reflects the 

greater need for different signaling pathways in complex environments. Pertinent to the 

analysis that we present below is the fact that Geobacter species also occupy complex 

ecological niches in sedimentary environments. The published genome of Geobacter 

sulfurreducens has 34 MCP genes and six major che gene clusters (Methe et al., 2003); 

these pathways are likely to play an important role in environmental adaptation. 

Biochemical, genetic and physiological investigations of chemotaxis-like 

signaling pathways in bacteria other than E. coli have led to the realization that some of 

these pathways carry out functions distinct from the well-established role in regulating 

flagellar motor rotation. These functions include regulation of type IV pilus-dependent 
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motility, expression of the motility apparatus (both flagella and type IV pili), biofilm 

formation, and regulation of developmental genes. As examples, Pseudomonas 

aeruginosa, Rhodospirillum centenum, Myxoccocus xanthus, and Synechocystis species 

all have multiple chemotaxis-like operons that have provided new insight into their 

diverse functions. P. aeruginosa has four major che clusters; two are involved in 

chemotaxis with different suggested roles, a third regulates type IV pilus biogenesis and 

motility, and the fourth is involved in biofilm formation (Darzins, 1994, Ferrandez et al., 

2002, Hickman et al., 2005, Kato et al., 1999, Masduki et al., 1995, Whitchurch et al., 

2004). R. centenum has three che clusters; one mediates chemotaxis, a second regulates 

cyst development, and a third regulates flagellum biogenesis (Berleman & Bauer, 2005b, 

Berleman & Bauer, 2005a, Berleman et al., 2004). M. xanthus has eight che clusters; the 

functions for four clusters have been identified to date (Zusman et al., 2007). Each cluster 

regulates a different function, including cell motility, biogenesis of the motility apparatus, 

and regulation of developmental genes (Blackhart & Zusman, 1985, Bonner et al., 2005, 

Kirby & Zusman, 2003, Vlamakis et al., 2004, Yang et al., 2000). The functions for two 

of the three clusters found in the genome of Synechocystis PCC6803 have been 

identified: one regulates type IV pilus-dependent motility, the other pilus biogenesis 

(Bhaya et al., 2001). Recent studies from Alexandre’s group showed the roles of a 

chemotaxis-like pathway in modulating cell motility, cell-cell-aggregation, and 

exopolysaccharide production associated with flocculation, as well as cell length of 

Azospirillum brasilense (Bible et al., 2008). As a final example, only one of the three che 

clusters in the Vibrio cholerae genome regulates chemotaxis. Mutations in the two 



 

6 

remaining clusters do not affect chemotaxis; their functions are yet to be identified 

(Butler & Camilli, 2005). 

Physiological characteristics and potential applications of Geobacter species 

Geobacter species are Gram-negative δ-Proteobacteria and are found 

predominantly in the Fe(III) reduction zone of sedimentary environments. The first 

Geobacter species, Geobacter metallireducens, was isolated from freshwater sediments 

in the Potomac River, Maryland, just downstream from Washington D.C., more than two 

decades ago (Lovley & Phillips, 1988b). It has a unique metabolism – to extract energy 

for growth, it can anaerobically oxidize organic compounds completely (to H2O and CO2) 

together with reducing metal compounds. Since then, more Geobacter species have been 

isolated from different types of sediments and characterized, such as G. sulfurreducens 

from surface sediments of a hydrocarbon-contaminated ditch in Norman, Oklahoma 

(Caccavo et al., 1994b), and Geobacter uraniireducens from subsurface sediments 

undergoing uranium bioremediation (Shelobolina et al., 2008). Geobacter species can 

utilize a variety of organic compounds as sole sources of electron donors coupled with 

iron compounds as electron acceptors to derive energy. They are able to use a wide range 

of ‘toxic’ aromatic compounds as sole electron donors, such as benzene, toluene, phenol 

and p-cresol, and completely oxidize them to CO2 (Lovley et al., 1993, Lovley et al., 

1989), suggesting their potential for bioremediation of organic compounds including 

aromatic compounds. Geobacter species are able to convert some chlorinated compounds 

to less harmful compounds, suggesting their potential in remediation of chlorinated 

contaminants in subsurface environments (Strycharz et al., 2008).  
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Solid waste containing uranium from nuclear power plants, uranium mining, and 

hospital waste has been a problem of concern. The majority of uranium is in form of 

U(VI), which is highly soluble and therefore mobile to threaten groundwater. The 

removal of groundwater contamination is extremely difficult because of technical 

difficulties and high cost (National Research Council, 1999). Laboratory studies indicated 

that Geobacter species not only could reduce metal compounds such as Fe(III), Mn(IV) 

and V(V), they could also reduce U(VI) while oxidizing organic compounds. They 

convert soluble U(VI) to a less soluble form, U(IV), which precipitates as UO2, 

suggesting the potential of Geobacter species to remediate uranium-contaminated 

environments. Field tests have been carried out since 2003 at the Old Rifle site in 

Colorado, a uranium-contaminated aquifer site specified by U.S. Department of Energy, 

by the injection of acetate (Anderson et al., 2003). Consistent with laboratory data, 

Geobacter species have been found to play a major role in bioremediation of uranium 

contaminated sites: the concentration of soluble uranium decreased, accompanied by the 

enrichment of Geobacter species in the microbial population (Anderson et al., 2003). 

Further research has been carried out to improve the remediation process, for which a 

very promising method comes from the study by Gregory and colleagues, showing that 

Geobacter species can use a graphite electrode as the sole electron donor to reduce 

uranium (VI) to uranium (IV). In contrast with the traditional approach in which uranium 

(IV) remains in the environment and poses the danger that it could be oxidized to a 

soluble form when the environment becomes oxygenated, use of the electrode enables the 

collection of insoluble U(IV) compounds and complete removal from the environment, 

followed by cleaning and re-use of the electrode (Gregory & Lovley, 2005). 
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Figure 2. Physiological characteristics and potential applications of Geobacter species 

Recently, it was discovered that in the process of extracting energy from organic 

compounds, which generates electrons, Geobacter species could transfer these electrons 

directly to the anodes of microbial fuel cells (MFCs), devices for current generation that 

employ bacteria as catalysts. Such MFCs produce a significant current, sufficient to 

power certain electronic devices (Bond et al., 2002). This has led to the intensive study of 

Geobacter species to optimize the generation of electricity (Debabov, 2008). Studies 

focusing on understanding the electron transfer processes, so as to improve the yield of 

current, have provided important information. Based on available data, three major 

mechanisms have been proposed to be involved in electron transfer from cells to anode, 

including direct electron transfer via outer surface c-type cytochromes, long-range 

electron transfer via microbial nanowires, and electron flow through a conductive biofilm 

matrix containing cytochromes and soluble electron shuttles (Lovley, 2008a). Biofilm 

formation on the electrode appears to be important for efficient electricity generation by 

Geobacter species, and biofilm characteristics such as composition, adhesion, and 

conductivity of the biofilm are being studied. Identification of the factors that affect 
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biofilm formation could help us to understand the physiological properties of Geobacter, 

and therefore could enable the optimization of conditions for electricity production. 

Chemotaxis genes have been previously implicated in various cellular processes, 

including regulation of cell motility (both pilus-based and flagellum-based), biosynthesis 

of the motility apparatus, and regulation of developmental genes. They could play 

important roles in Geobacter species for their survival in the environment as well as for 

their applications. We therefore focus our study on chemotaxis genes and their functions. 

The major aims of the study are: 

1. To identify chemotaxis genes in Geobacter species. Based on this, to make 

educated guesses about their functions. 

2. To identify the functions of chemotaxis genes in Geobacter species.  
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CHAPTER 2 
 

IDENTIFICATION OF CHEMOTAXIS COMPONENTS IN THE GENOMES OF 
GEOBACTER SPECIES  

 

Introduction 

Chemotaxis is a trait shared by many bacteria that enables cells to move toward 

chemical attractants and away from repellents. The chemotaxis system of E. coli 

regulates flagellum-based motility; it has been studied in great detail and has served as a 

paradigm for chemotactic motility (Parkinson et al., 2005, Falke & Hazelbauer, 2001). 

However, it is now apparent from genomic, genetic and biochemical studies conducted 

with other bacteria that a diversity of chemotactic signaling pathway functions and 

purposes exist well beyond the E. coli paradigm (Galperin, 2005, Szurmant & Ordal, 

2004, Wadhams & Armitage, 2004).  

There are 11 genes encoding proteins of the E. coli chemotaxis pathway, most of 

which are organized in a cluster near the flagellar genes (Blattner et al., 1997). This 

cluster contains two of the five genes for the transmembrane chemoreceptors, which are 

also known as methyl-accepting chemotaxis proteins (MCPs), and a single gene for each 

of the chemotaxis signaling proteins: the autophosphorylation histidine kinase (CheA), a 

scaffold protein (CheW), a methyltransferase (CheR), a methylesterase (CheB), a 

response regulator (CheY), and CheY phosphatase (CheZ). The other three MCP genes 

are distantly located in the genome. Chemotactic signals are detected by a membrane 

array of MCPs, to which CheW and CheA are bound, and regulate CheA-mediated 

phosphorylation of CheY and CheB. By binding to the flagellar motor protein, FliM, 

CheY phosphate (CheY~P) induces swimming E. coli to tumble, which has the effect of 
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reorienting the direction of swimming. CheB~P reduces the kinase activity of CheA by 

demethylating the MCPs, which reduces the rate of CheY~P (and CheB~P) formation, 

and consequently reduces the cell tumbling frequency. The tumble-promoting activity of 

CheY~P is also extinguished by the action of CheZ. Overall, this stimulus-response 

pathway biases swimming motion of E. coli toward attractants and away from repellents. 

Adaptation to stimuli, mediated by the reversible methylation of MCPs in the process 

catalyzed by CheR and CheB, allows cells to remain sensitive to small changes in 

chemoeffector concentration over a large range (Antommattei & Weis, 2006, Falke et al., 

1997). 

Geobacter species are δ-Proteobacteria that are often the predominant species in 

a variety of sedimentary environments where Fe(III) reduction is important. Their ability 

to remediate contaminated environments and to produce electricity makes them attractive 

for further study. Cell motility, biofilm formation, and type IV pili all appear important 

for the growth of Geobacter in changing environments and for electricity production. 

Recent studies in other bacteria have demonstrated that signaling pathways homologous 

to the paradigm established for Escherichia coli chemotaxis can regulate type IV pilus-

dependent motility, the synthesis of flagella and type IV pili, the production of 

extracellular matrix material, biofilm formation, and the regulation of developmental 

genes. The classification of these pathways by comparative genomics improves one’s 

ability to understand how Geobacter thrives in natural environments and how to improve 

the use of Geobacter in microbial fuel cells. 
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Methods 

For protein sequence similarity searches, NCBI protein BLAST and position-

specific-iterated-BLAST (blastp and psi-blast, respectively, 

http://blast.ncbi.nlm.nih.gov/) (Altschul et al., 1997) were used with default parameter 

values against the genomes of G. sulfurreducens PCA, G. metallireducens GS-15, and G. 

uraniireducens Rf4 (GenBank accession numbers AE017180.1, CP000148.1 and 

CP000698.1, respectively, www.ncbi.nlm.nih.gov/genomes/lproks.cgi). To identify the 

Geobacter homologs of chemotaxis genes, E. coli, Bacillus subtilis and Thermotoga 

maritima chemotaxis proteins were used as the test sequences, because these proteins are 

well-studied representatives, and are listed in the curated databases (Letunic et al., 2002, 

Marchler-Bauer et al., 2005, Finn et al., 2006). The following sequences were used: the 

E. coli aspartate receptor methyl-accepting (MA) domain (residues 267-514) 

(gi|16129838), the complete sequences of E. coli CheA (gi|1788197), CheB 

(gi|16129835), CheR (gi|16129836), CheW (gi|16129839), CheY (gi|16129834) and 

CheZ (gi|16129833); the complete sequences of B. subtilis CheC (gi|2634017), CheD 

(gi|2634018) and CheV (gi|2633772), and the complete sequence of T. maritima CheX 

(gi|81553634). ClustalW (www.ebi.ac.uk/clustalw/) was used with default values for the 

parameters to conduct multiple sequence alignments to determine percent identities and 

to establish the class membership of the methyl-accepting domains (Thompson et al., 

1994). TMHMM2 (Krogh et al., 2001), TmPred (Stoffel, 1993), and TopPred (Claros, 

1994 ) were used (with parameters set to default values) to predict the number of 

transmembrane helices in the putative methyl-accepting chemotaxis proteins. A 

polypeptide segment was designated a transmembrane α-helix when at least two of the 
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three programs identified the same polypeptide segment as a transmembrane helix. Phylip 

(version 3.6) was used to construct CheA and CheY phylogenetic trees by the neighbor-

joining method (Felsenstein, Felsenstein, 1989), as implemented in NEIGHBOR. 

SEQBOOT was used to generate 1000 bootstrap replicates and pairwise distances were 

estimated with PROTDIST. The JTT model was used with no among-site variation. The 

trees were left unrooted. 

The organization of che gene operons in Geobacter species was predicted with 

FGENESB (Softberry Inc., www.softberry.com). FGENESB identifies protein-coding 

genes with Markov chain models of coding regions and translation start and termination 

sites, and annotates them with information from public databases. The sequence 

parameters (coding content, oligonucleotide composition, and gene length distribution) 

were estimated in FGENESB for each genome separately through an iterative procedure 

with the minimum ORF length set to 100 nt. Additional features, e.g. tRNA and rRNA, 

σ70 family promoters, and Rho-independent terminators, were predicted from sequence 

similarity, linear discriminant analysis, or modeling approaches. FGENESB-based 

operon predictions were generated from the directions of adjacent genes, the distribution 

of intergenic distances, the presence or absence of predicted promoter and terminator 

regions, and the conservation of pairs of adjacent genes across microbial genomes (V. 

Solovyev, personal communication). The operon annotation of the G. sulfurreducens 

genome used in this study has been described previously (Krushkal et al., 2007), and is 

available online (www.geobacter.org/research/gsel/) (Krushkal et al., 2008). 

σ54-regulated promoters were predicted from a search of the G. sulfurreducens 

genome with PromScan (Studholme et al., 2000). This software assigns a score 
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representing the Kullback-Leibler distance, based on 186 known sites from 47 bacterial 

species (Barrios et al., 1999). The G. sulfurreducens genome was found to contain 110 

predicted σ54-regulated promoters with a score equal to or greater than 80 (the default 

value) in noncoding regions upstream of genes and operons. The current accuracy of 

prediction is 78%, an estimate obtained from experiments that positively identified 14 

RpoN-dependent regulation sites out of 18 predicted sites (J. Krushkal, C. Leang, M. 

Puljic, T. Ueki, R. Adkins, and D. Lovley, unpublished results). In addition, PromScan 

was used to look for σ54-regulated promoters upstream of the major che clusters in the G. 

metallireducens and G. uraniireducens genomes. Finally, putative σ28-regulated 

promoters upstream of the flagellar filament gene (fliC) and the major che clusters in the 

genomes of G. sulfurreducens, G. metallireducens and G. uraniireducens were identified 

with Virtual Footprint (Munch et al., 2005) and the Neural Network Promoter Prediction 

software for bacterial species (Reese et al., 1996). Five hundred base pairs upstream of 

the putative initiation codons of genes of interest were analyzed using default parameters. 
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Results and Discussion 

Geobacter Chemotaxis Genes: Numbers and Organization 

BLAST analysis of the G. sulfurreducens, G. metallireducens, and G. 

uraniireducens genomes identified multiple copies of the chemotaxis genes; over 60 

genes in each species were homologous to the known che and mcp genes in E. coli, B. 

subtilis and T. maritima (Table 1). Homologs of all the che genes from E. coli were 

present in the Geobacter species, except cheZ, which is found much more frequently in 

genomes of β- and γ-proteobacteria in comparison to the genomes of α-, ε-, and 

especially δ-proteobacteria (Wuichet et al., 2007). The Geobacter genomes also 

contained cheC, cheD, cheV, and cheX homologs. With the exception of the genes for the 

chemoreceptors – the methyl-accepting chemotaxis proteins (MCPs), which were 

dispersed throughout the genomes, most of the che genes were clustered, as shown in 

Figure 3. In some cases, additional genes encoding hypothetical proteins of unknown 

function or annotated proteins with functions not known to be involved in chemotaxis-

related signaling pathways were located in these clusters. There are six major 

chemotaxis-related gene clusters in G. sulfurreducens, and seven major clusters each in 

G. metallireducens and G. uraniireducens; their physical arrangements are depicted in 

Figure 3. None of these clusters is located close to the flagellar gene clusters. 
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Gene Species 
E. coli B. subtilis G. metallireducens G. sulfurreducens G. uraniireducens 

cheAb 1 1 5 4 7 
cheB 1 1 8 4 5 
cheR 1 1 9 5 10 
cheW 1 1 8 10 10 
cheYc 1 (1) 1 (3) 10 (21) 7 (25) 10 (25) 
cheZ 1 0 0 0 0 
cheC 0 1 2 1 1 
cheD 0 1 3 3 2 
cheX 0 0 1 1 1 
cheV 0 1 1 1 1 
mcp 5 10 18 34 24 
Total 11 17 65 70 71 
No. of 

che 
clustersd 

1 1 7 6 7 

 
Table 1. Numbers of che gene homologs in E. coli, B. subtilis and Geobacter 

species.a 

ahomologs numbers were determined by blastp searches (with default values for the 
parameters). 
bThe numbers for cheA in the genomes of G. metallireducens and G. uraniireducens 
each include a contribution from one cheAY fusion. 
cThe numbers are cheY genes in the major clusters. Numbers in parentheses also 
includes genes that encode singleton CheY-like receiver domain proteins. 
dChemotaxis gene clusters are defined to contain three or more che genes. 
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Figure 3. Physical arrangement of the major Geobacter chemotaxis-like gene clusters. 
Affiliations with che clusters of known function are indicated after the clusters, as E. coli-
like, Dif-like and Frz-like (both from M. xanthus), and the α and β groups. These 
assignments were made by the relative agreements between che gene content, the 
physical arrangement in the cluster and the percent identities. The α and β group 
designations refer to che clusters that are unique to the Geobacteraceae and the δ-
Proteobacteria, respectively. 



 

18 

 
Figure 4. Neighbor-joining tree of putative CheA homologs of Geobacter species and 
CheAs from other well-studied species. These include E. coli (Ecoli), B. subtilis (Bsub), 
P.. aeruginosa (Paer), S. meliloti (Smel), R. centenum (Rcen), V. cholerae (Vcho), M. 
xanthus (Mxan), Salmonella typhimurium (Styp) and Synechocystis sp. strain PCC6803 
(Syne). The GenInfo Identifier protein sequence numbers are displayed in parentheses at 
right. All positions with gaps in the aligned sequences were excluded. Bootstrap values 
from 1000 replicates of >600 are shown in respective nodes. The tree figure was 
generated with TreeView, version 1.6.6 (Page, 1996). 
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Towards understanding how CheA5 activity regulate gene expression 

The deletion of cheA5, a gene encoding an autophosphorylating histidine kinase, 

leads to the upregulation of omcS and other genes, suggesting that CheA5 activity inhibits 

expression of those genes. However, how CheA5 activity regulates gene expression is 

unclear, and its cognate response regulator is not yet identified. In E. coli, CheA transfers 

phosphate to CheY, and it is phosphorylated CheY (CheY~P) that interacts with FliM in 

the motor to regulate flagellar rotation and change the pattern of cell movement. Deletion 

of either cheA or cheY in E. coli makes the cell smooth swimming-biased (flagella rotate 

counter clock wise). There are three cheY genes in the che5 cluster, but a single deletion 

mutant and double mutants downregulate OmcS, the opposite phenotype of a ∆cheA 

mutant (Chapter 3). This suggests the possibility that, in the Che5 pathway, CheA 

transfers phosphate to CheYs, but unphosphorylated CheY (most likely CheY5c) actually 

interacts with the target rather than CheY~P as seen in E. coli. This hypothesis could be 

tested by: (1) an in vitro phosphorylation assay to examine which CheY is 

phosphorylated by CheA; and (2) overexpression of CheY5c in G. sulfurreducens. It is 

predicted that the imbalance (bias toward the presence of more CheY) will increase 

OmcS. 

Identification of signaling molecules of the Che5 pathway 

The Che5 pathway regulates the expression of more than 170 genes, and omcS is 

mostly affected in the che mutants (Chapter 3). When CheA is inactivated, OmcS is 

upregulated, and when CheA is activated OmcS is downregulated, suggesting that in 

response to an increased concentration of attractants the cells will increase OmcS 

expression, and on the other hand, when the cells detect an increase in repellents they will 
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produce less OmcS. The amount of OmcS expression could be relatively quantified using 

a reporter gene such as the green fluorescent protein gene fused so that it is under 

regulation of the omcS promoter. This method could be used in a 96 well plate with a 96 

well plate reader to screen a large number of signal molecules in a high-throughput mode. 

If a molecule is an attractant, the fluorescent signal will increase compared to the WT; on 

the other hand, if a molecule is a repellent, the signal will be lower than the WT. For 

longer readout with stable results, strains that are not able to adapt should be used: a 

∆cheB5 strain may be used to identify attractants, and a ∆cheR5 strain may be used to 

identify repellents. The ideas could be simplified in the following Figure 37.  

 

 
 
Figure 37. Strategy to identify signal molecules of the Che5 pathway 
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Further investigation of the signaling pathway of the che1 cluster of G. 
sulfurreducens KN400 

 
Our preliminary data (Chapter 4) showed that deletion of gsu0296, one of the four 

cheA genes of G. sulfurreducens, impaired its chemotaxis, suggesting that GSU0296 

together with proteins encoded by the che1 cluster regulates chemotaxis in G. 

sulfurreducens KN400. The following tasks are proposed in order to understand better 

the mechanism of the Che1 pathway:  

1. A complementation assay should be added to be sure that the phenotype observed 

is due to the absence of the gene, and not due to polar effects or unexpected 

secondary mutations. 

2. Confirm that GSU0296 works with other proteins encoded by the che1 cluster. 

3. Identify the functions of each gene product in the che1 cluster, in particular the 

function of the non-che gene, the HD domain protein. 

4. Identify chemoattractants and/or repellents for the Che1 pathway. 

5. Identify MCPs that signal through the Che1 pathway. 

Test the impact of a chemotaxis defect on bioremediation (in situ or in the lab 

setup), as described in a previous study (Singh, 2008). 
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APPENDIX A 
 

SEQUENCE ALIGNMENT OF CYTOPLASMIC DOMAINS FROM 
GEOBACTER SPECIES’ MCPs 
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APPENDIX B 
 

LIST OF PRIMERS USED IN CHAPTER 3 

 
Purpose Primers and sequences Descriptions 
Primers for creating mutation 
gsu0296::kan HT55F   5'-GCTGGTGAGTTTCAAGCTAGAGGAAGAGG-3' 

HT55R   5'-CGATAAGCTTAATCGCCATGTGCTGCTCC-3' 
To PCR gsu0296 
upstream 

 HT42F   5'-GCTGCAAGCTTTGGGATGAATGTCAGCTAC-3'  
HT22R   5'-GCACTCTAGAGCGGTGGAATCGAAATCTCG-3' 

To PCR Kan 

 HT56F   5'-GCTATCTAGACCTGAGCGGACAACGAGC-3' 
HT56R   5'-GCTGATGTCCGTACCGACGATTTCGATG-3' 

To PCR gsu0296 
downstream 

gsu1290::kan HT57F   5'-CGTCGATATTACCGGCCTGCAACTGC-3' 
HT57R   5'-GCATAAGCTTGTCCATTAGCCGAGCACC-3' 

To PCR gsu1290 
upstream 

 HT42F and HT22R as above To PCR Kan 
 HT58F   5'-GCAGTCTAGACCGGTAGAATGTGCTCTGC-3' 

HT58R   5'-GGTAGATCAGGTTGCATCTGGGGAGAACC-3' 
To PCR gsu1290 
downstream 

gsu2222::kan HT61F   5'-CCATCCTCTACGGCGACAATCTGC-3' 
HT61R   5'-CGTAGTCGACGTGTTGGTCATGGAACC-3' 

To PCR gsu2222 
upstream 

 HT22F   5'-GCTAGTCGACTGGGATGAATGTCAGCTAC-3'  
HT22R   as above 

To PCR Kan  

 HT62F’  5'-GCTATCTAGAGGCAGCAGGACATCGTCATC-3'  
HT62R’  5'-GCATCAGGTAGAGCGTTTCCGTGAG-3' 

To PCR gsu2222 
downstream 

gsu3199::kan HT59F   5'-CGAGTGAACATCCGCGTTTCGAGGGATAC-3' 
HT59R   5'-GCTCAAGCTTGGACATGTCCATGTCTAGC-3' 

To PCR 3199 
upstream 

 HT42F and HT22R as above To PCR Kan 
 HT60F’  5'-GCAGCTCTAGAGCAGAGGTATTCACCAAGC-3' 

HT60R’  5'-CGAGATCTCTAGCTCTGTGAGGAGGGACC-3' 
To PCR gsu3199 
downstream 

gsu2210::kan HT149F  5'-GGTCATGGACGGTCTCAAGCTGGTGAG-3'  
HT149R  5'-GCTACAAGCTTCATGGCCTTCATGGTGACC-3' 

To PCR gsu2210 
upstream  

 HT42F and HT22R as above  To PCR Kan 
 HT150F  5'-GCTAATCTAGAGCTGCGTTTCCCGTCACC-3'  

HT150R  5'-CGACGGATCTTCGGTGACCGTGAAG-3'  
To PCR gsu2210 
downstream 

gsu2212::kan HT113F  5'-CGACCCTCGATTTTAGCGAAGTGCTCC-3'  
HT113R  5'-GCTAGAGCTCCATGATGAACGTCTCCTCAG-3' 

To PCR gsu2212 
upstream 

 HT114F  5'-GCTCGAGCTCTGGGATGAATGTCAGCTAC-3'  
HT22R   as above 

To PCR Kan 

 HT106F  5'-GCACTCTAGAGGGATATCCCCGAATCCATG-3'  
HT106R  5'-CATTGTGGCAATCGGCACATCCGTAGG-3' 

To PCR gsu2212 
downstream 

gsu2213::kan HT203F  5'-GCACAATATGGTCTTCGAGCGTCAGG-3'  
HT203R  5'-GCATGAATTCCCGGAGACGCTCATTTTCC-3' 

To PCR gsu2213 
upstream 

 HT177F  5'-CGACGAATTCCCTGGGATGAATGTCAGCTAC-3'  
HT22R   as above 

To PCR Kan 

 HT204F  5'-GCTATCTAGAGCCAGCGTCGACTACGAG-3'  
HT204R  5'-CCTGCCTGGATCGGCTTGGTAATGTAG-3' 

To PCR gsu2213 
downstream 

gsu2214::kan HT112F  5'-CCAGTGGCGAGGAGCCATACACC-3'  
HT112R  5'-GCTAGTCGACGACCCTGATCTTTCTCATGG-3' 

To PCR gsu2214 
upstream 

 HT22F   5'-GCTAGTCGACTGGGATGAATGTCAGCTAC-3'  
HT22R   as above 

To PCR Kan 

 HT107F  5'-GCACTCTAGACTTCTCAGCGACGTCGATTG-3'  
HT107R  5'-CGAACTCCTCGGCACCAATCAGG-3' 

To PCR gsu2214 
downstream 
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gsu2215::kan HT145F  5'-GTCACTTGACGCTATCGAGCGGCTG-3'  
HT145R  5'-CGTACAAGCTTCGAAGAAGAGACCGCAGTG-3' 

To PCR gsu2215 
upstream 

 HT42F and HT22R as above  To PCR Kan 
 HT146F  5'-GGTATCTAGAGATTCCTTCCACCGCGTCC-3'  

HT146R  5'-GGATGGTGAGAATCTCCTCGGACACC-3' 
To PCR gsu2215 
downstream 

gsu2215:spec HT139F  5'-CGAGTAAGCTTAGCACAGGATGACGCCTAAC-3'  
HT26R   5'- GCTCTCTAGAGCATAGTCTCCCCAGCTCTC -3' 

To PCR Spec  

gsu2216::kan HT201F  5'-GCTTGCCCGGCTCATTGTTTCG-3'  
HT201R  5'-GCATGAATTCGATCCCCTCGATGGTTCC-3' 

To PCR gsu2216 
upstream 

 HT177F and HT22R as above  To PCR Kan 
 HT202F  5'-GCTATCTAGAGGGCTTGATAGCAGCGACG-3'  

HT202R  5'-GTTCCTGGTCCTTCTTCCGGTTGTAGC-3' 
To PCR gsu2216 
downstream 

gsu2217::kan HT96F   5'-CGAAGGATACGCATGGAAACCGACATCC-3'  
HT96R’  5'-GCATGTCGACGATCACATCCGCCATCAACG-3' 

To PCR gsu2217 
upstream 

 HT22F and HT22R as above  To PCR Kan 
 HT97F’  5'-GCACTCTAGAAGGAGAGAACTCGGCCTG-3'  

HT97R   5'-GCAGATCGCCGATCTTGCCGAG-3' 
To PCR gsu2217 
downstream 

gsu2218::kan HT118F  5'-GCTTCAGCTGGAAAAGGTGCTCGATTCAG-3'  
HT118R  5'-CGATAAGCTTCATGCGTATCCTTCGGGAGC-3' 

To PCR gsu2218 
upstream 

 HT42F and HT22R as above  To PCR Kan 
 HT119F  5'-GCTCTCTAGACGTTGATGGCGGATGTGATC-3'  

HT109R  5'-GCTCGTCAGGATGCGATCGAGATTGACG-3' 
To PCR gsu2218 
downstream 

gsu2219::kan HT108F  5'-GGTGGAAGACCTTGTCTCCGATACAGAGG-3'  
HT108R  5'-GCTAGTCGACTTCCATCGGCATACCCTCC-3' 

To PCR gsu2219 
upstream 

 HT22F and HT22R as above  To PCR Kan  
 HT109F  5'-GCTATCTAGAGACTTCTGGCTGCCTGACG-3'  

HT109R  5'-GCTCGTCAGGATGCGATCGAGATTGACG-3' 
To PCR gsu2219 
downstream 

gsu2220::kan HT116F  5'-CCTGGCAACCAATGCCTTGCTGG-3'  
HT116R  5'-GCACAAGCTTGGAGACAAGGTCTTCCACC-3' 

To PCR gsu2220 
upstream 

 HT42F and HT22R as above  To PCR Kan 
 HT117F  5'-

GCTCTCTAGAGCATTGATGTAATACCCAGGAGG-3'  
HT117R  5'-GGAAGCAGGCGAGCTGTATTTCCTGG-3' 

To PCR gsu2220 
downstream 

gsu2221::kan HT98F   5'-CGTGTCGGGCATGGTCGACATCG-3'  
HT98R’  5'-GCACAAGCTTGAATTCCCGGTACATTTACC-3' 

To PCR gsu2221 
upstream 

 HT42F and HT22R as above  To PCR Kan 
 HT99F’  5'-GCACTCTAGAGATGAGGCGAACCTGTACTG-3'  

HT99R   5'-GGTGGTCTCCCGGGGTTTGATGATCTC-3' 
To PCR gsu2221 
downstream 

gsu2223::kan HT100F  5'-CGACCTGAACGGCGAGGTCGAG-3'  
HT100R’ 5'-GCATGTCGACCATCGATCGCATGGTGGCAG-3' 

To PCR gsu2223 
upstream 

 HT22F and HT22R as above  To PCR Kan  
 HT101F’ 5'-GCTGTCTAGAATCGTCAAGTACACCTCCTG-3'  

HT101R  5'-CGTACTCCGTCAGGGAGCTGAGGAC-3' 
To PCR gsu2223 
downstream 

gsu2224::kan HT147F  5'-GGTCAAGTTCTACTTCGCCACCCAAGTGG-3'  
HT147R  5'-GCAGTGTCGACCAACTTTTTCGAACTGCTCC-3' 

To PCR gsu2224 
upstream 

 HT22F and HT22R as above  To PCR Kan  
 HT148F  5'-GCACGTCTAGAGCGATCATTGAAGCCAAGC-3'  

HT148R  5'-CCTGTAATTGTCGCTGGTGCGGACAAAG-3' 
To PCR gsu2224 
downstream 

gsu0583::kan HT235F  5'-GGAGGGTCATCAAGGTTTCCGAGG-3'  
HT235R  5'-
CCAGTAGCTGACATTCATCCCCATGGCAGATGCCAGATTG-
3' 

To PCR gsu0583 
upstream 
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 HT236F  5'-
CAATCTGGCATCTGCCATGGGGATGAATGTCAGCTACTGG-
3'  
HT236R  5'-
CGTCACACCTTCACTGGAGCGCGGTGGAATCGAAATCTCG-
3' 

To PCR Kan 

 HT237F  5'-
CGAGATTTCGATTCCACCGCGCTCCAGTGAAGGTGTGACG-
3'  
HT237R  5'-CCTTCCCATAACCTCCGCTATTCGCG-3' 

To PCR gsu0583 
downstream 

gsu0766::kan HT238F  5'-CATGACTGTTCCTCCTTCAGAGAGTGC-3'  
HT238R  5'-
CCAGTAGCTGACATTCATCCCATGCTCCTCGAATTCGTCC-
3' 

To PCR gsu0766 
upstream 

 HT239F  5'-
GGACGAATTCGAGGAGCATGGGATGAATGTCAGCTACTGG
-3'  
HT239R  5'-
GGAACTGGCCGATCATGTCGCGGTGGAATCGAAATCTCG-
3' 

To PCR Kan 

 HT240F  5'-
CGAGATTTCGATTCCACCGCGACATGATCGGCCAGTTCC-3'  
HT240R  5'-CTCTGATTGCTTGGCAGATTGCAGG-3' 

To PCR gsu0766 
downstream 

gsu2372::kan HT241F  5'-CCTCACACTGGTGCCGGTAAGTTC-3'  
HT241R  5'-
CCAGTAGCTGACATTCATCCCATCATCGCCTCCAGCAGG-3' 

To PCR gsu2372 
upstream 

 HT242F  5'-
CCTGCTGGAGGCGATGATGGGATGAATGTCAGCTACTGG-
3'  
HT242R  5'-
GTGATGTTCTCGGTGGAACGCGGTGGAATCGAAATCTCG-3' 

To PCR Kan 

 HT243F  5'-
CGAGATTTCGATTCCACCGCGTTCCACCGAGAACATCAC-3'  
HT243R  5'-GGAACGCCAAGTTCCACGATGTCG-3' 

To PCR gsu2372 
downstream 

gsu1704::kan HT132F  5'-GGAGACTGCCTCGACATGGATGTTCG-3'  
HT132R  5'-GCATGTCGACTTCCATGCGGATATCCCTCC-3' 

To PCR gsu1704 
upstream 

 HT22F and HT22R as above To PCR Kan 
 HT133F  5'-GCACTCTAGAGATGAAGAAGATAGCCAGCTG-3'  

HT133R  5'- CGTAACCACCAGAGCCTTTGGTCTGG-3' 
To PCR gsu1704 
downstream 

gsu2225::kan HT244F  5'-CGAGATCGTGCGGGAAAAGGTCTTTCG-3'  
HT244R  5' 
CCAGTAGCTGACATTCATCCGAAACGGGTGACCGTTTCG-3' 

To PCR gsu2225 
upstream 

 HT245F  5'-
CGAAACGGTCACCCGTTTCGGATGAATGTCAGCTACTGG-3'  
HT245R  5'-
GGTGATGACTCTCCACCGCGGTGGAATCGAAATCTCG-3' 

To PCR Kan 

 HT246F  5'-
CGAGATTTCGATTCCACCGCGGTGGAGAGTCATCACC-3'  
HT246R  5'-GCAAGACACCCGATTTACGGGAAAGGCTCAC-3' 

To PCR gsu2225 
downstream 

Primers for PCR intergenic regions between two constitutive genes in the cluster gsu2226-gsu2209  
 HT207F  5'-GATTCCCAGAAGGGGATC-3'  

HT207R  5'-CGTCCATAAGGAAGAGGATC-3' 
gsu2226-gsu2225 

 HT205F  5'-GTGGAGAGTCATCACCATC-3'  
HT205R  5'-GCAAGACACCCGATTTACG-3' 

gsu2225-gsu2224 
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 HT188F  5'-CGATCATTGAAGCCAAGC-3' 
HT188R  5'-GTCGGGCATGTTGATATC-3' 

gsu2224-gsu2223 

 HT189F  5'-GATATCAACATGCCCGAC-3' 
HT189R  5'-GAGCAGGTTCTCCAGGTT-3' 

gsu2223-gsu2222 

 HT190F  5'-GCTTCTATGTGGTAGTGGTC-3' 
HT190R  5'-GGGTTGAAGATGAAGCAG-3' 

gsu2222-gsu2221 

 HT191F  5'-CTCCATTACCACCTTCAGC-3' 
HT191R  5'-CATCGGGAGCGAATACATC-3' 

gsu2221-gsu2220 

 HT192F  5'-CATCATTCCCGTGTTCATCC-3' 
HT192R  5'-TCGAGAATGATCAGGTCG-3' 

gsu2220-gsu2219 

 HT193F  5'-CGACCTGATCATTCTCGA-3' 
HT193R  5'-GATGACTCCTTCCACAAAGG-3' 

gsu2219-gsu2218 

 HT194F  5'-CCTTTGTGGAAGGAGTCATC-3' 
HT194R  5'-CGAATTTTCATGGGCCAC-3' 

gsu2218-gsu2217 

 HT195F  5'-CTTGCCCGGCTCATTGTT-3' 
HT195R  5'-CTCGATGGTTCCCTCATC-3' 

gsu2217-gsu2216 

 HT196F  5'-CGATTGGGTGAATGCCTATC-3' 
HT196R  5'-CTGGGTGAAGGCTTTGAG-3' 

gsu2216-gsu2215 

 HT197F  5'-CCTCAACCTTCTCGATACC-3' 
HT197R  5'-GTGGGAGAGTATTCCATCAC-3' 

gsu2215-gsu2214 

 HT198F  5'-GGAATGACGGCAGCAAAG-3' 
HT198R  5'-GCTATTTCCCGCTCAAGC-3' 

gsu2214-gsu2213 

 HT199F  5'-CTGCATTCCGCTGAAGAT-3' 
HT199R  5'-GTCCATGACCGGCATATTG-3' 

gsu2213-gsu2212 

 HT200F  5'-CAATATGCCGGTCATGGAC-3' 
HT200R  5'-CAAAGGGTGCAGTTGTTG-3' 

gsu2212-gsu2210 

 HT206F  5'-GGAAATCCTCCACCATGAAG-3' 
HT206R  5'-GGAGTAGTTGCGCACATG-3' 

gsu2210-gsu2209 

Primers for qRT-PCR 
omcZ 
(gsu2076) 

HT216F  5'-GTCTGTAACCGCTACGGATGG-3' 
HT216R  5'-GTGGTGAGTATCCTGGTTGCTG-3' 

 

omcS 
(gsu2504) 

HT224F  5'-GAAGAAGACCTACACCTGG-3' 
HT224R  5'-GTGGTGTCGGCAACATAGT-3' 

 

proC 
(gsu2541) 

HT219F  5'-CCACCGATGACGATCTGTTCT-3' 
HT219R  5'-CATGAGCTTTTCCTCCACCAC-3' 

 

Primers for complementation ∆cheR5 
 HT167F  5'-GCAGCGAATTCGATTGGGTGAATGCCTATCG-3' 

HT167R  5'-GCAGCAAGCTTGACCCTGATCTTTCTCATGG-3' 
To PCR gsu2215  
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APPENDIX C 
 

MICROARRAY DATA OF ∆CHER5 vs WT  

 
Order Probe Set 

ID 
Fold 

change 
Gene 
name 

Annotation 

1 GSU2503 11.3 up omcT cytochrome c, 6 heme-binding sites 
2 GSU2504 9.4 up omcS cytochrome c, 6 heme-binding sites 
3 GSU2585 8.8 up  conserved hypothetical protein 
4 GSU0810 6.5 up  OmpA domain porin (beta-barrel, OmpA, 

OmpA) 
5 GSU2501 6.3 up  cytochrome c, 6 heme-binding sites 
6 GSU2502 5.8 up  spermine/spermidine synthase family protein 
7 GSU3214 5.4 up  cytochrome c, 3 heme-binding sites 
8 GSU2584 5.3 up  lipoprotein, putative 
9 GSU0710 5.1 up  conserved hypothetical protein 
10 GSU2967 5.0 up  ferritin-like domain protein 
11 GSU1558 4.9 up  hypothetical protein 
12 GSU0595.1 4.9 up  conserved hypothetical protein 
13 GSU0713 4.7 up  hypothetical protein 
14 GSU3410 4.6 up  conserved hypothetical protein 
15 GSU2510 4.5 up  conserved hypothetical protein 
16 GSU0919 4.5 up  conserved hypothetical protein 
17 GSU3351 4.4 up  conserved hypothetical protein 
18 GSU0139 4.2 up  conserved hypothetical protein 
19 GSU0911 4.1 up  iron-sulfur cluster-binding protein 
20 GSU0712 4.1 up  hypothetical protein 
21 GSU0672 4.1 up  conserved hypothetical protein 
22 GSU0711 4.1 up  endonuclease/exonuclease/phosphatase family 

protein 
23 GSU0714 4.1 up  hypothetical protein 
24 GSU2810 4.1 up  hypothetical protein 
25 GSU0910 4.0 up  aldehyde:ferredoxin oxidoreductase, tungsten-

containing 
26 GSU2583 4.0 up ycaC isochorismatase family protein YcaC 
27 GSU2586 4.0 up  hypothetical protein 
28 GSU0593 4.0 up  cytochrome b, putative 
29 GSU2735 4.0 up  transcriptional regulator, TetR family 
30 GSU2497 3.8 up  lipoprotein, putative 
31 GSU1018 3.8 up  hypothetical protein 
32 GSU3289 3.8 up  ferritin-like domain protein 
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33 GSU0594 3.7 up  cytochrome c, 7 heme-binding sites 
34 GSU2648.1 3.6 up  conserved hypothetical protein 
35 GSU2735 3.6 up  transcriptional regulator, TetR family 
36 GSU1559 3.6 up  hypothetical protein 
37 GSU2675 3.6 up  C1 peptidase family protein 
38 GSU3409 3.6 up  conserved hypothetical protein 
39 GSU2811 3.6 up  cytochrome c, 2 heme-binding sites 
40 GSU2507 3.5 up  sensor histidine kinase (Cache, HAMP, HisKA-

HATPase_c) 
41 GSU1727 3.5 up  zinc finger transcriptional regulator, TraR/DksA 

family 
42 GSU2509 3.4 up  glycosyl transferase, group 2 family protein 
43 GSU0216 3.4 up  conserved hypothetical protein 
44 GSU1557 3.4 up  mechanosensitive ion channel family protein 
45 GSU0803 3.4 up ppsA phosphoenolpyruvate synthase 
46 GSU0539 3.4 up  conserved hypothetical protein 
47 GSU2731 3.4 up omcC membrane-associated cytochrome c, 12 heme-

binding sites 
48 GSU3364 3.4 up  transcriptional regulator, CopG family 
49 GSU1024 3.3 up ppcD cytochrome c, 3 heme-binding sites 
50 GSU0941 3.2 up  sensor histidine kinase (HisKA, HATPase_c) 
51 GSU1947 3.2 up  hypothetical protein 
52 GSU3342 3.2 up  conserved hypothetical protein 
53 GSU2495 3.2 up  cytochrome c, 26 heme-binding sites 
54 GSU0193 3.1 up  L-sorbosone dehydrogenase, putative 
55 GSU3341 3.1 up prkA putative serine protein kinase 
56 GSU2493 3.1 up  NHL repeat domain protein 
57 GSU0804 3.1 up wrbA NAD(P)H:quinone oxidoreductase flavoprotein 

WrbA 
58 GSU1007 3.1 up  GAF domain/HD domain protein 
59 GSU2498 3.1 up  lipoprotein, putative 
60 GSU2788 3.1 up  conserved hypothetical protein 
61 GSU2508 3.1 up  TPR domain protein 
62 GSU0597 3.1 up  conserved hypothetical protein 
63 GSU0920.1 3.1 up  conserved hypothetical protein 
64 GSU2655.1 3.0 up  hypothetical protein 
65 GSU1728 3.0 up  radical SAM domain protein, putative 
66 GSU0767 3.0 up  putative porin 
67 GSU0909 3.0 up  pyridine nucleotide-disulphide oxidoreductase 

family protein 
68 GSU0802 3.0 up  oxidoreductase, short chain 

dehydrogenase/reductase family 
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69 GSU0596 3.0 up  response receiver (REC) 
70 GSU2792 3.0 up  conserved hypothetical protein 
71 GSU2725 2.9 up  cytochrome c, 5 heme-binding sites 
72 GSU0716 2.9 up  conserved hypothetical protein 
73 GSU2494 2.9 up  cytochrome c, 10 heme-binding sites 
74 GSU2496 2.9 up  conserved hypothetical protein 
75 GSU2649 2.9 up  amino acid ABC transporter, amino acid-

binding protein 
76 GSU1079 2.9 up  hypothetical protein 
77 GSU2812 2.8 up  glutaredoxin family protein 
78 GSU2791 2.8 up  conserved hypothetical protein 
79 GSU1796.1 2.8 up  conserved hypothetical protein 
80 GSU1331 2.8 up  metal ion efflux pump, RND family, membrane 

fusion protein 
81 GSU1209 2.8 up  conserved hypothetical protein 
82 GSU0195 2.8 up  protein of unknown function DUF1458 
83 GSU0358 2.7 up  iron-sulfur cluster-binding protein 
84 GSU0720 2.7 up  superoxide reductase-like domain (class II) 

protein 
85 GSU1399.1 2.7 up  sensor diguanylate cyclase (PAS, GGDEF) 
86 GSU3152 2.7 up  sensor protein (PAS) 
87 GSU3343 2.7 up  SpoVR-like family protein 
88 GSU2667 2.7 up  sensor histidine kinase (PAS, PAC, HisKA, 

HATPase_c) 
89 GSU2813 2.7 up  cytochrome c, 2 heme-binding sites 
90 GSU2732 2.7 up  cytochrome c, 8 heme-binding sites 
91 GSU0200 2.6 up  aerobic-type carbon monoxide dehydrogenase, 

small subunit-like protein 
92 GSU0201 2.6 up  aerobic-type carbon monoxide dehydrogenase, 

large subunit-like protein 
93 GSU0715 2.6 up  conserved hypothetical protein 
94 GSU0718 2.6 up  sensor histidine kinase response receiver (PAS, 

HisKA, HATPase_c, REC) 
95 GSU0915 2.6 up  conserved hypothetical protein 
96 GSU1039 2.6 up  sigma-54-dependent sensor transcriptional 

response regulator (REC, PAS-like, sigma54 
interaction, HTH8) 

97 GSU2733 2.6 up  conserved hypothetical protein 
98 GSU1213 2.5 up  conserved hypothetical protein 
99 GSU0717 2.5 up  conserved hypothetical protein 

100 GSU1399 2.5 up corA-
1 

magnesium and cobalt transport protein CorA 

101 GSU1333 2.5 up  conserved hypothetical protein 
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102 GSU0067 2.5 up can-1 carbonic anhydrase, beta-family, clade B 
103 GSU0075 2.5 up  conserved hypothetical protein 
104 GSU0907 2.5 up  ThiF family protein 
105 GSU0709 2.5 up  conserved hypothetical protein 
106 GSU1994 2.5 up  hypothetical protein 
107 GSU2793 2.5 up  conserved hypothetical protein 
108 GSU0466 2.5 up macA cytochrome c, 2 heme-binding sites 
109 GSU1943 2.4 up  hypothetical protein 
110 GSU2724 2.4 up  cytochrome c, 13-15 heme-binding sites 
111 GSU2726 2.4 up  conserved hypothetical protein 
112 GSU0078 2.4 up  PilZ domain protein 
113 GSU1984 2.4 up  polysaccharide chain length determinant 

protein, putative 
114 GSU1948 2.4 up  hypothetical protein 
115 GSU3344 2.4 up  conserved hypothetical protein 
116 GSU1212 2.4 up  conserved hypothetical protein 
117 GSU1817 2.4 up  outer membrane lipoprotein, Slp family 
118 GSU2822 2.4 up nasR response regulator (nitrate?) with putative 

antiterminator output domain (REC, ANTAR) 
119 GSU1167 2.4 up  conserved hypothetical protein 
120 GSU0674 2.4 up hcp iron-sulfur-oxygen hybrid cluster protein 

(prismane) 
121 GSU0077 2.4 up  conserved hypothetical protein 
122 GSU2743 2.4 up  cytochrome c, 1 heme-binding site 
123 GSU0070 2.3 up  oxidoreductase, membrane subunit 
124 GSU3357 2.3 up  sensor histidine kinase (PAS, HisKA, 

HATPase_c) 
125 GSU1058 2.3 up sucC succinyl-CoA synthetase, beta subunit 
126 GSU0194 2.3 up  conserved hypothetical protein 
127 GSU1447 2.3 up  conserved hypothetical protein 
128 GSU1332 2.3 up  metal ion efflux pump, RND family, inner 

membrane protein 
129 GSU0908 2.3 up  moaD family protein 
130 GSU2193 2.3 up  ferritin-like domain protein 
131 GSU0700 2.3 up  response receiver sensor phosphatase (REC, 

PAS, PAC, PAS, PAC, PP2C) 
132 GSU1404 2.2 up  radical SAM domain protein 
133 GSU1330 2.2 up  metal ion efflux pump, RND family, outer 

membrane protein 
134 GSU1995 2.2 up  conserved hypothetical protein 
135 GSU0224 2.2 up  conserved hypothetical protein 
136 GSU2882 2.2 up omcG cytochrome c, 14-18 heme-binding sites 
137 GSU2412 2.2 up  conserved hypothetical protein 
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138 GSU3251 2.2 up  DUF523-containing protein 
139 GSU1945 2.2 up  fibronectin type III domain protein 
140 GSU1414 2.2 up  sensor histidine kinase response regulator (PAS, 

PAC, HisKA-HATPase_c, REC) 
141 GSU2536 2.2 up  dienelactone hydrolase family protein 
142 GSU2964 2.2 up modE molybdenum transport regulatory protein ModE 
143 GSU3014 2.2 up  predicted signal transduction protein 
144 GSU0217 2.2 up  nitroreductase 3 family protein 
145 GSU3352 2.2 up  hypothetical protein 
146 GSU0912 2.2 up  conserved hypothetical protein 
147 GSU0719 2.2 up  conserved hypothetical protein 
148 GSU1415 2.2 up  response regulator, putative (REC) 
149 GSU1726 2.2 up  conserved hypothetical protein 
150 GSU0071 2.1 up  conserved hypothetical protein 
151 GSU3345 2.1 up  hypothetical protein 
152 GSU0746 2.1 up  cytochrome p460, 1 heme-binding site 
153 GSU0068 2.1 up  cytochrome c, 4 heme-binding sites 
154 GSU2748 2.1 up  possible cytochrome c, 1 heme-binding site 
155 GSU1448 2.1 up  metal-dependent phosphoesterase, PHP family 
156 GSU1949 2.1 up  hypothetical protein 
157 GSU2742 2.1 up  conserved hypothetical protein 
158 GSU2749 2.1 up  NOL1/NOP2/Sun (tRNA and rRNA cytosine-

C5-methylase) family protein 
159 GSU0065.1 2.1 up  conserved hypothetical protein 
160 GSU0726 2.0 up cheD-

1 
chemotaxis protein CheD, putative 

161 GSU0357 2.0 up  cytochrome c, 7-8 heme-binding sites 
162 GSU2746 2.0 up  conserved domain protein 
163 GSU2215 8.0 down cheR5 chemotaxis protein methyltransferase CheR 
164 GSU3388 4.1 down  membrane protein, putative 
165 GSU0491 3.0 down rhlE-1 ATP-dependent RNA helicase RhlE 
166 GSU2886.1 3.0 down  cytochrome c, 7 heme-binding sites 
167 GSU0781 2.9 down  twin-arginine translocation protein, TatA/E 

family 
168 GSU2075 2.8 down  serine protease, subtilase family 
169 GSU2517 2.8 down  rhodanese-like domain/cysteine-rich domain 

protein 
170 GSU2887 2.7 down  cytochrome c, 27 heme-binding sites 
171 GSU2074 2.6 down  PPIC-type PPIASE domain protein 
172 GSU2518 2.6 down  conserved hypothetical protein 
173 GSU2944 2.3 down  (R)-2-hydroxyglutaryl-CoA dehydratase D 

component-related protein 
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174 GSU0778 2.3 down fdnH formate dehydrogenase, iron-sulfur subunit 
175 GSU2076 2.3 down omcZ cytochrome c, 7-8 heme-binding sites 
176 GSU0780 2.2 down  formate dehydrogenase accessory protein FdhD 
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