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ABSTRACT 

Arsenic is a toxic metalloid of the nitrogen family which is found in both natural 

environments and sites contaminated in a number of ways. Arsenate acts as a 

phosphate analog which interferes with phosphate uptake and utilization and arsenite 

disrupts enzymatic function. Micro organisms have evolved a variety of mechanisms 

in coping with toxicity of arsenic and the best known detoxification pathway involves 

the arsenic resistance {ars) cluster. To date, a number of ars clusters have been 

characterized at the molecular level. 

Contamination of cattle dip-site soils with arsenic along with other toxicants such as 

DDT represents a major pollution problem in agricultural sites and has been shown to 

have distinct effects on the soil microbial populations. Little is known of the micro 

organisms at these sites. This thesis investigated the identity of some of the 

rhizosphere bacteria isolated from arsenic contaminated dip-site soils of north-eastern 

New South Wales and functionally characterized some of the ars genes cloned from 

one strain. 

Five bacterial strains isolated from cattle dip-sites (referred to as CDB) were 

identified based on morhological, biochemical and 16S rDNA sequence characters. 

These bacterial strains belonged to four different genera, CDB1- Arthrobacter sp., 

CDB2- Ochrobactrum sp., CDB3 & CDB4- Bacillus spp and CDB5- Serratia sp. The 

arsenic resistance profiles of these bacteria were quite different. The highest 

resistance to arsenite was by CDB5 followed by CDB4, CDB3, CDB2 and CDB1. 

CDB2 was exceptionally tolerant to arsenate, exhibiting normal growth on agar 
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containing 200 m M arsenate, an almost saturated concentration, while all the other 

strains showed a minimum inhibitory concentration to arsenate of 75 mM. 

From Bacillus sp. CDB3, a novel ars gene cluster was cloned and sequenced (Luo, 

2006), which revealed eight intact open reading frames organised in a unique gene 

order, arsRYCDATIP when compared to other ars gene clusters. This gene cluster was 

found to exist on the chromosome, unlike the arsRDABC clusters which exist on 

plasmids of Gram negative bacteria. 

Bioinformatic analysis was undertaken to examine any novel sequence characters. 

Alignment of the CDB3 ArsD with known ArsDs showed that the CDB3 ArsD 

protein lacks the four C-terminal cysteine residues (Cysll2-Cysll3 and Cysll9-

Cysl20), which have been demonstrated to be required for induction in E. coli pR773 

ArsD, suggesting the regulatory mechanism by CDB3 ArsD may be different from 

that of E. coli pR773. This was the case, when the ArsD of CDB3 was mutated and 

compared to the intact ArsD as presented in this thesis, the E. coli cells bearing 

mutant ArsD showed sensitivity to arsenic. The membrane bound AsIII pump 

encoded by the second ORF is a YqcL type protein but may still associate with an 

ATPase encoded by the fifth ORF. Phylogenetic analysis of arsenite efflux pumps 

also revealed the existence of a sub-group of the ArsB group proteins, adding to the 

diversity of the arsenite pump protein family. Further investigation was done to 

determine whether the CDB3 ArsA, (which is known to couple to ArsB) can couple to 

YqcL and vice versa. Results indicated that CDB 3 ArsA can couple to both YqcL and 

E. coli ArsB resulting in elevated resistance to the host, confirming the functionality 

of ArsA. No data on ArsA coupling with YqcL is available and this thesis was the 
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first instance to show the interaction of YqcL with ArsA in extruding arsenite out of 

the cell. 

Transcriptional regulation of CDB3 ars gene cluster was performed by reporter gene 

and northern analysis. Northern analysis showed that the mRNA transcription could 

read through the whole cluster, indicating that the CDB3 ars gene cluster can be 

transcribed under the control of a single promoter. However, some short transcripts 

were also detected. These results showed that the ars gene cluster can be transcribed 

as whole cluster, but under certain conditions it may be transcribed as two or more 

sub-operons. This was further studied by the reporter gene analysis which indicated 

active promoters in front of arsR, arsD and arsT. Gel mobility shift assays also 

displayed the existence of a promoter in front of arsD, where the purified ArsD 

protein was shown to bind to its own promoter (between arsC and arsD) in addition 

to the arsR promoter. It appeared that the regulation of expression of the CDB3 ars 

gene cluster 1 is a very interesting but complicated mechanism. 
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Chapter 1: Introduction 

1.1 History and Chemical Forms of Arsenic 

Arsenic is a chemical element in the periodic table denoted by the symbol As 

(Figure 1.1). It is a poisonous metalloid with atomic number 33 that has many allotropic 

forms; yellow, black and grey are a few that are quite oftenly seen. Arsenic and its 

compounds are used as insecticides, pesticides, herbicides, medicines and in various 

alloys. 
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Figure 1.1: Periodic table showing the Arsenic metalloid as As 

The word arsenic has been borrowed from the Persian word Zarnikh which means 

"yellow orpiment". Elemental arsenic is found in two solid forms: yellow and 

gray/metallic, with specific gravities of 1.97 and 5.73, respectively. In its inorganic form, 

arsenic primarily exists in two redox states: the reduced form, arsenite (AsIII), and the 

oxidized form, arsenate (AsV). Both states are toxic to most organisms. Arsenite 

(specifically the arsenite ion, ASO3 ~) interferes with sulfhydryl groups in amino acids 

and can disrupt protein structure. Arsenate (specifically the arsenate ion, AsCU3") is a 
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Chapter 1: Introduction 

phosphate (PO43) analog and can interfere with phosphate uptake and a variety of 

cellular processes that involve phosphate (Tamaki and Frankenberger, 1992). In most 

environments, arsenite is generally thought to be more soluble and mobile form, which 

increase its potential toxicity. However, arsenate is the thermodynamically favorable 

form in most aerobic systems (Cullen and Reimer, 1989). Because of the severe toxicity 

of both forms of inorganic arsenic, issues of arsenic mobility and toxicity are important 

on both regional and global scales. 

The speciation of arsenicals is of importance because of the differing levels of 

toxicity exhibited by various species (Kumaresan and Riyazuddin, 2001). The major 

arsenic species found in clinical and environmental samples are arsenite, arsenate, 

arsenous acids (H2As0
3~), arsenic acids (H2ASO4), monomethylarsonate (MMA), 

dimethylarsinate (DMA), arsenobetaine (AB) and arsenocholine (AC) (Figure 1.2). These 

forms exhibit various oxidation states (-III, 0, III, V) and chemical complexity. Among 

the arsenic compounds in the environment, arsenite is 10 times more toxic than arsenate 

and 70 times more toxic than the methylated species such as DMA and MMA 

(Kumaresan and Riyazuddin, 2001). 
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Figure 1.2: The chemical structure of some common arsenic compounds arsenate, arsenite, MMA and 

DMA 

1.2 Ecology of Arsenic 

Arsenic has been used since ancient times and nevertheless certain prokaryotes 

use arsenic oxyanions for energy generation, either by respiring AsV or by oxidizing 

AsIII. Arsenic cycling contributes to the oxidation of organic matter thus, enabling 

microbial reactions which results in mobilizing arsenic from solid to the aqueous phase, 

ensuing in contaminated drinking water (Oremland and Stolz, 2003). 

Arsenic which is widely distributed in spite of its low abundance (0.0001 ppm is 

normally associated with the metals such as, Cu, Pb and Ag (Nriagu, 2002; Oremland and 

Stolz, 2003) and may exist in four oxidation states; As (-III), As (O), As (III) and As (V). 

Arsenate is the pre-dominant form of inorganic arsenic in aqueous aerobic environments 

(as H2ASO4"1 and HAsCV2) and is adsorbed strongly to the surface of several common 
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minerals, like ferrihydrite, alumina etc., while, arsenite is adsorbed to a lesser extent, 

which results in further mobility (Smedley and Kinniburgh, 2002). In natural waters, a 

number of methylated organo arsenicals (e.g.: methylarsonic, methylarsonus and 

dimethyl arsenic acids) are found as a result of urinary excretions of animals including 

humans or as breakdown or excretory products from aquatic biota. A recent review 

illustrates more information in regards to the detection of various organo arsenicals found 

in nature (Francesconi and Kuehnelt, 2002; Oremland and Stolz, 2003). 

In contrast to restricted sources of anthropogenic arsenic pollution, naturally 

occurring arsenic is very largely distributed in many subsurface drinking water aquifers 

all around the world. It is these 'natural' sources that are of the most concern to human 

health (Welch et. al, 2000; Nordstrom, 2002; Oremland and Stolz, 2003). 

Elevated levels of arsenic mobility in natural environments is a major concern in 

areas that are rich in arsenic: for example the arsenic exposure in West Bengal, India 

(Das et. al., 1996) and Bangladesh (Nickson et. al., 1998), Yellowstone National Park, 

USA (Stauffer and Thompson, 1984), have resulted in millions of people exposed to 

potentially high toxic levels of arsenic (Jackson et. al., 2003) which make them 

unsuitable for human consumption or recreation (Nimick et. al, 1998). Several other 

geothermal areas in the USA (Wilkie and Hering, 1998), Japan (Tanaka, 1990), Canada 

(Koch et. al., 1999), and New Zealand (Aggett and O'Brien, 1985) have also been shown 

to naturally contain high levels of arsenic compounds (Jackson et. al., 2003). Arsenic can 

be a waste product as a result of a number of activities including mining and ore refining 

(Harrington et. al., 1998; Smith et. al., 1998), fossil fuel combustion (Smith et. al., 1998), 

and wood treatment (Bull, 2000; Bull and Harland, 2001). High toxic levels of arsenic 
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can be detrimental to both human and ecological communities neighboring on such 

industries (Jackson et. al, 2003). 

1.3 Microbial Transformations of Arsenic 

A number of micro organisms have been identified to-date which demonstrates 

arsenic redox activity transforming arsenic between the two states as oxidized arsenate or 

reduced arsenite. In aerobic respiration, dissimilatory arsenate reducers use arsenate as 

the terminal electron acceptor, while arsenite is used as the electron donor for autotrophic 

growth by chemoautotrophic arsenite oxidizers. However, both these processes appear to 

be limited to a small group of bacteria (Jackson et. al., 2003). 

A number of bacteria are capable of reducing arsenate as a form of detoxification. 

Recently organisms capable of using arsenate as the terminal electron acceptor in 

anaerobic respiration were discovered (Jackson et. al, 2003). Even though 

thermodynamic considerations suggest that dissimilatory reduction of arsenate could 

provide enough energy for microbial growth (Laverman et. al., 1995), it is likely that the 

overall toxicity of arsenic has restricted the distribution of this process amongst bacteria 

(Jackson et. al., 2003). 

In comparison to the dissimilatory arsenate reducers, which use arsenate as the 

terminal electron acceptor in anaerobic respiration, few bacteria use arsenite as the 

electron donor for chemoautotrophic growth (Jackson et. al., 2003). Enough energy for 

growth could be produced as a result of the oxidation reaction (Anderson et. al., 1992). 

One of the bacteria isolated from mine waters, draining a gold-arsenic deposit in the 

USSR described as Pseudomonas arsenitoxidans could grow aerobically through the 
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chemoautotrophic oxidation of AsIII (Ilyaletdinov and Abdrashitova, 1981; Jackson et. 

al, 2003), although very few organisms appear to grow in this way. 

Many more micro organisms are capable of reducing arsenate to arsenite via the 

function of arsenate reductase, a component of an arsenic detoxification system fairly 

widespread in bacteria, archaea, and eukarya. The various microbial arsenic redox 

processes can significantly affect the distribution and mobility of arsenic within natural 

environments, and might influence the toxicity of arsenic to other organisms. 

1.4 Uses of Arsenic 

The use of arsenic has been in combination with other materials in pigments, 

poison gases and insecticides such as, Paris green, calcium arsenate and lead arsenate and 

is also well known for its former use as a rat poison. 

Arsenic as chromated copper arsenate (CCA) is utilized as a wood preservative. 

Lead arsenate and arsenic trioxide have been used for controlling pests and termites. 

Sodium arsenite solutions have been utilized for dipping cattle and sheep to control ticks 

and lice and also as a weed control in Australia, to eradicate ticks since early 1900s until 

1955 (For tickicide use see 1.9 for details). 

Arsenic compounds, in particular Orpiment and Realgar, were used as coloring 

agents and alloys in Greco-Roman times in ornamental painting and as cosmetics. In the 

late 19th century, arsenic compounds were widely used as coloring agents, for example, in 

wallpapers and toys (Azcue and Nriagu, 1994). In the 20th century, and indeed today, 

arsenic has been and still is widely used in agriculture, as pesticides, wood preservatives, 

and tickicides for cattle and sheep, in medicine for humans and animals, to treat sleeping 
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sickness and syphilis and in electronics and the metallurgy industry including 

manufacture of glassware, catalysts and anti-fouling paints. 

The agricultural industry utilizes arsenic in the forms of monosodium methyl 

arsenate (MSMA), disodium methyl arsenate (DSMA), arsenic acid and dimethyl arsenic 

acid (cacodylic acid). MSMA and DSMA and dimethyl arsenic acid are used for the 

control of weeds in cotton fields as an herbicide application. In addition calcium arsenate 

has been used in the past for cotton leaf worms. In fact, arsenic acid is used as a desiccant 

for the defoliation of cotton ball prior to harvesting (Azcue and Nriagu, 1994). 

Arsenic has a long history of medical applications; before penicillin was 

developed an arsenic compound was used to treat syphilis. Other main uses of arsenic in 

antiquity were pharmaceutical and medicinal, for example, as a remedy for asthma and 

coughs, and for a wide variety of health problems in Indian medicine (Azcue and Nriagu, 

1994). Arsenic compounds were used to treat malaria, tuberculosis, diabetes and skin 

diseases. Also it is stated that until the mid 1980's arsenic compounds were used to treat 

sleeping sickness (Reynolds, 1999). Arsenic trioxide (AS2O3) was also used in the 

treatment of acute promyleocytic leukemia (APL) (Shen et. al., 1997). 

Though arsenic is a highly poisonous substance it has numerous applications and 

has been used widely for many years. 
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1.5 Toxicity of Arsenic 

Exposure to the metalloid arsenic is a daily occurrence because of its 

environmental pervasiveness. Arsenic which is found in several different chemical forms 

and oxidation states causes acute and chronic adverse health effects, including cancer. 

The metabolism of arsenic has an important role in its toxicity. It includes reduction to a 

trivalent state and oxidative methylation to a pentavalent state. The trivalent arsenicals, 

including those methylated, have more potent toxic properties than the pentavalent 

arsenicals (Hughes, 2002). The toxicity of the inorganic arsenicals decreases as the 

oxidation state increases: arsonite (oxidation state +1) is more toxic than arsenite (+3). In 

turn, arsenite is much more toxic, soluble and mobile than arsenate (+5) (Nriagu, 1984). 

Since arsenate is structurally and electrically similar to phosphate, it is capable of 

entering metabolic pathways in the place of inorganic phosphate molecules (Booth and 

Guidotti, 1997). The mode of toxicity of arsenate is to partially block protein synthesis 

and interfere with protein phosphorylation when phosphate concentration is low (Tamaki 

and Frankenberger, 1992). Arsenite, on the other hand, is toxic primarily because AsIII 

acts like a metal, forming strong metal-thiol bonds with vicinal (adjoining) cysteines of 

proteins, inhibiting enzyme activities (Rosen, 1999). For instance, arsenite is known to 

inhibit enzymatic incision during the nucleotide repair pathway by interfering with signal 

transduction (Rosen, 1999). 

Inorganic arsenic is considered to be a potential human carcinogen. Humans are 

exposed to it from soil, water, air and food. In the process of arsenic metabolism, 

inorganic arsenic is methylated to monomethylarsonic acid then, to dimethyl-arsenic acid 

followed by excretion through urine. Thus, arsenic exposure may cause DNA hypo-
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methylation due to continuous methyl depletion, facilitating aberrant gene expression that 

result in carcinogenesis (Roy and Saha, 2002). Though arsenic is non-mutagenic it 

interacts synergistically with geno-toxic agents in the production of mutations and also 

induces chromosome abnormalities and cell proliferation. Epidemiological investigations 

in arsenic endemic regions of West Bengal (India) (Roy and Saha, 2002), indicated that 

inorganic arsenicals have the potential to cause skin and lung cancers in humans. 

Due to chronic adverse effects after a few years of continued low level of arsenic 

exposure, many skin ailments appear, e.g. hypo pigmentation (white spots), hyper 

pigmentation (dark spots), collectively called melanosis by some physicians, and 

keratosis (break up of the skin on hands and feet). After a latency of about 10 years, skin 

cancers appear. After a latency of 20 - 30 years, internal cancers - particularly bladder 

and lung appear. These have all been seen in Taiwan and in Chile. By July 2000, 1700 

cases of melanosis had already been identified in Bangladesh based on a survey of only 

5% of the villages. 

Inorganic arsenic exposure is associated with a variety of human tumors, 

particularly those of the skin. Arsenic disrupts cellular levels of p53 and mdm2 (murine 

double minute oncogene) which is thought to be a potential mechanism of 

carcinogenesis. The antitumor protein p53 plays a critical role in DNA repair. Hamadeh 

et. al., (1999) have proposed the disruption of the p53-mdm2 loop regulating the cell 

cycle arrest as a model for arsenic related skin carcinogenesis and tumors with elevated 

mdm2 levels. 

Exposures to arsenic large enough to cause acute toxic effects would be easily 

recognized and the source of exposure would be found and eliminated, but in fact low 
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doses of arsenic over a long period of time results in the development of cancer. This 

demands a serious effort to trace all possible sources towards exposure to this so called 

poison. 

1.6 Arsenic Resistance in Micro organisms 

1.6.1 Mechanism of Arsenic resistance 

A relatively large number of micro organisms are capable of resisting the toxic 

effects of arsenic, using methods such as arsenite oxidation (to produce the less toxic 

arsenate), extrusion of arsenic from the cell, and minimizing the uptake of arsenic from 

the environment. 

1.6.1.1 Oxidation 

Arsenite oxidization has been observed in strains identified as Bacillus, 

Achromobacter and Pseudmonas isolated from cattle dips. The oxidation however, 

resulted in no release of energy for growth, suggesting that these were not 

chemoautotrophs (Jackson et. al., 2003). However, in Alcaligenes faecalis isolated from 

soil, pre-exposure to AsIII resulted in arsenite oxidation, confirming to the existence of 

an inducible enzyme mechanism. Respiratory inhibitors can affect oxidation, which adds 

to the confirmation that cytochrome system may be required for arsenite oxidation, along 

with the action of the enzyme arsenite oxidase (Jackson et. al., 2003). 

1.6.1.2 Uptake Minimization 

In certain cases arsenic toxicity is avoided by minimizing the uptake of arsenic 

into the cell. For instance, Escherichia coli possess two different phosphate transport 

systems: the Pit and the Pst systems. The Pit system has low phosphate specificity and 

therefore will also transport arsenate, while the Pst system, shows high phosphate 
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specificity (Rosenberg et. al., 1977). As a result, it is assumed that organisms which lack 

the Pit system have increased resistance to arsenate (Cervantas et. al., 1994; Jackson et. 

al., 2003) than those organisms utilizing the more specific Pst system. However, in 

several plant species, arsenate uptake and toxicity can be substituted by increasing the 

amount of phosphate in the environment (Abedin et. al., 2002; Jackson et. al., 2003), a 

similar effect can be noted when bacterial cultures are incubated at different 

concentrations of arsenate and phosphate (Jackson et. al., 2003). 

1.6.1.3 Extrusion 

The best characterized, and probably the most widespread, arsenic resistance 

mechanism in micro organisms is the extrusion from the cells by the function of ars 

(arsenic resistance) gene system. Previous studies have shown that, arsenite and arsenate 

resistance in certain bacteria is mediated by plasmid borne ars genes, for example in E. 

coli, Staphylococcus aureus, and Pseudomonas aeruginosa. Basically, the ars gene 

clusters consists of at least three genes; arsR - a regulatory gene, arsB - a gene encoding 

for an dedicated arsenite-specific transmembrane pump, and arsC - a gene encoding for 

an arsenate reductase (Jackson and Dugas, 2003). Toxic effect of arsenic is reduced by 

the action of the ArsB which is an membrane protein that pumps arsenite out of the cell; 

however, arsenate must first be reduced to arsenite by the soluble arsenate reductase 

ArsC. arsR codes for a repressor protein that regulates ars operon expression (Figure 

1.3). In some bacteria the operon contains other genes: arsA produces an oxyanion-

stimulated ATPase which couples ATP hydrolysis thereby extruding arsenicals and 

antimonials by the action of ArsB protein; Another regulatory protein arsD is identified 

in fewer arsenic resistant species which encodes for a regulatory protein that controls the 
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upper level of ars expression by means of controlling the over expression of ArsB which 

itself is toxic to cells; arsT is a member of the flavoprotein pyridine nucleotide-disulfide 

oxidoreductase family which catalyzes the NADPH-dependent reduction of the active site 

disulfide in thioredoxin and some other genes including arsH and arsO with uncertain 

functions but essential for arsenic resistance in some bacteria (Neyt et. al., 1997). Thus, 

resistance to both arsenite and arsenate can be provided by the series of genes, arsRBC, 

with increased efficiency at extruding arsenite if arsA is also expressed (Figure 1.3). 

Apart from plasmids of S. aureus and S. xylosus, the ars operon and its role in arsenic 

resistance has been identified in several other bacteria, either on the plasmid or 

chromosome. Within the division Proteobacteria, ars-mediated resistance has been 

observed in several bacterial species such as; Escherichia coli, Pseudomonas aeruginosa, 

a number of Yersinia species, Acidiphilum multivorum, Thiobacillus ferrooxidans, 

Acidithiobacillus caldus and Acidothiobacillus ferrooxidans (Dopson et. al., 2001; 

Butcher et. al., 2000; Butcher and Rawlings, 2002). Gram-positive bacteria possessing 

the ars operon system has been identified which includes the Staphylococci and Bacillus 

subtilis. In higher organisms such as the yeast Saccharomyces cerevisiae, the ACR (or 

ARR) cluster is homologous to ars and also confers arsenic resistance, suggesting a 

similar mechanism employed as prokaryotes. A search for ars genes in GenBank reveals 

a greater similarity to putative ars genes in bacteria and archaea that have not been 

characterized yet (see Chapter 3). Thus, the ars system seems to be a common 

mechanism adapted by micro organisms thus evading toxic effects of arsenite and 

arsenate. 
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Figure 1.3: Schematic illustration of the genes of the ars operon from E. coli R773 and the actions of the 
proteins involved in arsenic resistance. Arsenate can be taken up by bacterial cells via non specific 
phosphate transport, such as the Pit system. Arsenate reductase (ArsC) converts arsenate to arsenite, which 
is extruded from the cell via the ArsB protein. arsA codes for an ATPase which enhances arsenite extrusion 
in some organisms. 
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1.6.2 Arsenic Resistant Species Characterized at Molecular Level 

To date a number of arsenic resistant species having a genetic determinant 

encoded by an ars cluster have been characterized to the molecular level to help 

understand the regulatory mechanism of arsenic detoxification. The following list details 

some of the known bacterial species and yeast possessing an arsenic resistant determinant 

from the well characterized model species {E. coli R773 arsRDABQ to that of the 

divergent and less known ones. 

Escherichia coli: High level resistance to arsenic in E. coli is conferred by the 

arsRDABC cluster of plasmid R773. Most of the studies related to arsenic resistance and 

regulation has come from this plasmid. The arsR and arsD genes encode trans-acting 

repressors that bind to the ars operon and control the expression of the operon. The arsA 

and arsB genes encode the ATPase and membrane translocase subunits of an arsenical 

pump and the arsC encodes an arsenate reductase, which is required to catalyze the 

reduction of arsenate to arsenite prior to extrusion (Chen et. al., 1986). 

Pseudomonas aeruginosa: The P. aeruginosa chromosomal ars cluster is the second 

functionally characterized ars cluster of bacteria identified so far. It has three ORF's 

namely arsR, arsB and arsC. Among the three ars polypeptides, the putative ArsB 

protein is highly conserved, consistent with what has been observed for E. coli R773 

ArsB. ArsR and ArsB proteins share more homology with their respective proteins from 

Gram-negative ars operons while the ArsC is more homologous with the polypeptides of 

Gram-positive ars operons (Cai et. al., 1998). 

Staphylococcus: The arsenate and arsenite resistance region of S. xylosus pSX267 has 

been sequenced. This has revealed the presence of three consecutive open reading frames, 

15 



Chapter 1: Introduction 

named arsR, arsB and arsC. These are homologous to the ars genes that have been 

sequenced so far. The arsenic cluster in S. aureus pI258 has only the arsR, arsB and arsC 

genes whose gene products are similar to those of S. xylosus pSX267 and E. coli pR773 

(Ji and Silver, 1992a; Rosenstein et. al., 1992). 

Bacillus subtilis: The B. subtilis skin element confers resistance to arsenate and arsenite. 

The ars cluster in the skin element contains four genes in the order arsR, Orf2, arsB, and 

arsC. The products of arsR and arsC are homologous to products of ars genes in S. 

aureus and E. coli, ArsR and ArsC, respectively. The B. subtilis arsB product is also 

homologous to the S. aureus arsB product. However, the ArsB protein exhibits only 

limited sequence identity (24%) to the S. aureus ArsB. In addition, there is no homolog of 

the Orfl product in S. aureus (Sato and Kobayashi, 1998). 

Saccharomyces cerevisiae: An ars cluster in the eukaryotic monocellular organism S. 

cerevisiae has also been cloned and studied. Homology searches revealed a cluster of 

three new open reading frames named ACR1, ACR2 and ACR3. The hypothetical product 

of the ACR1 gene is similar to the transcriptional regulatory proteins, encoded by YAP1, 

and YAP2 genes from S. cerevisiae. Disruption of the ACR1 gene conduces to an arsenite 

and arsenate hypersensitivity phenotype. The ACR2 gene is indispensable for arsenate but 

not for arsenite resistance. The hypothetical product of the ACR3 gene shows high 

similarity to the hypothetical membrane protein encoded by B. subtilis Orfl of the skin 

element and weak similarity to the ArsB membrane protein of the S. aureus arsenical-

resistance cluster. Over expression of the ACR3 gene confers an arsenite- but not an 

arsenate-resistance phenotype. The presence of ACR3 together with ACR2 on a multi 

copy plasmid expands the resistance phenotype into arsenate. These findings suggest that 
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all three novel genes: ACRI, ACR2 and ACR3 are involved in the arsenical-resistance 

phenomenon in S. cerevisiae (Bobrowicz et. al, 1997). 

Acidiphilium multivorum: The arsenic resistance {ars) cluster from pKW301 of A. 

multivorum AIU 301 has been cloned and sequenced. This DNA sequence contains five 

genes in the following order; arsR, arsD, arsA, arsB, arsC similar to that found in E. coli 

R773 ars operon. The ArsA, ArsB, and ArsC proteins of pKW301 are highly homologous 

to the corresponding proteins of E. coli pR773, suggesting that the functions of the former 

proteins are identical to those of the latter proteins. On the other hand, ArsR of pKW301 

is less similar to the ArsR proteins described previously. In ArsR of pKW301, the three 

cysteine residues (Cys32, Cys34 and Cys37) known to form a pyramidal cage to bind 

arsenite are conserved (Shi et. al., 1996), but the amino acid sequence of the helix-turn-

helix region including the His and Ser residues are not conserved. Nevertheless, this 

exceptionally small protein (85 a.a.) can function as a repressor since it has been 

demonstrated that the expression of the ars genes depends on the presence of sodium, and 

inactivation of ArsR by the frameshift mutation abolishes the dependence of ars gene 

expression on arsenite (Suzuki et. al., 1998). 

Halobacterium sp.: The halophilic archea Halobacterium pNRClOO has five genes, three 

of which arsDAR are organized divergently from downstream arsRC genes. There is no 

arsB on pNRClOO, although a putative arsenite carrier, which exhibits no sequence 

similarity to ArsB is present in the chromosome (Ng et. al., 1998; Li et. al., 2001). 

Thiobacillus ferrooxidans: The ars cluster of T. ferrooxidans has a very unusual 

arrangement. No arsD gene or arsA-like gene (ATPase subunit) is found in the immediate 

vicinity of the arsenic resistance genes, and only arsC, arsB, and arsH-like genes have 
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been identified based on initial sequence comparisons. More careful analysis resulted in 

identification of a putative regulator between the arsB and arsC genes. However, the 

predicted protein exhibited only relatively weak homology to the ArsR proteins produced 

by previously described ars operons (Butcher et. al., 2000). 

Yersinia enterocolitica: All pathogenic yersiniae possess a 70 kb virulence plasmid 

called pYV which encodes secreted anti host proteins called Yops as well as a type III 

secretion machinery that is required for Yop secretion. Genes encoding Yop synthesis and 

secretion are tightly clustered in three quadrants of the pYV plasmid. It has been shown 

that in the low-virulence strains of Y. enterocolitica, the fourth quadrant of the plasmid 

contains a new class II transposon; Tn2502. Tn2502 confers arsenite and arsenate 

resistance. This resistance involves four genes; three are homologous to the arsRBC 

genes present on the E. coli chromosome, but no homolog of the fourth one, instead arsH, 

has been found. ArsH is a 26.4 kDa protein whose role is not exactly known. It is thought 

that it acts as a regulator similar to ArsD (Neyt et. al., 1997). 

Streptomyces sp.: An arsenic resistance gene cluster from the large linear plasmid 

pHZ227 of Streptomyces sp. strain FR-008, was identified recently containing two novel 

genes, arsO (for a putative flavin-binding monooxygenase) and arsT (for a putative 

thioredoxin reductase), which are co-activated and co-transcribed with arsRl-arsB and 

arsC, respectively. Deletion of the ars gene cluster on pHZ227 in Streptomyces sp. strain 

FR-008 resulted in sensitivity to arsenic. The pHZ227 ArsB protein shows greater 

homology to the yeast arsenite transporter Acr3p, while the ArsC appears to be a bacterial 

thioredoxin-dependent ArsC-type arsenate reductase with four conserved cysteine 

thioredoxin-requiring motifs (Wang et. al., 2006). 
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Resistance to arsenical compounds in bacteria can be plasmid or chromosomally 

mediated. Three types of ars operons have been well documented three - {arsRBC), four-

{arsRBCH) and five- {arsRDABC) gene arsenic resistance determinants (Ryan and 

Colleran 2002). Table 1.1 lists the currently specifically characterized ars operons / 

clusters all published by March 2007. Figure 1.4 illustrates the various arrangements of 

these arsenic resistance genes. 
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Table 1.1: Characterized bacterial ars operons 

Bacteria 

Archeal Halobacterium sp. 
Strain NRC-1 

Acidithiobacillus caldus 

Acidithiobacillus caldus 

Acidothiobacillus 
ferrooxidans 

Acidiphilium multivorum 

Bacillus subtilis 

Escherichia coli 

Escherichia coli 

Escherichia coli 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa 

Pseudomonas fluorescens 

Serratia marcescens 

Staphylococcus aureus 

Staphylococcus xylosus 

Streptomyces sp. strainFR-008 

Yersinia enterocolitica 

Gram 
staining 

— 

— 

— 

+ 

-

— 

-

— 

— 

+ 

+ 

Operon 
location* 

pNRClOO 

Chromosome 

Transposon 

Chromosome 

pKW301 

SKIN element 
chromosome 

pR733 

pR46 

Chromosome 

Chromosome 

pUM310 

Chromosome 

pR478 

p!258 

pSX267 

pHZ227 

PYVe227 

Structure 

arsDARC 

arsHBRC 

arsDADA...B 

arsCRBH 

arsRDABC 

arsR(orf2)BC 

arsRDABC 

arsRDABC 

arsRBC 

arsRBC 

arsRBC 

arsRBC 

arsRBCH 

arsRBC 

arsRBC 

arsRBOCT 

ars HRBC 

Reference 

(Nget. al., 1998) 

(Dopsonet. al., 2001) 

(Groot et. al., 2003) 

(Butcher et. al., 2000) 

(Suzuki et. al., 1998) 

(Sato and Kobayashi 
1998) 

(Chenet. al., 1986) 

(Bruhn et. al., 1996) 

(Carlin et. al., 1995) 

(Caiet. al., 1998) 

(Cervantes and 
Chavez, 1992) 
(Prithivirajsingh et. al„ 

2001) 

(Ryan and Colleran 
2002) 

(Ji and Silver 1992b) 

(Rosenstein et. al., 

1992) 

(Wang et. al., 2006) 

(Neytet.al., 1997) 
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Figure 1.4: Schematic illustration of various ars operons/clusters identified in bacteria. Black box: O/P, 
operator/promoter sites of repressor regulation and initiation of m R N A synthesis, (a) Model species (£. coli 
pR773) arsRDABC operon. (b) Three gene ars operons and (c) four or five gene ars operons identified in 
different bacteria. Chromosomally located ars operons are indicated with * and plasmid borne operons 

indicated next to the species. 
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1.7 Proteins Encoded by the ars Operons 

Arsenic resistance in bacteria encoded by the ars operon has been known for 

many years (Cai et. al., 1998). Much of the study about regulation of ars operons has 

come from E. coli pR773 and R46 plasmids in which the five genes are transcribed as a 

single polycistronic mRNA in the order arsRDABC (Owolabi & Rosen, 1990; Bruhn et. 

al., 1996). Arsenic and antimony have been found to regulate the expression of the ars 

operon on pR773 (Silver et. al., 1981; San Francisco et. al., 1990). The first two genes 

arsR and arsD of the R773 operon encodes two inducer dependent trans-acting repressors 

(Cai et. al., 1998). 

1.7.1 ArsR: trans-acting repressor protein 

The ArsR, a 117 residue protein of the well characterised E. coli R773 is an 

inducer - dependent trans-acting repressor that controls the basal level of ars operon 

expression (San Francisco et. al., 1990; Wu & Rosen, 1991). The arsR family of genes 

encodes the protein responsible for the regulation of the ars operon. ArsR is a protein of 

approximately 13 kDa and is functional as a dimer (Shi et. al, 1994). Transcription of the 

ars operon comes to a halt when the dimer binds to the operator site of the operon with 

high affinity. Wu and Rosen (1993) have demonstrated that in the presence of an inducer 

such as arsenite and antimonite, ArsR binds to the inducer and dissociates from the 

operator region allowing transcription to proceed. 

The members of the ArsR family of repressor proteins have at least 3 domains; 1) 

a metal binding domain, 2) a DNA-binding domain and 3) a dimerization domain (Xu 

and Rosen, 1997). The ArsR sequence ELC32VC34DL has been proposed to form a 
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portion of the metal binding domain and a putative helix-turn-helix D N A binding motif 

from residues 38 to 54 in ArsR (Xu and Rosen, 1997). When the ArsR protein is exposed 

to arsenite for example, it undergoes a conformational change as shown in Figure 1.5. 

/ 

\ 
H2N 

H2N 

C32 

\ j * / \ ^ \ 
C34 il?7 \ \ 

-C37 HOOC 

/if/ 

U V. 
—COOH 

/ 

C32 
/ 
C34 

NH2 

C37 

As 

r\ 2.2SA / 

I \ /fe 
3_V% j,-

34C 

r\ 

HO OH 
As 

-S-C37; m 
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Figure 1.5: Model for arsenic-ArsR complex in E. coli R773. ArsR protein in the absence of inducer binds 
to the operator/promoter region through a helix-turn4ielix domain, repressing transcription of the ars 
operon. While in the presence of AsIII, Cys-32 and Cys-34 are bound by arsenite, enabling a change in 
conformation of DNA-binding domain by reducing the interaction between ArsR and operator. Arsenite is 
bound in a pyramidal cage formed by the three thiolates of Cys-32, Cys-34 and Cys-37. (Adapted from Shi 

et. al., 1996) 

Through DNase I foot print analysis; Wu and Rosen (1993b) have shown that the 

binding site of the ArsR repressor is between -64 and -31 nucleotides of the R773 ars 

operon. Xu et. al., (1996), showed that the specific bases to which the protein dimer 

attaches is TCAT-N7-TTTG (Figure 1.6) and was same in the E. coli chromosomal 

operon. These two ArsR dimers were found to be interchangeable as they could bind to 

each other's promoters (Xu et. al., 1996). A similar method was used to identify the 

23 



Chapter I: Introduction 

homologous ars repressor from Gram-positive S. xylosus pSX267 (Rosenstein et. al., 

1994), but the region TCAT-N7-TTTG site was not found in S. xylosus suggesting that, 

it is a Gram-negative consensus sequence. 

^ _ ^ ^ ^ -—mRNA AfsR 

TGTGATTA4TCATKTGCGTTJTTTG|GTTATGTGTGTTGTI__aA--rjAATATCACWGCCGARATflrTTriT4rTnTAr.AaAr,r!ariAnRriaAATf; 

ArsR Binding *s "10 SD 

B 

r 
TGCAAC» 

mRNA . „ 
ArsR 

CTGCACTTACACATTCGTTAA(TTCATATATGT TUC A___ATCCGCTTCGAAGAGA_____C1ACCTGCAACAATC_______CGCAATATG 

. r, o- , "^ -10 S D 

ArsR Binding 

Figure 1.6: Regulatory region of the E. coli pR773 and chromosomal ars operon. A. Promoter region of 
the E. coli R773 ars operon. The contact points between the R773 ArsR repressor and D N A are enclosed in 
boxes. B. Promoter region of the E. coli chromosomal ars operon. The shaded sequence indicates the 
binding site for ArsR as defined by DNase I footprinting. Presumed -10 and -35 promoter elements and 
Shine-Dalgarno sequence sites are underlined. Adapted from W u and Rosen (1993a) and X u et. al., (1996) 

However, Sato & Kobayashi, (1998) have shown that the promoter region of B. 

subtilis skin element ars operon has an 8 bp inverted repeat (Figure 1.7) that might 

function as a regulatory site, but the inverted repeat exhibits no significant similarity to 

those in the ars operons of R773 {E. coli), pI258 {S. aureus) and pSX267 {S. xylosus). 

Figure 1.7: Structure of the ars operon and nucleotide sequence of the upstream region of the ars operon of 
B. subtilis. The site of initiation of transcription is indicated by an arrow. Putative -10 and -35 R N A 
polymerase-binding regions of the ars promoter are underlined, and the putative translation initiation codon 
of arsR is boxed. The converging arrows indicate the region of inverted repeats. Adapted from Sato & 

Kobayashi, 1998 
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1.7.2 ArsD: Secondary regulatory protein and chaperone 

ArsD protein is a secondary regulator of transcription of the ars operon (Sato & 

Kobayashi, 1998). Like ArsR, ArsD is a small protein with 120 residues but does not 

exhibit any significant sequence similarity to ArsR (Chen and Rosen, 1997). ArsD is a 

13-kDa protein and like ArsR, forms a dimer binding to a very similar site on the ars 

promoter as ArsR, but with two different orders of magnitude which demonstrates ArsR 

would bind to the ars promoter preferentially repressing the ars expression (Chen and 

Rosen, 1997). Shi et. al. (1994), have shown that in vivo repression by ArsR can be fully 

relieved with 10 uM sodium arsenite, while ArsD repression requires approximately 100 

[_M sodium arsenite, suggesting that ArsR has higher affinity for inducer than ArsD 

(Chen and Rosen, 1997). Since its affinity for inducer is less than that of ArsR, the 

relatively low level of inducer present in the cell would not prevent its binding. Likewise, 

exposure to high levels of environmental metalloid would cause dissociation of ArsD, 

effecting further expression of the ars genes and increased synthesis of the Ars extrusion 

pump. Synthesis of high levels of the pump is itself toxic (Wu & Rosen, 1993a; Bruhn et. 

al., 1996), and has led to the hypothesis that one role for ArsD is to prevent over 

expression of ArsB (Li et. al., 2001), so that there is a balance between detoxification of 

the metalloid and the expression of the pump genes. Thus, the action of the two 

repressors ArsR and ArsD forms a homeostatic regulatory circuit that maintains the level 

of ars expression within a narrow range, with ArsR controlling basal level of expression 

and ArsD controlling maximal expression in R773 (Chen and Rosen, 1997). 

Li et. al., (2001) have shown that, the vicinal cysteine pairs in the protein 

sequence are responsible for the metalloid sensing by ArsD. It was demonstrated that the 
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pR773 ArsD bound to the promoter as a homodimer, represses the expression of the ars 

genes. ArsD has three vicinal cysteine pairs; Cys 12-Cysl 3, Cysll2-Cysl 13 and Cysl 19-

Cysl20 (Li et. al., 2001). The dimeric repressor contains four independent inducer 

binding domains, two in each subunit and each monomer has two vicinal cysteine pairs 

Cysl2-Cysl3 and Cysl 12-Cysl 13 to coordinate with metalloids. 

The mutation or deletion of Cysl 19-Cys 120 had no effect on repression or 

metalloid responsiveness in vivo or in vitro (Li et. al., 2001). In contrast, mutation of the 

Cys 12-Cysl3 and Cysl 12-Cysl 13 pairs resulted in loss of ArsD function both in vivo 

and in vitro indicating that these cysteine pairs are required for ArsD activity in vivo. 

SbUI is a better inducer than AsIII for ArsD, the binding of Sblll to the four 

binding sites occurs sequentially (Figure 1.8). Since ArsD can bind to the metalloids very 

tightly, it is also presumed that it might also act as a chaperone to deliver the free toxic 

metalloid within the cytoplasm to the pump (Li et. al., 2002). 

ArsD of pR773 was shown to bind to the promoter as a homodimer, repressing 

the expression of the ars genes. When the cysteines (Cysl2-Cysl3 and Cysl 12-Cysl 13) 

are bound by inducer (ASHI), the confirmation of the repressor changes, thus, decreasing 

the affinity of ArsD for DNA, hence ArsD dissociates from the arsRDABC operon as 

shown in Figure 1.9. 
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Figure 1.8: A model for metalloid binding to ArsD. A. the metalloid-binding sites are composed of pairs of 
equivalent cysteine residues donated by each subunit of the ArsD dimer. The binding of metalloids, such as 
Sblll, to the four binding sites occurs sequentially. The first Sblll is bound by the thiol side chains of the 
Cysl 13 residues in each subunit. This Sblll can then be transferred to the next binding site, composed of 
the Cysl 12 residues, and will envisage a transient state in which Sblll is bound by both Cysl 13 and 
Cysl 12 residues with either two or three protein ligands. Subsequently, the Sblll ions in the Cysl 13 and 
Cysl 12 binding sites can be transferred to the Cysl3 and Cysl2 binding sites. B. AsIII can displace Sblll 
from the fast exchange Cysl 13 binding site. The bonds between the thiol groups of the cysteine residues 
and the metalloids are shown as straight lines. Sblll and AsIII ions have been abbreviated to Sb and As, 
respectively. (Adapted from Li et. al., 2002) 
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Figure 1.9: Model of inducer-binding domains of the ArsD repressor. ArsD binds to the arsRDABC 
promoter (pars) as a homodimer of two 120-residue monomers (Li et. al., 2001). 

1.7.3 ArsB: Integral membrane protein 

The arsenical resistance operon has been shown to consist of three structural 

genes, of which two, arsA and arsB are required for resistance and transport of arsenite 

(Tisa and Rosen, 1990). Identified as an integral membrane protein localized in the inner 

membrane, the ArsB has been postulated to be the anion channel component of the pump 

(Chen et. al., 1986; San Francisco et. al., 1989). The ArsB from E. coli is approximately 

45 kDa and has 12 membrane spanning regions with five cytoplasmic and six periplasmic 

loops. Out of the five cytoplasmic loops CI, C2 and C4 have a net positive charge which 

may serve as cytoplasmic anchors for membrane spanning regions (Wu et. al., 1992) as 

shown in Figure 1.10. 
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Figure 1.10: Topological structure of the E. coli plasmid R773 ArsB efflux pump protein. ArsB protein 
contains 12 membrane-spanning a-helices joined by six periplasmic loops (P1-P6) and five cytoplasmic 
loops (C1-C5). The positive and negative charged residues are indicated with diamond- and square-shapes, 
respectively. (Adapted from W u et. al., 1992) 

Analysis of the residues in the cytoplasmic loop has shown that C3 has relatively 

high net charge residues. Based on the topological model proposed by Wu et. al., 1992, 

the cytoplasmic C3 loop has 22 residues, 10 of which are charged, and therefore C3 

would be a logical region to interact with the ArsA protein. However, there are other two 

cytosolic loops, CI and C4 which contain 4 and 5 charged residues, which could be 

possible candidates for ArsA interaction (Wu et. al., 1992). 

Arsenical and antimonial resistance in bacteria is attributed to the extrusion of 

oxyanions out of the cells. The ArsB protein forms an oxyanion conductive pathway, 

whereby, it transports arsenite molecules out of the cell (Kuroda et. al., 1997). The ArsB 

is shown to function in the presence and absence of the ArsA ATPase. However, the 

ArsA-B transporter complex is a more efficient system (Dey & Rosen, 1995) Figure 1.11. 
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Figure 1.11: Dual energy coupling of the Ars transporter. ArsB functions physiologically in either of two 
modes: as a potential driven secondary carrier or as a subunit of an obligatory ATP-coupled pump. In cells 
lacking an ArsA, ArsB translocates arsenical and antimonial oxyanions, with energy derived from the 
proton-pumping respiratory chain. In the presence of both, ArsA-ArsB complex pumps out arsenic ions 
utilizing the energy of ATP. (Adapted from Kuroda et. al., 1997) 

Most of the arsenite membrane pump proteins identified so far in bacteria, such as 

those of S. aureus pI258 and S. xylosus pSX267 are very similar in sequence to the E. coli 

pR773 ArsB, while that of B. subtilis, designated as YqcL, shows very limited homology 

(Sato & Kobayashi, 1998). Hydropathy profiling showed that the B. subtilis ArsB protein 

has 10 membrane spanning regions, suggesting a similar function to that of other ArsB 

proteins which have 12 membrane spanning regions (Sato & Kobayashi, 1998). 

Bobrowicz et. al., (1997) revealed that 3 genes ACR1, ACR2 and ACR3 of S.cerevisiae 

axe essential for arsenical resistance, in which the ACR3 gene has high similarity to B. 

subtilis ArsB (YqcL), suggesting that they possess similar proteins for extrusion of 

arsenite. Interestingly, both ACR3 and YqcL were reported to transport arsenite but not 

antimonite (Bobrowicz et. al., 1997; Sato & Kobayashi, 1998). 

30 



Chapter 1: Introduction 

1.7.3.1 Efflux mechanisms of arsenic resistance in micro organisms 

In bacteria there are two basic mechanisms of arsenic extrusion systems. Firstly, 

carrier mediated efflux by arsenite carrier protein, and secondly, by arsenite translocating 

ATPase (Dey and Rosen, 1995) As shown in Figure 1.12, arsenate is transported into 

bacterial and yeast cells as oxyanions comparable to those of phosphate carried out by 

phosphate transport membrane systems, for example the Pit and Pst systems of 

Escherichia coli and Pho87p of S. cerevisiae; (Mukhopadhyay et. al., 2002). As 

mentioned earlier, to resist the toxic effects of arsenic to cells, bacteria have developed a 

fine regulatory mechanism consisting of genes that specifically confer resistance to 

inorganic arsenic, both AsV and AsIIL Whereas in yeast S. cerevisiae, there are two 

parallel ways of removing toxic arsenite from the cytosol, firstly, arsenate is reduced to 

arsenite by Acr2p and then pumped out by Acr3p; and secondly, arsenite and antimonite 

(Sblll) are transferred to As(GS)3 (and presumably Sb(GS)3) and pumped from the 

cytoplasm into the vacuole by another yeast protein, Ycf Ip, which is a close homologue 

of the human MRP, and has been shown to be a vacuolar glutathione 5-conjugate with a 

broad range of substrate specificity (Ghosh et. al., 1999; Mukhopadhyay et. al., 2002). 
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Figure 1.12: Efflux mechanism underlying transport of arsenite and arsenate in E. coli and 5. cerevisiae. 
ArsC and Acr2p, the cytoplasmic arsenate reductases. ArsB and Acr3p, the potential-driven membrane 
arsenite efflux proteins (in bacteria coupled with ArsA to form an ATPase). GlpF and Fpslp, the glycerol 
transport proteins that also transport arsenite. Pit and Pho87p, the potential-coupled phosphate (and 
arsenate) uptake transporters. PstB, PstC, PhoS, the three-component Pst ATP-coupled phosphate (and 
arsenate) uptake system. Ycflp, the As(III)-3 GSH adduct carrier that transports the adduct complex into 
the yeast cell vacuole compartment, functioning as an ATPase. GSH, glutathione. (Adapted from Rosen, 

2002) 
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1.7.4 ArsA: Oxyanion-stimulated ATPase 

Resistance to toxic oxyanions of arsenic and antimony in Escherichia coli results 

from active efflux of these anions out of the cell. Extrusion is an active process mediated 

by an ATP-dependent pump composed of two types of subunits, the integral membrane 

ArsB protein and the catalytic ArsA subunit (Dey et. al., 1994). 

The ArsA ATPase is the catalytic subunit of a novel arsenite pump with two 

nucleotide binding consensus sequences in the N and C terminal halves of the protein 

(Walmsley et. al., 1999). ArsA is structurally similar to NifH, the Fe-protein of bacterial 

nitrogenases (Zhou et. al., 2000). The ars operon of conjugative plasmid R773 encodes 

an ATP-coupled afflux pump which actively transports arsenicals and antimonials out of 

the cell (essential for survival) (Walmsley et. al., 1999). 

The ArsA 63 kDa catalytic subunit is arranged into two homologous halves 

(Figure 1.14) the N-terminal Al domain (residues 1-282) and C-terminal A2 domain 

(residues 321-583), which are connected by a flexible linker (residues 283-320) 

(Ramaswamy and Kaur, 1998; Zhou et. al., 2000). Each domain contains the consensus 

sequence for phosphate binding loop (P-loop) of an ATP binding motif GKGGVGKTS 

(Walmsley et. al., 1999; Rensing et. al., 1999). Site-directed mutagenesis of these 

sequences indicates that both nucleotide binding domains (NBDs) are required for 

enzymatic activity and it is likely that the two sites interact to produce a catalytically 

competent protein (Karkaria et. al., 1990; Kaur and Rosen, 1992; Li et. al., 1996). 

Additionally, both Al and A2 domains have a 12-residue consensus sequence, termed as 

DTAP, which may act as a signal transduction domain that relays the communication 
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between the ATP-binding site and the allosteric metalloid-binding site (Zhou and Rosen, 

IK 
NBD1 NBD2 

A1 ? ? A2 
r p 

Cy-,., M B D 
Cys«_ 

Q 
•Pk m 

NBD1 NBD2 

A'? A2 
p 

Figure 1.13: Model for allosteric activation of ArsA by AsIII. In the absence of AsIII activator, the Al and 
A2 halves of ArsA are loosely interacting, with only the Al N B D exhibiting a basal rate of ATP hydrolysis 
(unisite catalysis). While binding of Sblll or AsIII to the M B D , thus brings the two halves of ArsA 
together, completing the NBDs and accelerating catalysis (multisite catalysis). The NBD, M B D and D T A P 
domains are indicated. (Rosen, 2002) 

The interface between A1 and A2, but at the opposite end of the molecule with 

respect to the NBDs, is a site in which three AsIII or Sblll ions bind (Zhou et. al., 2000). 

Three cysteines (Cysl 13, Cysl72 and Cys422), two histidines (Hisl48, His453) and 

serine (Ser420) ligate the ions. Each As/Sblll is coordinated by one residue from Al and 

one residue from A2 thus binding of each of the three metalloids tightens the interaction 

between Al and A2 possibly triggering ATP hydrolysis (Zhou et. al., 2000; Bhattacharjee 

and Rosen, 1996). The catalytic and allosteric sites are located distant from each other in 

the enzyme, requiring a mechanism to transmit the information of metal occupancy to the 

ATP hydrolysis site. This function is performed by a 12 residue sequence in Al and A2 

which contains the consensus D142/447TAPTGH148/453, corresponding to the switch II 

region of other nucleotide-bindingproteins (Zhou et. al., 2000) (Figure 1.14). 

34 



Chapter J: Introduction 

C«1U C- 172 

DTAP 

Cjs*_-

Figure 1.14. Domains in the ArsA ATPase. ATPase is represented linearly, with the homologous Al and 
A 2 halves aligned and connected by a 25-residue linker sequence. The boxes in the two halves indicate the 
regions of greatest sequence similarity. The red boxes indicate the location of the P-loops of the N B D s and 
the blue boxes indicate the D T A P signal transduction domains. The location of the four cysteine residues in 
ArsA is indicated; Cysl 13, Cysl72 and Cys422 comprise the allosteric metal-binding domain. 
(Bhattacharjee et. al., 2000) 

The reaction mechanism of ArsA ATPase as shown by Rosen et. al. (1999) 

demonstrated that the interaction between the two NBDs which is linked to the 

movement of the DTAP domain is facilitated by binding to an allosteric effector. 

Transient kinetic experiments have shown that the mechanism of the ATPase reaction 

catalyzed by ArsA is a multistep process (Figure 1.15). In this scheme, ArsA undergoes 

several conformational changes during binding of substrate (MgATP) and release of 

products (MgADP and Pi). In the steady state, the ArsA7 conformation of the enzyme 

builds up, with a slow isomerization back to the ArsA1 form. Since, binding of substrate 

and release of products are all faster than this isomerization, it becomes the rate-limiting 

step in the reaction in the absence of activator. Binding of AsIII or Sblll at the allosteric 

site increases the rate of ArsA7 conversion to ArsA1, accelerating catalysis. The most 

notable feature of this mechanism is the conformational change to its original state which 

is also the rate limiting step of the reaction, subsequent to hydrolysis and product release 

(Step 7). 
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1 2 3 
ArsA1 + MgATP ±+ ArsA2-MgATP ±* ArsA3-MgATP ±3 ArsA4-MgATP 

4 5 6 7 
±* ArsAs-MgADP P, ±> ArsA€-MgADP + P, ±5 ArsA7 + MgADP ±s ArsA1 

Figure 1.15: Reaction mechanism of the ArsA ATPase. A minimal multistep kinetic scheme for the 
reaction catalyzed by ArsA has been proposed, where ArsA undergoes several conformational changes 
during binding of substrate (MgATP) and release of products (MgADP and P,) (Adapted from Rensing et. 
al., 1999) 

1.7.5 ArsC: Arsenate reductase 

Resistance to arsenate is conferred by the ars operon. The product of the arsC 

gene, arsenate reductase (ArsC) is required to catalyze the reduction of arsenate to 

arsenite prior to extrusion (Martin et. al., 2001; Demel et. al., 2004). ArsC is a 141 

residue protein (14.8 kDa) with a redox active cysteine residue in the active site 

(Gladysheva et. al., 1994; Liu and Rosen, 1997). 

J 

Figure 1.16: Ribbon structure of ArsC. (Adapted from Martin et. al., 2001) 
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Figure 1.16 shows the relative location of residues 3-140, including the 4 residues 

that are known to be required for arsenate resistance namely, Cys-12, Arg-60, Arg-94 and 

Argl07 (Martin et. al., 2001). 

Micro organisms use arsenate as a terminal electron acceptor in anaerobic 

respiration (Saltikov et. al., 2003). Arsenate reductases (ArsC) catalyze the reduction of 

arsenate to arsenite and participate in the arsenic detoxification (Messens et. al., 2002; 

Guo et. al., 2005). Arsenate enters the cell via the phosphate transport system (Pst) 

(Demel et. al., 2004). Three families of arsenate reductases have evolved independently 

and have been identified (Mukhopadhyay et. al., 2002), the E. coli plasmid R773 ArsC 

arsenic modifying enzyme (Demel et. al., 2004), ArsC from Staphylococcus aureus pI258 

(Ji and Silver, 1992a) and the Acr2p arsenate reductase from eukaryote Saccharomyces 

cerevisiae represents the third family (Mukhopadhyay et. al., 2000). 

The E. coli pR773 ArsC is well characterized and obtains its reducing equivalent 

from glutathione and glutaredoxin (Mukhopadhyay et. al., 2000) H3ASO4 + 2GSH -> 

H3ASO3 + GS-SG + 2H20 (Martin et. al., 2001), likewise the yeast enzyme obtains its 

reducing equivalents from glutathione and glutaredoxin. In S. aureus pI258 the oxidized 

ArsC is regenerated via a coupled reaction with thioredoxin, thioredoxin reductase and 

NADPH (Messens et. al., 2002). The pI258 of S. aureus encodes an ArsC with catalytic 

residues similar to pR773 but the ArsC utilizes thioredoxin (Trx) instead of glutaredoxin 

(Ji et. al., 1994). 

pI258 arsenate reductase is related to the low molecular weight phosphotyrosine 

phosphatases (Gladysheva et. al., 1994; Demel et. al., 2004) which includes a p-loop with 

the characteristic CX5R sequence motif flanked by a P-strand and an a-helix (Messens et. 
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al., 2002). Acr2p from S. cerevisiae also contains this motif ( H C X 5 R phosphatase) but is 

homologous to the human cell cycle control phosphatase Cdc25a (Mukhopadhyay et. al., 

2003; Martin et. al., 2001). In contrast, the R773 ArsC does not exhibit phosphatase 

activity and has known paralogs (Demel et. al., 2004; Messens et. al., 2002). E. coli R773 

ArsC has a distinct HX3CX5R motif and partially resembles crambin and glutaredoxin 

(Martin et. al., 2001). ArsC of R773 has only one cystiene residue (Cysl2) while pI258 

utilizes three cystiene residues (CyslO, Cys82 and Cys89) in arsenate reduction 

(Mukhopadhyay et. al., 2002). 

The mechanism of E. coli ArsC involves five steps (Figure 1.17); step 1 involves 

nucleophillic attack by Cysl2 on an arsenate non-covalently bound with the release of 

OH". In step 2 this intermediate is glutathionated, with the release of H2O. Step 3 involves 

binding of Grx (Glutaredoxin) and arsenate is reduced to arsenite, resulting in dihydroxy 

monothiol arsenite intermediate and subsequent release of GrsX-SG and GSH. In step 4, 

monohydroxy intermediate with a positively charge arsenic is formed (Martin et. al, 

2001). Finally in step 5, addition of OH" releases free arsenite. (Demel et. al., 2004). 

GSH GrxSH+HjO 

OH 4 f 1 f • V 2 f V 3 
ArsC-Cys12-S +A*=o —r-—•ArsC-CyslZ-S-A,-. ____-*• ArsC-Cys12-S-A»«3-^»r*ArsC-Cys12-S-A< 
HO OH OH" Cw \ ^ \ 

* GraS-SG + OH" 

ArsC-Cys1_-S-**<* 
0H 

1 ' X 
As(0H)3 20H" 

Figure 1.17: Reaction mechanism of the R773 ArsC arsenate reductase. (Demel et. al., 2004) 
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The S. aureus pI258 ArsC has been extensively studied, indicating three redox 

cysteine residues (CyslO, Cys82 and Cys89) are critical for arsenate reduction (Guo et. 

al., 2005). A disulfide bridge (Cys82-Cys89) is formed after a single catalytic reaction 

cycle, converting the enzyme into the inactive form. ArsC is subsequently regenerated by 

thioredoxin which converts the enzyme into the reduced form (Figure 1.18) (Guo et. al., 

2005). 

Similarly, the arsC gene of B. subtilis skin element shares 6 4 % identity with S. 

aureus arsC. The conserved C X 5 R anion binding motif containing CyslO known as p-

loop is proposed to be the arsenate binding site. Four Cys residues (CyslO, Cysl5, Cys82 

and Cys89) are conserved (Guo et. al., 2005). 

NADPH 

NADP 

/CyslO-SH 

ArsC - Cys82-SH 
N Cys89-SH 

hLAsO,, H20 
/ OH 

____̂_1 
/CyslO-S- As(V)=0 

ArsC - Cys82-SH \ OH 
\ Cys89-SH 

*As(OH)3 

/ Cys10-S 

ArsC - Cys82-S 

\ 

Cys89-S 
Cys89-SH 

Figure 1.18: Proposed pathway of arsenate reduction by thioredoxin coupled arsenate reductase from S. 
aureus pI258. H3As04: arsenate; As(OH)3: arsenite; Grx-SH: reduced glutathione; GrxS-SG: S-S bridged 
oxidized dimer of glutathione; HS-Trx-SH: reduced thioredoxin; Trx-S-S: oxidized thioredoxin. (Adapted 
from Mukhopadhyay et. al., 2002) 
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1.8 ArsR-ArsD Metalloregulatory Circuit Model 

In E. coli pR773, the ArsR and ArsD pair regulates different levels of expression 

of the arsRDABC operon. In the absence of arsenite, a basal level of synthesis produces a 

small amount of ArsR that binds to the operator of the ars operon. The position of the 

operator occupies part of promoter. Therefore, the ArsR blocks the RNA polymerase 

binding to the promoter of ars operon, suppressing transcription. If a low concentration 

of arsenite is present, the cysteine thiolates of ArsR bind to arsenite, forming the ArsR-

arsenite complex. The combination will change the conformation of ArsR, inducing ArsR 

to dissociate from the DNA strand and start transcription. Most ArsR and ArsD at this 

moment will bind to arsenite to form complexes. Thus, insufficient ArsR and ArsD 

molecules are available to bind to the operator and stop transcription. Due to the higher 

affinity of arsenite for ArsR than for ArsD, the ArsR protein will bind to arsenite before 

ArsD (Chen and Rosen, 1997). When the concentration of free ArsD increases 

sufficiently, the ArsD protein will bind to the operator to stop transcription; otherwise, 

the high concentration of ArsB will damage the membrane and harm the cell. If a high 

concentration of arsenite is present, the ArsD-arsenite complex dissociates from the 

DNA, resulting in the further increase of ars transcription (Figure 1.19). In this 

mechanism, the action of the two repressors forms a homeostatic regulatory circuit that 

maintains the level of ars expression within a narrow range, with ArsR controlling basal 

level of expression and ArsD controlling maximal expression. 
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Figure 1.19: Schematic illustration of ArsR and ArsD regulating the expression of ars operon. (a) In a 
normal circumstance, ArsR binds to the operator site of the ars operon to repress the transcription. At low 
concentrations of arsenite, ArsR binds to arsenite and changes the conformation. ArsR-arsenite complex 
dissociates from the D N A . R N A polymerase binds to the promoter, resulting in transcription of the ars 
operon. (b) W h e n the concentration of ArsD increases to a higher level, ArsD binds to the operator of the 
ars operon and inhibits the transcription. At high concentrations of arsenite, ArsD binds to arsenite and 
dissociates from the D N A . R N A polymerase binds to the promoter and transcription starts again. 

1.9 Background and Aims of This Thesis 

Micro organisms have evolved a number of mechanisms to cope with arsenic 

toxicity, and some organisms even benefit from the presence of arsenic. In Australia, 

cattle ticks {Boophilus microplus) jeopardize the beef and dairy industries and a cattle-

dipping program for eradication and containment using arsenic as the major pesticide 

commenced in the early 1900s, Fifty years later, arsenic was replaced by DDT [2,2-

bis(/?-chlorophenyl)-1,1,1 -trichloroethane] which was used until 1962 (Edvantoro et. al., 
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2004). According to N S W department of primary industries (DPI) latest review in 2006, 

much less persistent tickicides have been used to dip cattle in the active sites that are still 

required by cattle tick program while, majority of the sites are on the list for 

decommissioning. 

In one region of Australia alone (North Eastern New South Wales and Southern 

Queensland), at least 1600 cattle dips were constructed (Edvantoro et. al., 2003). 

Disposal of used pesticides, by burying in the vicinity of the dip bath, have left a legacy 

of high level, localized contaminated sites. A recent study of soil contaminants in 12 dip 

sites found that 80% of soil samples had concentrations between 1 and 1000 mg 

arsenic.kg"1 soil while the remaining 20% ranged from 1000 to 4540 mg arsenic.kg"1, all 

co-contaminated with DDT (Van Zwieten et. al., 2003). These sites present both a 

challenge and an opportunity for developing new techniques using micro organisms 

and/or plants for future remediation. 

Microbes in the soil are important in providing nutrients to plant roots. Soil 

bacteria degrade organic compounds and modify the inorganic products. Soil fungi 

provide a large surface area for scavenging soil-bound nutrients such as inorganic 

phosphate and, through ectomycorrhizal and endomycorrhizal associations with roots, 

transport these to the plant. Toxic compounds in soils are often modified by microbes 

(Van Zwieten et. al., 2003), but many such toxins may hinder growth of soil microbes 

and impair their ability to promote plant growth. Additionally, soil fungi associated with 

roots have the potential to either increase or ameliorate the uptake of inorganic 

contaminants by plants. Consequently, mycorrhizal fungi in polluted soils are crucial in 

maintaining diverse populations of indigenous vegetation and act as a barrier to the 
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uptake of toxic heavy metals by plants (Leyval et. al., 1997). Sharpies et. al. (2000) 

presented evidence that the ericoid mycorrhizal fungus Hymenoscyphus ericae acts as a 

filter to maintain low arsenic uptake rates by roots of the plant Calluna vulgaris when 

growing in arsenic-contaminated soil. In a study of evolved arsenate resistance in 

cultivars of the grass Holcus lanatus, Gonzalez-Chavez et. al. (2002) found that 

colonization by the arbuscular-mycorrhizal fungus Glomus suppressed high-affinity 

arsenate and phosphate transport into the roots. 

Several recent publications have addressed the microbial population in cattle dip-

site soils and their interaction with the contaminants. The co-contamination of these soils 

with arsenic and DDT has been shown to have distinct effects on the soil microbial 

populations. Edvantoro et. al. (2003) showed that in contaminated dip-site soils, fungal 

counts, microbial biomass, carbon and respiration rates were significantly lower 

compared to uncontaminated controls. However, the bacterial population was not 

significantly different. They attributed the effects on the fungal population to arsenic 

rather than DDT. Van Zwieten et. al. (2003) measured the concentrations of DDT and 

two products of its natural slow degradation in dip-site soils, for which soil bacteria are 

responsible. They found that, in soils with high arsenic concentrations, the breakdown of 

DDT was impaired. In a study of arsenic loss from similar soils, Edvantoro et. al. (2004) 

made the symmetrical finding that volatilization of arsenic, attributed to microbial 

activity, was inhibited by the DDT contaminant. 

While some recent advances have been made in understanding the effects of 

arsenic/DDT co-contamination on microbial populations of soils in dip sites, little is 

known about the identity of these organisms or their interaction with plants growing on 
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these sites. To study the arsenic resistance mechanism and search for solutions to 

cleaning up the sites, a plant and microbial survey on two of the sites were carried out by 

former members of our group in collaboration with the NSW department of agriculture 

(Morris, 1998; Chopra et. al., 2007) with the following findings. 

1. Nearly 50 plant species, mostly weeds, were recorded in the sites. No 

difference in comparison to adjacent areas as noted 

2. Six dominant fungal strains {Aspergillus, Penicillium, Curvularia, Fusarium, 

Cephalosporium and Trichoderma), two soil-borne pathogens, Rhizoctonia 

and Pythium and two mycorrhizae strains were observed 

3. Five soil bacterial strains designated as CDB1, CDB2, CDB3, CDB4 and 

CDB5 were isolated and tentatively identified. 

In addition, two ars gene clusters have been cloned from the CDB3 strain (Luo, 

2006). 

The practical direction of this research is to develop novel method(s) in solving 

the arsenic contamination problem. While there has been no efficient means to do it, 

bioremediation has been thought to be a potential application. Heavy metal accumulation 

by plants is a well-characterized technology and plants which can be supplemented with 

additional genetic information of bacterial origin are a useful process for bioremediation 

of contaminated soils (Pieper and Reineke, 2000). Our group (Chopra et. al., 2007) 

presented a glasshouse trial demonstration using Agrostis tenuis (bentgrass) growing in 

soil with high total, but low soluble arsenic content, that microbial associations result in 

enhanced arsenic accumulation, without inhibition of plant growth. It was observed that 
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the fungal populations were more than one fold lower in contaminated dip-site soil 

samples than the control samples whilst the bacterial populations were higher in the 

contaminated dip-site rhizosphere soil samples than in the control samples (Zhang R, 

personnel communication). Edvantoro et. al. (2003) also reported increased bacterial 

populations in two dip sites studied. In some situations, high concentrations of soluble 

inorganic arsenic in soils have been observed to stimulate the development of bacteria 

and fungi and increase bacterial activity, yet in other situations to decrease the activity 

(McLaughlin et. al., 2000). The concentrations and forms of arsenic available to the soil 

microbial community and the interacting effects of co-contaminants are factors that 

complicate the response to arsenic contamination. Bizily et. al. (1999), have reported the 

transgenic plant A. thaliana engineered to express a modified organomercurial lyase grew 

rapidly on different concentration of highly toxic organomercurials. Further, Dhanker et. 

al. (2002) and Ute, 2005 have reported engineered transgenic Arabidopsis plants over 

expressing the E. coli ArsC with an additional transgene under a constitutive promoter 

results in more tolerance to AsV and Cd (Cadmium) accumulation, suggesting, 

engineering plants with bacterial genes seems to be a positive approach in 

bioremediation. Apparently, a good understanding of the bacterial arsenic resistance 

mechanism holds the key to our objective. 

The aims of this thesis were to further identify the five CDB strains based on 

morphological, 16S rDNA sequencing and phylogeny, to investigate their resistance to 

arsenical and antimonial compounds, to carry out bioinformatic analysis of the CDB3 Ars 

proteins to other well known bacteria, to functionally characterize the arsA and arsD 
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genes of CDB3 ars cluster 1 and finally to investigate the expression „id regulation of 

this cluster. 
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Chapter 2: Characterization of Arsenic Resistant strains 

2.1 Introduction 

Arsenic and DDT were extensively used in Australia during early 1900s for cattle 

ticks, which have threatened the Australian beef and dairy industry. As a result, many 

cattle dip sites have been left heavily contaminated with arsenic (McLaren et. al., 1998). 

To date numerous phylogenetically distinct bacterial species have been isolated and 

identified from As contaminated soils, ground waters and surface waters. The 

contamination of these sites has become a major concern to public health (Saltikov et. al., 

2003). As previously discussed in Chapter 1, the dipping of cattle in Australia to control 

cattle ticks has left 1000-1600 cattle tick dip sites heavily contaminated with arsenic 

(Smith et. al, 2003; Van Zwieten et. al., 2003). More then 1600 cattle tick dip sites were 

constructed in North Eastern New South Wales and along the Queensland border. 

The five soil bacterial strains isolated by former members of our group from cattle 

dip sites in Northern NSW were previously referred to as As3, As4, As8, As9 and AslO. 

Preliminary investigation was carried out to identify these bacterial strains based on fatty 

acid profile (Table 2.1) and incomplete 16S r D N A sequencing. 

Table 2.1: Similarity Index of bacterial fatty acids profile (Chopra et. al., 2007) 

Bacterial Strains 

As3 

As4 

As8 

As9 
AslO 

Similarity Index 

0.767* 
0.686 
0.603 

0.430 
0.356 

0.467 
0.367 
0.324 

0 .549* 

0.686* 

Match bacteria 

Arthrobacter ilicis* 
Paenibacillus polymyxa 
Kocuria varians 

Ochrobactrum anthropi 
Phyllobacterium myrisnacearum 

Bacillus cereus G C subgroup A 
Bacillus mycoides G C subgroup A 
Bacillus thuringlensis kurstakii 

Bacillus mycoides G C subgroup A * 

Serratia marcescens G C subgroup A * 

Similarity Index is a value which expresses the F A M E (fatty acid methyl ester) similarity between the 
unknown isolate and the database match. * indicates an excellent F A M E analysis match 
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The fatty acid profile results showed very good matches for As3, As9 and AslO to 

known bacteria. Based on incomplete 16S rDNA sequencing the five bacterial strains 

were tentatively identified as As3- Arthrobacter sp., AsA-Sinorhizobium sp., As8 and As9 

as Bacillus spp and AslO- Serratia sp. (Zhang R, personnel communication). Meanwhile, 

some preliminary arsenic resistance assays were carried out which demonstrated that 

these strains were highly resistant to arsenic in laboratory conditions (Xu, 

unpublished).Since the data obtained by these previous studies were not complete*, 

further study was carried out as presented in this Chapter to identify and characterize the 

five bacterial strains isolated from arsenic contaminated soil; to test the antibiotic 

resistance profile of these isolated strains and finally to elucidate the level of resistance 

offered by these strains to AsV, AsIII and Sblll. From here on the names of the bacterial 

strains were changed from As to CDB which refers to Cattle Dip Bacteria and numbered 

from 1 to 5 for easy identification. 

* I would like to acknowledge the following previous work or assistance by antibiotic and arsenic 
resistances by Z. Xu; Previous incomplete 16S r D N A sequencing by Ed Moore; and assistance in re-
sequencing the complete 16S r D N A by Ying Yang and Xi Luo. 
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2.2 Materials and Methods 

2.2.1 Bacterial strains 

The bacterial strains used in this study are listed in Table 2.2. E. coli strains were 

grown in LB medium at 37°C (Sambrook et. al., 1989) with ampicillin (Amp) (100 

Hg/mL) or kanamycin (Km) (50 \ig/mL) added as required. All CDB strains were grown 

in LB medium at 30°C with different antibiotics due to different antibiotic resistance 

profiles. CDB2 and CDB5 strains were grown with any of the three antibiotics Km (50 

[xg/mL), Amp (100 u.g/mL) and Streptomycin (Strep) (50 [xg/mL) respectively. CDB1 

with Km (50 u.g/mL), and CDB3 and CDB4 were cultured on LB medium alone as they 

exhibited sensitivity to all tested antibiotics. 

Table 2.2: Bacterial strains used in the study of Chapter 2 

Strains and plasmid 

E. coli D H 5 a 

Eco/iAW3110 
CDB1 
CDB2 

CDB3 
CDB4 
CDB5 

Genotype or description 

<D80dlacZAM15, recAl, endAl, gyrA96, thi-1, 
hsdR17 (rjc,mk+), supE44, relAl, deoR, 

A(lacZYA-argF)U169 

K-12 FIN (rrnD-rrriE) Aars::cam 

(Cmr, the chromosomal arsRBC deleted) 
Km1 

Ampr, Cmr, Strepr, K m r 

Ampr, Strep1", K m r 

Reference or Source 

Stratagene 

Gift from Dr. B.P.Rosen. 
(Carlin et. al., 1995) 

This study 

This study 

This study 

This study 
This study 

2.2.2 Identification of bacteria 

Isolated pure bacterial strains were subjected to Gram stain, morphological 

observation and 16S ribosomal RNA gene sequencing. 
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2.2.3 16S rDNA Sequencing 

2.2.3.1 Nucleic acid preparation 

Overnight culture from a single colony in LB with antibiotic selection was diluted 

100 times with the same medium and again incubated at 30°C with shaking until the O.D. 

600nm reached 0.4-0.5. Cultures were centrifuged at 5000 g for 10 min, bulk supernatant 

decanted and the cells resuspended by vortexing in the residual supernatant. Equal 

volume of 0.5% SDS, 0.1 M NaOH was added and vortexed to lyse the cells. An equal 

volume of TE saturated phenol/chloroform/isoamyl alcohol (25:24:1) was added and 

mixed thoroughly. After centrifugation at 10,000 g for 10 min, the upper aqueous layer 

was transferred to a new tube to which a 10% volume of 3 M Na acetate pH 5.4 was 

added and mixed followed by 2.5 volumes of 95% ethanol. DNA was spooled out using a 

sealed Pasteur pipette, washed in 70% ethanol, dissolved in sterile d. EbO and stored at 

-20 °C for future use. 

2.2.3.2 PCR amplification and purification of the product 

Primers used for amplification 

Both sets of primers were designed from fDl and rP2 (Weisburg et. al., 1991), 

which are capable of amplifying 16S from a wide variety of bacterial taxa. Primers used 

for the amplification of 16S rDNA from all the strains and primers were designed for 

sequencing the middle part of 16S rDNA from CDB2 and CDB4 are shown in Table 2.3. 
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Table 2.3: List of primers used for P C R amplification and sequencing of 16S r D N A from different strains. 

Primers 
16S-Forward 

(fDl) 
16S-Reverse 
(rP2) 
CDB1 16S-R1 
CDB2 16S-R1 
CDB3 16S-F1 
CDB4 16S-R1 
CDB5 16S-R1 

Sequences 5'to 3' 
AGAGTTTGATCCTGGCTCAG 

ACGGCTACCTTGTTACGACTT 

TGGGTAAGGTTCTGCGCG 
ACCACATGCTCCACCGCT 
CCAGAGCTCAACTCTGGA 
CCAGAGCTCAACTCTGGA 
AGTTCTCTGGATGTCAAG 

Reference 
Weisburg et. al., 

1991 

Designed by 
current study 

Abbreviation: f, forward; r, reverse; D, distal; P, proximal; Rl and Fl, reverse and forward primers for the 
middle part. 

The reaction mix for each P C R amplification consisted of 10 pL P C R mix 

(Promega), 1 uL of each primer (20 |iM), 2 pL of 1:10 diluted DNA template (CDB2, 1-

3 [Ag/[xL), and nuclease-free water to a total of 20 )iL. The primers were synthesized by 

Sigma, and were delivered desiccated. These were diluted with TE buffer (lx) to form 

stock solutions (200 p:M), which were further diluted to give a working concentration of 

20p:M. 

The PCR amplification was performed with a Gene Amp PCR system 9600 (Perkin 

Elmer). The program consisted of a preheating step (94°C for 3 min), followed by 30 

cycles of 94°C, 30 sec. -> 62°C, 30 sec. -> 72°C, 1 min, the samples were then extended 

at 72°C for 10 min, and finally held at room temperature. 5 pL of the PCR products were 

loaded onto a 1.5% TAE agarose gel for checking the quality and quantity. 

Purification of PCR products 

PCR products were purified by G-50 sephadex column chromatography. G-50 

sephadex columns were prepared by adding sephadex into a 3 mL syringe slowly 

avoiding the disturbed bubbles, allowing flow through for 3-4 times followed by 
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centrifugation at 400 g for 4 min. More sephadex was added to the column and 

centrifuged for another 4 min until a 1ml column formed. 60 u,L of the diluted PCR 

samples were then applied to the column and centrifuged at 400 g for 4 min. Purified 

elutes were collected in a sterile eppendorf tube. 

2.2.3.3 Sequencing methods 

The cycle sequencing reaction mixture was set up, each containing 0.5 pL of 'Big 

Dye' reaction mix (Perkin-Elmer), 2 u,L of purified PCR products, 2 \xh of 5X buffer and 

lul primer (-3.2 pmol, 16S-F, 16S-R and 16S-R1, Sigma-Aldrich, see table 2.2). The 

time program used for the cycle sequencing consisted of 30 cycles of 96°C 10 sec, 62°C 5 

sec and 60°C 4 min. Ethanol precipitation was used to purify the extension products after 

cycle sequencing. After transferring all of the extension products into micro centrifuge 

tubes, 2 uL of 3M Na Acetate (pH 5.4) and 50 uL of 95% ethanol were added and mixed. 

These were left at room temperature for 10 minutes before centrifugation (20 min at 

13,000 rpm). The supernatant was removed by aspiration and the DNA pellet was washed 

with 250 fxL of 70% ethanol followed by centrifuging 20 min at 13,000 rpm. The pellet 

was aspirated and air-dried before sequencing. Sequencing analysis was performed using 

the ABI PRISM™ 337 DNA Sequencer. The sequencing of the full length of the 16S 

rDNA of four strains were divided into three parts and assembled using the auto 

assembler. The primers for sequencing the middle part were designed according to the 

sequences of the forward and reverse sequences at both ends (Table 2.3). 

2.2.3.4 Sequence analysis 

The PCR product was sequenced in both directions and the sequences obtained 

were checked using Chromas (version 1.45). Sequences from different regions (forward, 
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middle and reverse) were assembled and multiple alignments were done using Bestfit 

(Felsenstein, 1989) and ClustalW (Felsenstein, 1989). The 16S rDNA sequences were 

compared with sequences deposited in the Genbank and EMBL. Searching for 

homologous sequences in data bank was carried out using blastn analysis (Altschul et. al., 

1990; http://www.ncbi.nlm.nih.gov/blastn). The sequences used for the multiple 

alignments were retrieved from Genbank and EMBL. The relevant accession numbers are 

shown in Table 2.5. 

2.2.4 Phylogenetic Analysis 

The phylogenetic trees were constructed by the multiple alignments of all the 

strains and the related species using Neighbor-Joining/UPGMA method (version 3.573c) 

in PHYLIP package (Felsenstein, 1989). Bootstrap confidence values from 1000 

replications of each sequence were generated and the majority rule consensus tree was 

derived using SEQBOOT and CONSENSUS programs in PHYLIP. 

2.2.5 Taxonomy tree 

In order to clarify the relationship between different species, a taxonomy tree 

involving related species were acquired from NCBI (www.ncbi.nlm.gov/taxonomy/ 

Browser / wwwtax.cgi). 

2.2.6 Measurement of Minimum Inhibitory Concentration (MIC) 

Overnight cultures of bacteria were spread onto LB agar plates containing 

different concentrations of arsenate (AsV) and arsenite (AsIII) and incubated at 30°C for 

three days. The minimum concentrations at which bacteria failed to grow were 

designated as MIC. 
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2.2.7 Growth inhibition 

1/50 of overnight culture of bacteria was inoculated into 10 mL LB liquid 

medium, containing increasing amounts of arsenate, arsenite and antimonite. Cells were 

grown at 30°C for soil bacteria and at 37°C for E. coli for 4-7 hours until control (without 

arsenic) grew to O.D. 600nm = 0.6-0.7. The assays were carried out in triplicates 

(technical) and error bars represent standard deviation. Each assay was repeated at least 

three times. 
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2.3 Results 

2.3.1 Morphology and G r a m stain of the C D B strains 

Figure 2.1: Morphologically different bacterial species isolated from contaminated cattle dip site soil. 

The five strains isolated from highly arsenic contaminated cattle dip site soils 

were each distinctive in morphology on LB plate (Figure 2.1, Table 2.4). 

Table 2.4: Colony morphological observation of different bacterial strains isolated from cattle dip site 

Bacterial 
Strain 
CDB1 

CDB2 

CDB3 

CDB4 

CDB5 

Colony Morphology 
Colour 

Dark yellowish 

Light yellowish 

White 

White 

Red 
pigmentation 

Shape 

Circular 

Circular 

Irregular 

Irregular 

Circular 

Surface 

Smooth 

Smooth 

Smooth 

Rough 

Smooth 

Elevation 

Flat 

Effuse 

Flat 

Flat 

Low 
convex 

Edges 

Entire 

Entire 

Entire 

Erose/Lobate 

Entire 

Opacity 

Transparent 

Transparent 

Transparent 

Opaque 

Translucent 

Smears prepared from the bacterial colonies were examined by Gram staining and 

were identified as shown in Figure 2.2 as Gram +ve and Gram -ve bacteria. CDB3 and 

CDB4 were Gram +ve rods arranged single or in chains, CDB2 was Gram -ve 

cocobacilli, CDB5 was Gram -ve rods and CDB1 was Gram +ve curved rods. 
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Figure 2.2: Confocal microscopic images of the bacterial strains isolated from cattle dip sites, obtained 
after performing Gram stain. C D B 1 (Gram +ve); C D B 2 (Gram -ve); C D B 3 (Gram +ve), C D B 4 (Gram 
+ve) and C D B 5 (Gram -ve). 

2.3.2 Extraction of genomic D N A and P C R amplification products of 16S r D N A 

The genomic DNA was extracted from the bacteria and subjected to gel 

electrophoresis (Figure 2.3) to view quality and estimate quantity. 

}J HindlH y HindlH 
marker C D B ' C ° B 2 CDB5 marker CDB 3 CDB 4 

Figure 23: Genomic D N A isolated from C D B strains. 0.8% agarose gel along with X/HindlU molecular 
weight markers. Sizes of markers are indicated in kb on left. 

A n approximately 1500 bp fragment of D N A was amplified from each CDB1, 

CDB2, CDB3, CDB4 and CDB5 using the primers 16S-F and 16S-R. The PCR 

conditions used in this study seem to give a dependable yield of full sized product (Figure 

2.4). 
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(-) fl») (C) 

Figure 2.4: PCR amplification of the 16S rDNA of CDB 1 (a), CDB2 (a), CDB3 (c), CDB4 (a) and CDB5 
(b). The PCR products were run on ethidium bromide stained 1.5% agarose gels. Sizes of markers are 
indicated in kb on left. 

2.3.3 Sequences of 16S rDNA 

The amplified 16S rDNA fragments of CDB1, CDB2, CDB3, CDB4 and CDB5 

were sequenced from both directions by using forward (fDl) and reserve (rP2) primers. 

The middle part sequences (unreached by the end primers) were acquired by using newly 

designed specific primers. Certain parts (towards the ends) were only sequenced in one 

direction, but the results presented in this portion were all based on 2 or more sequencing 

reactions with very clear electropherograms. The entire sequencing data obtained was 

auto assembled using the ABI prism autoassembler and a consensus sequence was 

generated for each strain which was used to perform blastn. The sequences obtained were 

1433 bp (CDB1), 1341 bp (CDB2), 1463 bp (CDB3), 1422 bp (CDB4) and 1449 bp 

(CDB5) respectively (Figure 2.5). 
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CDB1: 
ATATAGCCGACAGCTCACCGTAGCAAGTCGAACGATGATCCCAGCTTGCTGGGGGATTAGTGGCGAACGGGTGAGTAACACGTGAGTAACCTGCCCTTGACT 
CTGGGATAAGCCTGGGAAACTGGGTCTAATACCGGATATGACTCCTCATCGCATGGTGGGGGGTGGAAAGCTTTTGTGGTTTTGGATGGACTCGCGGCCTAT 
CAGCTTGTTGGTGGGGTAATGGCCTACCAAGGCGACGACGGGTAGCCGGCCTGAGAGGGTGACCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG 
GGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCGACGCCGCGTGAGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCAGTAGGGA 
AGAAGCGTAAGTGACGGTACCTGCAGAAGAAGCGCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGCGCAAGCGTTATCCGGAATTATTGGGCG 
TAAAGAGCTCGTAGGCGGTTTGTCGCGTCTGCTGTGAAAGACCGGGGCTCAACTCCGGTTCTGCAGTGGGTACGGGCAGACTAGAGTGCAGTAGGGGAGACT 
GGAATTCCTGGTGTAGCGGTGAAATGCGCAGATATCAGGAGGAACACCGATGGCGAAGGCAGGTCTCTGGGCTGTAACTGACGCTGAGGAGCGAAAGCATGG 
GGAGCGAACAGGATTAGATACCCTGGTAGTCCATGCCGTAAACGTTGGGCACTAGGTGTGGGGGACATTCCACGTTTTCCGCGCCGTAGCTAACGCATTAAG 
TGCCCCGCCTGGGGAGTACGGCCGCAAGGCTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGCGGAGCATGCGGATTAATTCGATGCAACGCGAAG 
AACCTTACCAAGGCTTGACATGAACCGGAAAGACCTGGAAACAGGTGCCCCGCTTGCGGTCGGTTTACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTG 
AGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCGTTCTATGTTGCCAGCGGTTCGGCCGGGGACTCATAGGAGACTGCCGGGGTCAACTCGGAGGAAG 
GTGGGGACGACGTCAAATCATACATGCCCCTTATGTCTTGGGCTTCACGCATGCTACAATGGCCGGTACAAAGGGTTGCGATACTGTGAGGTGGAGCTAATC 
CCAAAAAGCCGGTCTCAGTTCGGATTGGGGTCTGCAACTCGACCCCATGAAGTCGGAGTCGCTAGTAATCGCAGATCAGCAACGCTGCGGTGAATACGTTAC 
CCGGGCCTTGTACACACCGCCCGTCAAGTCACGAAAGTTGGTAACACCCGAAGCCGGTAGCCTAACCCTTGTGGGGGGAGCTTAGATATAGAGCCGGAACGA 
CCGAC 

CDB2: 
GGTAGCCGGTAAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCTTTTGCTACGGAATAACTCAGGGAAACTTGTGCTAATACCGTATGTGCCCTTCGG 
GGGAAAGATTTATCGGCAAAGGATGAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCCACCAAGGCGACGATCCATAGCTGGTCTGAGAGGATGAT 
CAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGT 
GATGAAGGCCCTAGGGTTGTAAAGCTCTTTCACCGGTGAAGATAATGACGGTAACCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAATAC 
GAAGGGGGCTAGCGTTGTTCGGATTTACTGGGCGTAAAGCGCACGTAGGCGGACTTTTAAGTCAGGGGTGAAATCCCAGAGCTCAACTCCGGAACTGCCTTT 
GATACTGGAAGTCTTGAGTATGGTAGAGGTGAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACT 
GGACCATTACTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATGTTAGCCGTCGGGGTGTT 
TACACTTACGGTGGCGCAGCTAATCGCATTAAACATTCCGCCTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGT 
GGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATACCGGTCGCGGACACAGAGATGTGTCTTTCAGTTCGGCTGGACCGGAT 
ACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCGCCTTTAGTTGCCATCATTTAGTTGGGCA 
CTCTAAAGGGACTGCCAGTGATAAGCTGGAGGAAGGTGGGGATGACGTCAAGTCCCTCATGGCCCTTACGGGCTGGGCTACACACGTGCTACAATGGTGGTG 
ACAGTGGGCAGCAAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCGGATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAA 
TCGCGGATCAGCATGCCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTCTGCCCGAAGGCTTGAGAGTTTGATTC 
CTGGCTCCGGATGAG 

CDB3: 
GAGTAATCGGCTGAGTATACGTAGCAAGTCGAGCGAATGGATTCGTAGCTTGCTCTTATGAAGTTAGCGGCGGACGGGTGAGTAACACGTGGGTA 
ACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATAATATTTTGAACTGCATGGTTCGAAATTGAAAGGCGGCTTCGGC 
TGTCACTTATGGATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGtAACGGCTCaCCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGG 
CCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGT 
GAGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGAATAAGCTGGCACCTTGACGGTACCTAACCAGAAA 
GCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTTCTT 
AAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGC 
GGTGAAATGCGTAGAGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCGAAAGCGTGGGGAGCAAACA 
GGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGAAGTTAACGCATTAAGCACT 
CCGCCTGGGGAGTTCGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCG 
AAGAACCTTACCAGGTCTTGACATCCTCTGAAAACCCTAGAGATAGGGCTTCTCCTTCGGGAGCAGAGTGACAGGTGGTGCATGGTTGTCGTCAG 
CTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGATCTTAGTTGCCATCATTAAGTTGGGCACTCTAAGGTGACTGCCGG 
TGACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGACGGTACAAAGAGCTGC 
AAGACCGCGAGGTGGAGCTAATCTCATAAAACCGTTCTCAGTTCGGATTGTAGGCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGC 
GGATCAGCATGCCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCACGAGAGTTTGTAACACCCGAAGTCGTTAGATTTCCA 
TCCTGGATCCGGCTAGATATAGATCCGGTACATACCAG 

CDB4: 
ACAGGGAGCCGAGCAAGCAGCGAAGGATAAGAGCTTGCTCTTATGAAGTTAGCGGCGGACGGGTGAGTAACACGTGGGTAACCTGCCCATAAGACTGGGATA 
ACTCCGGGAAACCGGGGCTAATACCGGATAATATTTTGAACTGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATGGATGGACCCGCGTCGCAT 
TAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG 
GGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGA 
AGAACAAGTGCTAGTTGAATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGC 
GTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTTCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGAC 
TTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGA 
CACTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGT 
GCTGAAGTTAACGCATTAAGCACTCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTT 
TAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGAAAACCCTAGAGATAGGGCTTCTCCTTCGGGAGCAGAGTGACAGGTGGTGCATGG 
TTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGATCTTAGTTGCCATCATTAAGTTGGGCACTCTAAGGTGACTGC 
CGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGACGGTACAAAGAGCTGCAAGA 
CCGCGAGGTGGAGCTAATCTCATAAAACCGTTCTCAGTTCGGATTGTAGGCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGCGGATCAGCATG 
CCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCACGAGAGTTTGTAACACCCGAAGTCGGTGGGGTACCTATGGAGCCAGCC 
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CDB5: 
TGGCGGGCGGTAATACGTAGCAAGTCGAGCGGTAGCACAGGGGAGCTTGCTCCCTGGGTGACGAGCGGCGGACGGGTGAGTAATGTCTGGGAAACTGCCTGA 
TGGAGGGGGATAACTACTGGAAACGGTAGCTAATACCGCATAACGTCGCAAGACCAAAGAGGGGGACCTTCGGGCCTCTTGCCATCAGATGTGCCCAGATGG 
GATTAGCTAGTAGGTGGGGTAATGGCTCACCTAGGCGACGATCCCTAGCTGGTCTGAGAGGATGACCAGCCACACTGGAACTGAGACACGGTCCAGACTCCT 
ACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGTAAAGCACTTTCAGCGA 
GGAGGAAGGTGGTGAACTTAATACGCTCATCAATTGACGTTACTCGCAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAA 
GCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCGGTTTGTTAAGTCAGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATTTGAAACTGGCAA 
GCTAGAGTCTCGTAGAGGGGGGTAGAATTCCAGGTGTAgCGGTGAAATGCGTAGAGATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACGAAGACT 
GACGCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCTGTAAACGATGTCGATTTGGAGGTTGTGCCCTTGAGGCGTGGC 
TTCCGGAGCTAACGCGTTAAATCGACCGCCTGGGGAGTCGGCCGCAAGGTTAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTT 
AATTCGATGCAACGCGAAGAACCTTACCTACTCTTGACATCCAGAGAACTTAGCAGAGATGCTTTGGTGCCTTCGGGAACTCTGAGACAGGTGCTGCATGGC 
TGTCGTCAGCTCGTGTTGTGAAATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTATCCTTTGTTGCCAGCGGTTCGGCCGGGAACTCAAAGGAGACTGC 
CAGTGATAAACTGGAGGAAGGTGGGGATGACGTCAAGTCATCATGGCCCTTACGAGTAGGGCTACACACGTGCTACAATGGCGTATACAAAGAGAAGCGACC 
TCGCGAGAGCAAGCGGACCTCATAAAGTACGTCGTAGTCCGGATTGGAGTCTGCAACTCGACTCCATGAAGTCGGAATCGCTAGTAATCGTAGATCAGAATG 
CTACGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTGGGTTGCAAAAGAAGTAGGTAGCTTAACCTTCGGGAGGGCGTTTAGA 
TTTATTATACTGCTCCGCTGA 

Figure 2.5: 16S rDNA sequences obtained from the five strains isolated from cattle dip-sites. The length of 

the sequences obtained were 1433 bp (CDB1), 1341 bp (CDB2), 1463 bp (CDB3), 1422 bp (CDB4), and 

1449 bp (CDB5). 

2.3.4 Homologous identity and multiple sequence alignments 

A blastn search was performed for all five CDB sequences and few most related 

to each are listed in Table 2.5. The choice of representative 16S rDNA sequences for 

these species were made according to the results obtained from blastn and ClustalW. 

The 26 related species were chosen according to their pairwise alignment score 

and identity. The species with higher score and identity with the tested strains were 

considered to be the possible related species and used for further analysis (Figure 2.6). 

CDB1, CDB2, CDB3, CDB4 and CDB5 were multiple aligned respectively with related 

species by using ClustalW (Figure 2.6 and Appendix 3) and compared with the result of 

the blastn. The homologous identity from blastn was similar to the multiple alignment 

result. 
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Table 2.5: The 16S rDNA sequence homologous identity of the tested stains with the most relevant species 
retrieved from the Genbank by blastn 

Tested 
Strains 

CDB1 

(1433bp) 

CDB2 

(1341bp) 

CDB3 
(1463bp) 

CDB4 
(1422bp) 

CDB5 
(1449bp) 

Related bacterial 
species 

Arthrobacter 
histidinolovorans 

Arthrobacter sp. 

Arthrobacter ilicis 

Arthrobacter 
polychromogenes 

Arthrobacter 
sulfonivorans 

Ochrobactrum sp. 

Ochrobactrum sp. 
LMG20564 

Ochrobactrum 
grignonense 

Ochrobactrum 
anthropi 

Brucella canis 

Brucella melitensis 

Sinorhizobium sp. 
TB8-7-II 

Sinorhizobium fredii 

Bacillus cereus 
G8639 

Bacillus thuringiensis 

Bacillus anthracis 

Bacillus cereus 
G8639 

Bacillus thuringiensis 

Bacillus anthracis 

Bacterium sp. Te27R 

Serratia marcescens 

Enterobacteriaceae 
bacterium 

Pseudomonas 
fluorescens 

Accession 
number 

AHRNA16S 

ABO 17649 

X83407 

AB167181 

AF235091 

OS16SRRA 

AF452128 

OGR242581 

OAN276036 

BRURGDD 

AY594216 

AY599692 

X67231 

AY138273 

AY741718 

AY138383 

AY138273 

AY741718 

AY138383 

AY587813 

AY514434 

AY513469 

AB091837 

Length 
(bp) 

1480 

1442 

1457 

1398 

1457 

1435 

1442 

1383 

1438 

1418 

1412 

1469 

1437 

1554 

1524 

1554 

1554 

1524 

1554 

1514 

1424 

1435 

1506 

Score 

2662 

2597 

2407 

2422 

2407 

2496 

2450 

2442 

2357 

1606 

1606 

2026 

1968 

2722 

2714 

2710 

2732 

2728 

2720 

2716 

2740 

1374 

1369 

Identity 

{%) 

99 

99 

98 

98 

98 

99 

99 

99 

98 

97 

97 

97 

95 

95 

100 

100 

98 

100 

100 

99 

99 

100 

99 

99 

Compared 
location of the 
subject sequence 

23-1407 

23-1407 

51-1394 

51-1394 

51-1394 

12-1311 

12-1311 

12-1311 

12-1311 

12-881 

898-1311 

12-881 

898-1311 

4-1305 

1-1305 

24-1414 

24-1414 

24-1414 

28-1407 

28-1407 

28-1407 

28-1407 

23-1422 

20-1415 

20-1422 

61 



Chapter 2: Characterization of Arsenic Resistant strains 

Multiple alignments of 16S rDNA sequences 

CDB1: 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
cnsi •'':'; .;/ 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDB1 " 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDB1 -"'-

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDBi 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
C_Bl"-:*r-'-:"'-' 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDBI 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDBI 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDBI™'" 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 

A. ilicis 
A. sp. 
CDBi •«;•?..'.-.: ': "'.'• 

1 11 21 31 41 51 
GGCGGCGTGCTTAACACATGCAAGTCGAACG - ATGAA 

GATCCTGGCTCAGGATGAACGCTGGCGGCGTGCTTAACACATGCAAGTCGAACG-ATGAA 
CCTGGCTCAGGATGAACGCTGGCGGCGTGCTTAACACATGCAAGTCGANCG-ATGAT 

GATCCTGGCTCAGGATGAACGCTGGCGGCGTGCTTAACACATGCAAGTCGAACG-ATGAT 
TGCTTAACACATGCAAGTCGAACG-ATGAT 

_ - -- ______ -'-ATATAGCC-A^GCfCACCGTA-GCAAGf CGAACGTATGAT 

*** * * * ************ ***** 
61 71 81 91 101 111 
CCTCACTTGTGGGGGGG-ATTAGTGGCG-AACGGGTG-AGTAACACGTGAGTAACCTGCC 
GGGGAGCTTGCTCCTGG-ATTAGTGGCG-AACGGGTG-AGTAACACGTGAGTAACCTGCC 
C - CCAGCTTNCTGGGGG-ATTAGTGGCG-AACGGGTG-AGTAACACGTGAGTAACCTGCC 
C - CCAGCTTGCTGGGGG-ATTAGTGGCG-AACGGGTG-AGTAACACGTGAGTAACCTGCC 
CTCCAGCTTGCTGGGGGGATTAGTGGCG-AACGGGTG-AGTAACACGTGAGTAACCTGCC 
C-CCCGTTTGCTGi3GG_TATTAGTGGCGf^ 

** ********** ****** * ;********************* 
121 131 141 151 161 171 
CTTGACTCTGGGATAAGCCTGGGAAACTGGGTCTAATACCGG-ATATG-ACGCCTCATCG 
CTTAACTCTGGGATAAGCCTGGGAAACTGGGTCTAATACCGG-ATATG-ACTCCTCATCG 
CTTGACTCTGGGATAACCCTGGGAAACTGGGTCTAATACCGG-ATATG-ACTCCTCATCG 
CTTGACTCTGGGATAAGCCTGGGAAACTGGGTCTAATACCGG-ATACG-ACCATCTGGCG 
CTTGACTCTGGGATAAGCCTGGGAAACTGGGTCTAATACCGG-ATATG-ACTCCTCATCG 
CT_GACTCT<-_GATMGCfif 

****************************************** ***** ** ** 
181 191 201 211 221 231 
CATGGTGGGG-GGTGGAAAGTTTTTGTG-GTTTTGGATGGACTCGCGGCCTATCAGCTTG 
CATGGTGGGG-GGTGGAAAGCTTTATTGTGTTTTGGATGGACTCGCGGCCTATCAGCTTG 
CATGGTGGGG- GGTGGAAAGCTTTTGTG - GTTTTGGATGGACTCGCGGCCTATCAGCTTG 
CATGTCATGGTGGTGGAAAGCTTTTGTG - GTTTTGGATGGACTCGCGGCCTATCAGCTTG 
CATGGTGGGG-GGTGGAAAGCTTTTGTG-GTTTTGGATGGACTCGCGGCCTATCAGCTTG 
CAT GGT GGGGr GGT GGAAAGCTTTTGTG - GTTTTGGATGGACTCGCGGCCrATCAGCTT G 

*********** ** ******************************* 
241 251 261 271 281 291 
TTGGTGAGGTAATGGCTCACCAAGGCGACGACGGGTAGCCGGCCTGAGAGGGTGACCGGC 
TTGGTGAGGTAATGGCTTACCAAGGCGACGACGGGTAGCCGGCCTGAGAGGGTGACCGGC 
TTGGTGGGGTAATGGCCTACCAAGGCGACGACGGGTAGCCGGCCTGAGAGGGTGACCGGC 
TTGGTGGGGTAATGGCCTACCAAGGCGACGACGGGTAGCCGGCCTGAGAGGGTGACCGGC 
TTGGTGGGGTAATGGCCTACCAAGGCGACGACGGGTAGCCGGCCTGAGAGGGTGACCGGC 
TT(3GTGG_GTAA-(_GCCTACCA^^ 

****** ********* ****************************************** 
301 311 321 331 341 351 
CACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCA 
CACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCA 
CACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCA 
CACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCA 
CACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCA 
(-ACACTGG^CTGAGACAeGGCCCAGaCTCCTACGGGA 

************************************************************ 
361 371 381 391 401 411 
CAATGGGCGAAAGCCTGATGCAGCGACGCCGCGTGAGGGATGACGGCCTTCGGGTTGTAA 
CAATGGGCGCAAGCCTGATGCAGCGACGCCGCGTGAGGGATGACGGCCTTCGGGTTGTAA 
CAATGGGCGCAAGCCTGATGCAGCGACGCCGCGTGAGGGATGACGGCCTTCGGGTTGTAA 
CAATGGGCGCAAGCCTGATGCAGCGACGCCGCGTGAGGGATGACGGCCTTCGGGTTGTAA 
CAATGGGCGGAAGCCTGATGCAGCGACGCCGCGTGAGGGATGACGGCCTTCGGGTTGTAA 
C-_lTGGGCGCAAGCCTGATd(_\GCGACGCCGCGT_AGGGAT_ACGGCCTTCGGGTTGTAA 

********* ************************************************** 
421 431 441 451 461 471 
ACCTCTTTCAGTAGGGAAGAAGC -GAAAG - TGACGGTACCTGCAGAAGAAGCGCCGGCTA 
ACCTCTTTCAGTAGGGAAGAAGC-GAAAG-TGACGGTACCTGCAGAAGAAGCGCCGGCTA 
ACCTCTTTCAGTAGGGAAGAAGC - GTAAG - TGACGGTACCTGCAGAAGAAGCGCCGGCTA 
ACCTCTTTCAGTAGGGAAGAAGCCGTAAGGTGACGGTACCTGCAGAAGAAGCGCCGGCTA 
ACCTCTTTCAGTAGGGAAGAAGCCGCAAGGTGACGGTACCTGCAGAAGAAGCGCCGGCTA 
SCCTCtTTCAGTAGQ-AftGAAGC- GTAAG - tGAC_GTACCTGCASAA_Aft(__GCeGGCTA 

*********************** *** ****************************** 
481 491 501 511 521 531 
ACTACGTGCCA-GCAGCCGCGGTAATACGTAGGGCGCAAGCGTTATCCGGAATTATTGGG 
ACTACGTGCCA-GCAGCCGCGGTAATACGTAGGGCGCAAGCGTTATCCGGAATTATTGGG 
ACTACGTGCCA-GCAGCCGCGGTAATACGTAGGGCGCAAGCGTTATCCGGAATTATTGGG 
ACTACGTGCCA-GCAGCCGCGGTAATACGTAGGGCGCAAGCGTTATCCGGAATTATTGGG 
ACTACGTGCCA-GCAGCCGCGGTAATACGTAGGGCGCAAGCGTTATCCGGAATTATTGGG 
AT^C^GCCftTGCAGCCGC<K^ 

*********** ************************************************ 
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A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDBI 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDBI1. '':•• • '-. 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDBI 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDBI - i•-• : ^ 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDBI •.:..•'"" 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDBI "•"•"•";;. _ 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDBI ; .'• 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDBI 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDBI 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDBI : •' -frVA V-\: 

541 551 561 571 581 591 
CGTAAAGAGCTCGTAGGCGGTTTGTCGCGTCTGCCGTGAAAGTCCGGGGCTCAACTCCGG 
CGTAAAGAGCTCGTAGGCGGTTTGTCGCGTCTGCCGTGAAAGTCCGGGGCTCAACTCCGG 
CGTAAAGAGCTCGTAGGCGGTTTGTCGCGTCTTCTGTGAAAGACCGGGGCTCAACTCCGG 
CGTAAAGAGCTCGTAGGCGGTTTGTCGCGTCTGCTGTGAAAGACCGGGGCTCAACTCCGG 
CGTAAAGAGCTCGTAGGCGGTTTGTCGCGTCTGCTGTGAAAGACCGGGGCTCAACTCCGG 
TOTAAA-AGCTCGTAGGCGGTTTGTCGCGTCTC^ 

******************************** ***************** 
601 611 621 631 641 651 
ATCTGCGGTGGGTACGGGCAGACTAGAGTG-ATGTAGGGGAGACTGGAATTCCTGGTGTA 
ATCTGCGGTGGGTACGGGCAGACT AGAGTG - ATGT AGGGGAGACTGGAATT CCTGGTGTA 
TTCTCCAGTGGGTACGGGCAGACTAGAGTG-CAGTAGGGGAGACTGGAATTCCTGGTGTA 
TTCTGCAGTGGGTACGGGCAGACTAGAGTG-CAGCAGGGGAGACTGGAATTCCTGGTGTA 
TTCTGCAGTGGGTACGGGCAGACTAGAGTG-CAGTAGGGGAGACTGGAATTCCTGGTGTA 
raCTGCAGTGGG^ACGGGCAGAC^ 

***** *********************** ************************* 
661 671 681 691 701 711 
GCGGTGAAATGCGCA-GATATCAGGAGGAACACCGATGGCGAAGGCAGGTCTCTGGGCAT 
GCGGTGAAATGCGCA-GATATCAGGAGGAACACCGATGGCGAAGGCAGGTCTCTGGGCAT 
GCGGTGAAATGCGCA-GATATCAGGAGGAACACCCATGGCGAAGGCAGGTCTCTGGGCTG 
GCGGCGAAATGCGCA-GATATCAGGAGGAACACCCATGGCGAAGGCAGGTCTCTGGGCTG 
GCGGTGAAATGCGCA-GATATCAGGAGGAACACCGATGGCGAAGGCAGGTCTCTGGGCTG 
GCGGTGAAATGOXATGA-A-CAG_AGGAACA_CGAT 

*************** ****************************************** 
721 731 741 751 761 771 
TAACTGACGCTGAGGAGCGAAAGCATGGGGAGCGAACAGGATTAGATACCCTGGTAGTCC 
TAACTGACGCTGAGGAGCGAAAGCATGGGGAGCGAACAGGATTAGATACCCTGGTAGTCC 
TAACTGACGCTGAGGAGCGAAAGCATGGGGAGCGAACAGGATTAGATACCCTGGTAGTCC 
TAACTGACGCTGAGGAGCGAAAGCTAGGGGAGCGAACAGGATTAGATACCCTGGTAGTCC 
TAACTGACGCTGAGGAGCGAAAGCATGGGGAGCGAACAGGATTAGATACCCTGGTAGTCC 
TAACTGACGCTGAGKAGCGAAAGCATG^ 

************************************************************ 
781 791 801 811 821 831 
ATGCCGTAAACGTTGGGCACTAGGTGTGGGGGACATTCCACGTTTTCCGCGCCGTAGCTA 
ATGCCGTAAACGTTGGGCACTAGGTGTGGGGGACATTCCACGTTTTCCGCGCCGTAGCTA 
ATGCCGTAAACGTTGGGCACTAGGTGTGGGGGACATTCCACGTTTTCCGCGCCGTAGCTA 
ATGCCGTAAACGTTGGGCACTAGGTGTGGGGGACATTCCACGTTTTCCGCGCCGTAGCTA 
ATGCCGTAAACGTTGGGCACTAGGTGTGGGGGACATTCCACGTTTTCCGCGCCGTAGCTA 
ATGCCGTAAACGTTGGGCACTAGG-GTGG 

************************************************************ 
841 851 861 871 881 891 
ACGCATTAAGTGCCCCGCCTGGGGAGTACGGCCGCAAGGCTAAAACTCAAAGGAATTGAC 
ACGCATTAAGTGCCCCGCCTGGGGAGTACGGCCGCAAGGCTAAAACTCAAAGGAATTGAC 
ACGCATTAAGTGCCCCGCCTGGGGAGTACGGCCGCAAGGCTAAAACTCAAAGGAATTGAC 
ACGCATTAAGTGCCCCGCCTGGGGAGTACGGCCGCAAGGCTAAAACTCAAAGGAATTGAC 
ACGCATTAAGTGCCCCGCCTGGGGAGTACGGCCGCAAGGCTAAAACTCAAAGGAATTGAC 
ACGCA-TAAG-GCCCCGCCTG^ 

to*********************************************************** 
901 911 921 931 941 951 
GGGGGCCCGCACAAGCGGCGGAGCATGCGGATTAATTCGATGCAACGCGAAGAACCTTAC 
GGGGGCCCGCACAAGCGGCGGAGCATGCGGATTAATTCGATGCAACGCGAAGAACCTTAC 
GGGGGCCCGCACAAGCGGCGGAGCATGCGGATTAATTCGATGCAACGCGAAGAACCTTAC 
GGGGGCCCGCACAAGCGGCGGAGCATGCGGATTAATTCGATGCAACGCGAAGAACCTTAC 
GGGGGCCCGCACAAGCGGCGGAGCATGCGGATTAATTCGATGCAACGCGAAGAACCTTAC 
GGGGGCCqGCACAAGCGeeGCTGCATC 

************************************************************ 
961 971 981 991 1001 1011 
CAAGGCTTGACATGGACTGGAAATACCTGGAAACAGGTGCCCCCGCTTGCGGCCGGTTCA 
CAAGGCTTGACATGAACCGGTAATACCTGGAGACAGGTGCCCC - GCTTGCGGTCGGTTTA 
CAAGGCTTGACATGAACCGGAAAGACCTGGAAACAGGTGCCCC-GCTTGCGGTCGGTTTA 
CAAGGCTTGACATGAACCGGTAATACCTGGAAACAGGTGCCCC-GCTTGTGGTCGGTTTA 
CAAGGCTTGACATGAACCGGAAAGACCTGGAAACAGGTGCCCC - GCTTGCGGTCGGTTTA 
CMGGCTTGACATf^AACCGBaAA_ACCTGG^AA^^TGCCCC - GCTTGCqGTCGGTTTA 

******************************************* **************** 
1021 1031 1041 1051 1061 1071 
CAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACG 
CAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACG 
CAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACG 
CAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACG 
CAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACG 
CA(^GGTGCAT<3GT*CT 

************************************************************ 
1081 1091 1101 1111 1121 1131 
AGCGCAACCCTCGTTCTATGTTGCCAGCGCGTGATGGCGGGGACTCATAGGAGACTGCCG 
AGCGCAACCCTCGTTCTATGTTGCCAGCACGTGATGGTGGGGACTCATAGGAGACTGCCG 
AGCGCAACCCTCGTTCTATGTTGCCAGCG-GTTCGGCCGGGGACTCATAGGAGACTGCCG 
AGCGCAACCCTCGTTCTATGTTGCCAGCG-GTTCGGCCGGGGACTCATAGGAGACTGCCG 
AGCGCAACCCTCGTTCTATGTTGCCAGCG-GTTCGGCCGGGGACTCATAGGAGACTGCCG 
A„GCAACCCTCGTTCTATGT__CCAS_G^ 

**************************** ** * ********************** 
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A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDBI 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDBI 3 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDBI 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDBI -

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDBI 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans 
A. ilicis 
A. sp. 
CDBI 

1141 1151 1161 1171 1181 1191 
GGGTCAACTCGGAGGAAGGTGGGGACGACGTCAAATCAT - CATGCCCCTTATGTCTTGGG 
GGGTCAACTCGGAGGAAGGTGGGGACGACGTCAAATCAT-CATGCCCCTTATGTCTTGGG 
GGGTCAACTCGGAGGAAGGTGGGGACGACGTCAAATCAT-CATGCCCCTTATGTCTTGGG 
GGGTCAACTCGGAGGAAGGTGGGGACGACGTCAAATCAT - CATGCCCCTTATGTCTTGGG 
GGGTCAACTCGGAGGAAGGTGGGGACGACGTCAAATCAT- CATGCCCCTTATGTCTTGGG 
GG-TCAACTCG^3(^GGfGGGGAC^ 

** ************************************ ******************** 
1201 1211 1221 1231 1241 1251 
CTTCACGCATGCTACAATGGCCGGTACAAAGGGTTGCGATACTGTGAGGTGGAGCTAATC 
CTTCACGCATGCTACAATGGCCGGTACAAAGGGTTGCGATACTGTGAGGTGGAGCTAATC 
CTTCACGCATGCTACAATGGCCGGTACAAAGGGTTGCGATACTGTGAGGTGGAGCTAATC 
CTTCACGCATGCTACAATGGCCGGTACAAAGGGTTGCGATACTGTGAGGTGGAGCTAATC 
CTTCACGCATGCTACAATGGCCGGTACAAAGGGTTGCGATACTGTGAGGTGGAGCTAATC 
CTTt_i£C^T^-ACAA^^ 

************************************************************ 
1261 1271 1281 1291 1301 1311 
CCAAAAAGCCGGTCTCAGTTCGGATTGGGGTCTGCAACTCGACCCCATGAAGTCGGAGTC 
CCAAAAAGCCGGTCTCAGTTCGGATTGGGGTCTGCAACTCGACCCCATGAAGTCGGAGTC 
CCAAAAAGCCGGTCTCAGTTCGGATTGGGGTCTGCAACTCGACCCCATGAAGTCGGAGTC 
CCAAAAAGCCGGTCTCAGTTCGGATTGGGGTCTGCAACTCGACCCCATGAAGTCGGAGTC 
CCAAAAAGCCGGTCTCAGTTCGGATTGGGGTCTGCAACTCGACCCCATGAAGTCGGAGTC 
CCAj-^GCgGGfTCTCAGTTCGGATTGGGGTCTGCAACTCGACCCCATGAAGTCGGAGTC 

************************************************************ 
1321 1331 1341 1351 1361 1371 
GCTAGTAATC-GCAGATCAGCAACGCTGCGGTGAATACGTT-CCCGGGCCTTGTACACAC 
GCTAGTAATC - GCAGATCAGCAACGCTGCGGTGAATACGTT - CCCGGGCCTTGTACACAC 
GCTAGTAATC - GCAGATCAGCAACGCTGCGGTGAATACGTT - CCCGGGCCTTGTACACAC 
GCTAGTAATC-GCAGATCAGCAACGCTGCGGTGAATACGTT-CCCGGGCCTTGTACACAC 
GCTAGTAATC-GCAGATCAGCAACGCTGCGGTGAATACGTT-CCCGGGCCTTGTACACAC 
;GCTACTi^TCCGCAGATCAGCAACGCTGCGGT 

********** ****************************** ****************** 
1381 1391 1401 1411 1421 1431 
CGCCCGT-CAAGTCACGAAAGTTGGTAACACCCGAAGCCGGTG-GCCTAACCCCTTATGG 
CGCCCGT-CAAGTCACGAAAGTTGGTAACACCCGAAGCCGGTG-GCCTAACCCCTTGTGG 
CGCCCGT-CAAGTCACGAAAGTTGGTAACACCCGAAGCCGGTG-GCCTAACCC-TTGTGG 
CGCCCGT-CAAGTCACGAAAGTTGGTAACACCCGAAGCCGGTG-GCCTAACCC-TTGTGG 
CGCCCGT-CAAGTCACGAAAGTTGGTAACACCCGAAGCCGGTG-GCCTAACCC-TTGTGG 
CX^CCGTTC-IAGTCACGAAAG- TGGTAAaCCCGAAGCCGGTTAGCCTAACCC - TTGTGG 

******* ********************************** ********* ****** 
1441 1451 1461 1471 1481 1491 
GGAGGAGCTGTCGAAGGTGGGACTGGCGATTGGGACTAAGTCGTAACAAGGTAGCCGT - -
GAGGGAGCTGTCGAAGGTGGGACTGGCGATTGGGACTAAGTCGTAACAAG 
GG-GGAGCCGTCGAAGGTGGGACCGGCGATTGGGACTAAGTCGTAACAAGGTAGCCGTAC 
GG-GGAGCCGTCGAAGGTGGGACCGGCGATTGGGACTAAGTCGTAACAAGGTAGCCGTAC 
GG-GGAGCCGTCGAAGGTGGGACCGGCGATTGGGACTAAGTCGTAACAAG 
GG- GGAGCT-TAGATA- TAGAGCCGGAACGACCGAC ------ _* _--- - — ii - _*--- -

** ***** * ** * * **** *** 
1501 

A. sulfonivorans 
A. polychromogenes 
A. histidinolovorans CGGAAG 
A. ilicis CGGAAG 
A. sp. 
CDBI , ______ 

CDB2: 
1 11 21 31 41 51 

O. sp . LMG20564 AACGAACGCTGGCGGCAGGCTTAACACATGCAAGTCGAGCGC 
0. sp. AACGAACGCTGGCGGCAGGCTTAACACATGCAAGTCGAGCGC 
CDB2 -_---__-_--_--_. -.--_-------- --_--.-__------___.-_s*---' 
O. grignonense AGTTTGATCCTGGCTCAGAACGAACGCTGGCGGCAGGCTTAACACATGCAAGTCGAGCGC 
B. canis TCAGAACGAACGCTGGCGGCAGGCTTAACACATGCAAGTCGAGCGC 
B. melitens CTCAGAACGAACGCTGGCGGCAGGCTTAACACATGCAAGTCGAGCGC 
O. an thropi AGTTTGATCCTGGCTCAGAACGAACGCTGGCGGCAGGCTTAACACATGCAAGTCGAGCGC 

0. sp. LMG20564 
O. sp. 
CDB2" 
0. grignonense 
B. canis 
B. melitens 
0. anthropi 

61 71 81 91 101 111 
CCCGCAAGGG-AGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCTTTTGCTACGGAA 
CCCGCAAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCTTTTGCTACGGAA 

CTCGCAAGAGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCTTTTGCTACGGAA 
CCCGCAAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAACGTACCATTTGCTACGGAA 
CCCGCAAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAACGTACCATTTGCTACGGAA 
CCCGCAAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAACGTACCTTTTGCTACGGAA 

************************************************* 
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0. sp. LMG20564 
0. sp. 
CDB2 ";'•; -'" ,.;; 

0. grignonense 
B. canis 
B. melitens 
O. anthropi 

0. sp. LMG20564 
0. sp. 
CDB_"jjQ-.'._ . : ; 
0. grignonense 
B. canis 
B. melitens 
0. anthropi 

O. sp. LMG20564 
0. sp. 
CDB2 
0. grignonense 
B. canis 
B. melitens 
0. anthropi 

0. sp. LMG20564 
0. sp. 
CDB2 ' ,.-'. ••''.__-
O. grignonense 
B. canis 
B. melitens 
0. anthropi 

0. sp. LMG20564 
0. sp. 
CDB2 
0. grignonense 
B. canis 
B. melitens 
0. anthropi 

0. sp. LMG20564 
0. sp. 
CDB_ 
0. grignonense 
B. canis 
B. melitens 
0. anthropi 

0. sp. LMG20564 
0. sp. 
CDB2"'./. j v; ./'; 
0. grignonense 
B. canis 
B. melitens 
O. anthropi 

0. sp. LMG20564 
0. sp. 
CDB2 
0. grignonense 
B. canis 
B. melitens 
0. anthropi 

121 131 141 151 161 171 
TAACTCAGGGAAACTTGTGCTAATACCGTATGTGCCCTTCGGGGG-AAAGATTTATCGGC 
TAACTCAGGGAAACTTGTGCTAATACCGTATGTGCCCTTCGGGGG-AAAGATTTATCGGC 
TAACTCAGGGAAACTTCTGCTAATACCGTATGTGCCCTTCGGGGGGAAAdATTTATCGGC 
TAACTCAGGGAAACTTGTGCTAATACCGTATGTGCCCTTTTGGGG-AAAGATTTATCGGC 
TAACTCAGGGAAACTTGTGCTAATACCGTATGTGCCCTTCGGGGG-AAAGATTTATCGGC 
TAACTCAGGGAAACTTGTGCTAATACCGTATGTGCCCTTCGGGGG-AAAGATTTATCGGC 
TAACTCAGGGAAACTTGTGCTAATACCGTATGTGCCCTTCGGGGG-AAAGATTTATCGGC 
****************** *************************** ************** 
181 191 201 211 221 231 
AAAGGATGAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCCACCAAGGCGACGA 
AAAGGATGAGCCCGCGTTGGATTAGCTAGTTGGTGAGGTAAAGGCTCACCAAGGCGACGA 
AAAGGATGAGCCCGCOT 
AAAGGATGAGCCCGCGTTGGATTAGCTAGTTGGTAGGGTAATGGCCTACCAAGGCGACGA 
AAATGATCGGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCTCACCAAGGCGACGA 
AAATGATCGGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCTCACCAAGGCGACGA 
AAAGGATCGGCCCGCGTTGGATTAGCTAGTTGGTGAGGTAAAGGCTCACCAAGGCGACGA 
************* ******** ************* ************* 
241 251 261 271 281 291 
TCCATAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGACTCC 
TCCATAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGACTCC 
TC<_ATAGC-X_GTCfGAGAG^ 
TCCATAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGACTCC 
TCCATAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGACTCC 
TCCATAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGACTCC 
TCCATAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGACTCC 
*********** ********************** ***************** 
301 311 321 331 341 351 
TACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCG 
TACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCG 
TACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGC^GCCTGATCCAGCCATGCCG. 
TACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCG 
TACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCG 
TACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCG 
TACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCG 
***************** * * *************************** ************* 

361 371 381 391 401 411 
CGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTCTTTCACCGGTGAAGATAATGACGGTA 
CGTGAGTGATGAAGGTCTTAGGATTGTAAAGCTCTTTCACCGGTGAAGATAATGACGGTA 
CGTGZ_ST(_ATGAAG^CCTA^ 
CGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTCTTTCACCGGTGAAGATAATGACGGTA 
CGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTCTTTCACCGGTGAAGATAATGACGGTA 
CGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTCTTTCACCGGTGAAGATAATGACGGTA 
CGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTCTTTCACCGGTGAAGATAATGACGGTA 

************************************************************ 
421 431 441 451 461 471 
ACCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGGGCTA 
ACCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGGGCTA 
ACCG&GAAt^GCCCCGGCTAACTTCGTGC^ 
ACCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGGGCTA 
ACCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGGGCTA 
ACCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGGGCTA 
ACCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGGGCTA ********** ******************************************** 
481 491 501 511 521 531 
GCGTTGTTCGGATTTACTGGGCGTAAAGCGCACGTAGGCGGACTTTTAAGTCAGGGGTG-
GCGTTGTTCGGATTTACTGGGCGTAAAGCGCACGTAGGCGGACTTTTAAGTCAGGGGTG-
G C G ^ G T - C i p k T T ^ 
GCGTTGTTCGGATTTACTGGGCGTAAAGCGCACGTAGGCGGACTTTTAAGTCAGGGGTG-
GCGTTGTTCGGATTTACTGGGCGTAAAGCGCACGTAGGCGGACTTTTAAGTCAGGGGTG-
GCGTTGTTCGGATTTACTGGGCGTAAAGCGCACGTAGGCGGACTTTTAAGTCAGGGGTG-
GCGTTGTTCGGATTTACTGGGCGTAAAGCGCACGTAGGCGGACTTTTAAGTCAGGGGTG-

*********************************************************** 
541 551 561 571 581 591 
AAATCCCAGAGCTCAACTCTGGAACTGCCTTTGATACTGGAAGTCTTGAGTATGGTAGAG 
AAATCCCGGGGCTCAACCCCGGAACTGCCTTTGATACTGGAAGTCTTGAGTATGGTAGAG 
AAATCCCAGA(KTCi_A<-fC^^ 
AAATCCCGGGGCTCAACCCCGGAACTGCCTTTGATACTGGAAGTCTTGAGTATGGTAGAG 
AAATCCCGGGGCTCAACCCCGGAACTGCCTTTGATACTGGAAGTCTTGAGTATGGTAGAG 
AAATCCCGGGGCTCAACCCCGGAACTGCCTTTGATACTGGAAGTCTTGAGTATGGTAGAG 
AAATCCCGGGGCTCAACCCCGGAACTGCCTTTGATACTGGAAGTCTTGAGTATGGTAGAG 

************************************************************ 
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0. sp. LMG20564 
0. sp. 
CDB2, 

0. grignonense 
B. canis 
B. melitens 
0. anthropi 

0. sp. LMG20564 
0. sp. 
CDB2 '.:•_• 
0. grignonense 
B. canis 
B. melitens 
0. anthropi 

0. sp. LMG2 0564 
0. sp.__ 
__2.'.,-__ 
0. grignonense 
B. canis 
B. melitens 
0. anthropi 

0. sp. LMG20564 
0. sp. 
CDB2 
0. grignonense 
B. canis 
B. melitens 
0. anthropi 

0. sp. LMG20564 
0. sp. 
CDB2 ;?";' 
0. grignonense 
B. canis 
B. melitens 
0. anthropi 

0. sp. LMG20564 
0. sp. 
CBB2~ 
0. grignonense 
B. canis 
B. melitens 
O. anthropi 

0. sp. LMG20564 
0. sp. 
CDB2_.-: '• 
0. grignonense 
B. canis 
B. melitens 
O. anthropi 

0. sp. LMG20564 
0. sp. 
CDB2 
O. grignonense 
B. canis 
B. melitens 
0. anthropi 

0. sp. LMG20564 
0. sp. 
C D B 2 ' •••?_.;'._'..;' :'"" 
O. grignonense 
B. canis 
B. melitens 
0. anthropi 

601 611 621 631 641 651 
GTGAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTC - GGAGGAACACCAGTGG 
GTGAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTC-GGAGGAACACCAGTGG 
GCGA-TGK_AA-TCC_A^T<5yA^GGTCJAAAOTCOT 
GTGAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTC-GGAGGAACACCAGTGG 
GTGAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTC-GGAGGAACACCAGTGG 
GTGAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTC-GGAGGAACACCAGTGG 
GTGAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTC-GGAGGAACACCAGTGG 

************** ******** ******************** **************** 
661 671 681 691 701 711 
CGAAGGCGGCTCACTGGACCATTACT - GACGCTGAGGTGCGAAAGC -GTGGGGAGCAAAC 
CGAAGGCGGCTCACTGGACCATTACT - GACGCTGAGGTGCGAAAGC- GTGGGGAGCAAAC 
CGAAC-GCGGCfCACTC-GAC^^ACT 
CGAAGGCGGCTCACTGGACCATTACT - GACGCTGAGGTGCGAAAGC- GTGGGGAGCAAAC 
CGAAGGCGGCTCACTGGACCATTACT- GACGCTGAGGTGCGAAAGC - GTGGGGAGCAAAC 
CGAAGGCGGCTCACTGGACCATTACT- GACGCTGAGGTGCGAAAGC - GTGGGGAGCAAAC 
CGAAGGCGGCTCACTGGACCATTACT- GACGCTGAGGTGCGAAAGC - GTGGGGAGCAAAC 

************************** ********** r * * * * * * * * * * * * * ******* 
721 731 741 751 761 771 
AGGATTAGATACCCTGGTAGTCCACGCCGTAAA-CGATGAATGTTAGCCGTC-GGGGTGT 
AGGATTAGATACCCTGGTAGTCCACGCCGTAAA-CGATGAATGTTAGCCGTC-GGGGAGT 
AG_ATTAGATATCCT(__TAGTCCACGCCGT 
AGGATTAGATACCCTGGTAGTCCACGCCGTAAA-CGATGAATGTTAGCCGTC-GGGGAGT 
AGGATTAGATACCCTGGTAGTCCACGCCGTAAA-CGATGAATGTTAGCCGTC-GGGGTGT 
AGGATTAGATACCCTGGTAGTCCACGCCGTAAA-CGATGAATGTTAGCCGTC-GGGGTGT 
AGGATTAGATACCCTGGTAGTCCACGCCGTAAA-CGATGAATGTTAGCCGTT-GGGGAGT 

********************************* ***************** ** ** * * 
781 791 301 811 821 831 
TTACACTT-CGGTGGCGCANNTAA-CGCATTAAACATTCCGCCTGGGGAGTACGGT-CGC 
TTACTCTT- CGGTGGCGCAGCTAA- CGCATTAAACATTCCGCCTGGGGAGTACGGT- CGC 
TTACACTTACGCTGGCGCAGCTAATCGra-TAAC.^ 
TTACTCTT - CGGTGGCGCAGCTAA- CGCATTAAACATTCCGCCTGGGGAGTACGGT- CGC 
TTACACTT- CGGTGGCGCAGCTAA- CGCATTAAACATTCCGCCTGGGGAGTACGGT- CGC 
TTACACTT - CGGTGGCGCAGCTAA- CGCATTAAACATTCCGCCTGGGGAGTACGGT- CGC 
TTACTCTT - CGGTGGCGCAGCTAA- CGCATTAAACATTCCGCCTGGGGAGTACGGT- CGC 

********** *** ******************************* *** 
841 851 861 871 881 891 
AAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAA 
AAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAA 
AA(_ATI-_AAACTCAAAGGAATTG^ 
AAGATTAAAACTCAAAGGMTTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAA 
AAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAA 
AAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAA 
AAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAA 

************************************************************ 
901 911 921 931 941 951 
TTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATACCGGTCGCGGACACAG-AGAT 
TTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATACCGGTCGCGGACACAG-AGAT 
TT - _AAB-^(_Ge__A_AACCT^^ 
TTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGAGATACCGGTCGCGGACACAG-AGAT 
TTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATCCCGGTCGCGGTTAGTGGAGAC 
TTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATCCCGGTCGCGGTTAGTGGAGAC 
TTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATACCGGTCGCGGACACAG-AGAT 

******************************************************* **** 
961 971 981 991 1001 1011 
G-TGTCTTTCAGTTCGGCTGGACCGGATACAGGTGCTGCATGGCTGTCGTCAGCTCGTGT 
G-TGTCTTTCAGTTCGGCTGGACCGGATACAGGTGCTGCATGGCTGTCGTCAGCTCGTGT 
G-TG-CTTTCAGTTCGGCTGGA^ 

G - TGTCTTTCAGTTCGGCTGGACCGGATACAGGTGCTGCATGGCTGTCGTCAGCTCGTGT 
ACTATCCTTCAGTTAGGCTGGACCGGAGACAGGTGCTGCATGGCTGTCGTCAGCTCGTGT 
ACTATCCTTCAGTTAGGCTGGACCGGAGACAGGTGCTGCATGGCTGTCGTCAGCTCGTGT 
G-TGTCTTTCAGTTCGGCTGGACCGGATACAGGTGCTGCATGGCTGTCGTCAGCTCGTGT 

* *********************** ******************************** 
1021 1031 1041 1051 1061 1071 
CGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCGCCTTTAGTTGCCATCATT 
CGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCGCCTTTAGTTGCCATCATT 
CGTGAGATGTTGGGTTAAgTCCCGCAftC-AGCGI^CCCTCGCCTTfAGTT-lCCATCATT 
CGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCGCCTTTAGTTGCCATCATT 
CGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATT 
CGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATT 
CGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATT 

******************************************** ********** **** 
1081 1091 1101 1111 1121 1131 
TAGTTGGGCACTCTAAAGGGACTGCCAGTGATAAGCTG-GAGGAAGGTGGGGATGACGTC 
TAGTTGGGCACTCTAAAGGGACTGCCAGTGATAAGCTG-GAGGAAGGTGGGGATGACGTC 
TAffraO&CaC^CTA^GrGG^^ 

TAGTTGGGCACTCTAAAGGGACTGCCAGTGATAAGCTG-GAGGAAGGTGGGGATGACGTC 
CAGTTGGGCACTCTAAGGGGACTGCCGGTGATAAGCCGAGAGGAAGGTGGGGATGACGTC 
CAGTTGGGCACTCTAAGGGGACTGCCGGTGATAAGCCGAGAGGAAGGTGGGGATGACGTC 
TAGTTGGGCACTCTAAGGGGACTGCCGGTGATAAGCCGAGAGGAAGGTGGGGATGACGTC 

*************** ********* ********* ********************* 
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O. sp. LMG20564 
0. sp. 
CDB2_,:::,. 
O. grignonense 
B. canis 
B. melitens 
O. anthropi 

0. sp. LMG20564 
0. sp. 
CDB2-/"::'.'.' . ' '_• 
0. grignonense 
B. canis 
B. melitens 
0. anthropi 

0. sp. LMG20564 
0. spi. 
CDB2 ~',V-
0. grignonense 
B. canis 
B. melitens 
0. anthropi 

0. sp. LMG20564 
0. sp. 
CDB2 
0. grignonense 
B. canis 
B. melitens 
0. anthropi 

0. sp. LMG20564 
0. sp. 
CDB2 . / 
0. grignonense 
B. canis 
B. melitens 
0. anthropi 

1141 1151 1161 1171 1181 1191 
AAGTCCTCATTGCCNTTACGGGCTGGGCTACACACGTGCTACAATGGTGGTGACAGTGGG 
AAGTCCTCATGGCCCTTACGGGCTGGGCTACACACGTGCTACAATGGTGGTGACAGTGGG 
AAGTC^CAT-GCCCT-'ACGGGC^ 
AAGTCCTCATGGCCCTTACGGGCTGGGCTACACACGTGCTACAATGGTGGTGACAGTGGG 
AAGTCCTCATGGCCCTTACGGGCTGGGCTACACACGTGCTACAATGGTGGTGACAGTGGG 
AAGTCCTCATGGCCCTTACGGGCTGGGCTACACACGTGCTACAATGGTGGTGACAGTGGG 
AAGTCCTCATGGCCCTTACGGGCTGGGCTACACACGTGCTACAATGGTGGTGACAGTGGG 
************* *************** r * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

1201 1211 1221 1231 1241 1251 
CAGCAAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCGGATTGCACTCTG 
CAGCAAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCGGATTGCACTCTG 
CAGCMGCACGC^G-G-GAGCT^TCT^ 
CAGCAAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCGGATTGCACTCTG 
CAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCGGATTGCACTCTG 
CAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCGGATTGCACTCTG 
CAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCGGATTGCACTCTG 
*************** **************************** *********** 

1261 1271 1281 1291 1301 1311 
CAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGAAT 
CAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGAAT 
CAACfCGAGTGCATGAAGl^GGAATCGCTAGTAATCGCCX-^ 
CAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGAAT 

CAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGAAT 
CAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGAAT 
CAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGAAT 

************************************************************ 
1321 1331 1341 1351 1361 1371 
ACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTCTGCCCGAAGG 
ACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTCTGCCCGAAGG 
ACGfT_CCGGGCOTGTACAC_A^^ 
ACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTCTGCCCGAAGG 
ACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGAAGG 
ACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGAAGG 
ACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGAAGG 

************************************************************ 
1381 1391 1401 1411 1421 1431 
CACTGTGCTAACCGTAAGGAGGCAGGTGACCACGGTAGGGTCAGCGACTGGGGTGAAGTC 
CACTGTGCTAACCGTAAGGAGGCAGGTGACCACGGTAGGGTCAGCGACTGGGGTGAAGTC 

CACTGTGCTAACCGTA 
CGCTGTGCTAACCGCAAGGAGGCAGGCGACCACGGTAGGKTCAGCGACTGGGGTGAAGTC 
CGCTGTGCTAACCGCAAGGAGGCAGGCGACCACGGTAGGGTCAGCGACTGGGGTG 
CGCTGTGCTAACCGCAAGGAGGCAGGCGACCACGGTAGGGTCAGCGACTGGGGTGAAG--

O. sp. LMG20564 
O. sp. 
CDB2 
0. grignonense 
B. canis 
B. melitens 
0. anthropi 

1441 1451 1461 1471 
GTAACAAGGTAGCCGTAGGGGAAC-TGC 
GTAACAAGGTAGCCGTAGGGGAACCTGCGGTTG 

GC-

CDB3: 
B. thuringinesis 
B. anthracis 
B. cereus 
B. cereus G8639 
CDB3 

B. thuringinesis 
B. anthracis 
B. cereus 
B. cereus G8639 
CBB3 '"•'•" 

B. thuringinesis 
B. anthracis 
B. cereus 
B. cereus G8639 
CDB3 " " rtiV 

1 11 21 31 41 51 
TTATTGGAGAGTTTGATCCTGGCTCAGGATGAACGCTGGCGGCGTGCCTAATACAT - GCA 
TTATTGGAGAGTTTGATCCTGGCTCAGGATGAACGCTGGCGGCGTGCCTAATACAT - GCA 

GGCTCAGGATGAACGCTGGCGGCGTGCCTAATACAT-GCA 
TTATTGGAGAGTTTGATCCTGGCTCAGGATGAACGCTGGCGGCGTGCCTAATACAT-GCA 

-_-____--_"---_-_-__...i_-GAGTAATCi-GGCTGAGT--'- -A-TACGTAGCA 

** ** *** * ** * *** * *** 
61 71 81 91 101 111 
AGTCGAGCGAATGGATTAAGAGCTTGCTCTTATGAAGTTAGCGGCGGACGGGTGAGTAAC 
AGTCGAGCGAATGGATTAAGAGCTTGCTCTTATGAAGTTAGCGGCGGACGGGTGAGTAAC 
AGTCGAGCGAATGGATTAAGAGCTTGCTCTTATGAAGTTAGCGGCGGACGGGTGAGTAAC 
AGTCGAGCGAATGGATTAAGAGCTTGCTCTTATGAAGTTAGCGGCGGACGGGTGAGTAAC 
AGTCGAG$GMTG^fCCGTAG^ 

************************************************************ 
121 131 141 151 161 171 
ACGTGGGTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGAT 
ACGTGGGTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGAT 
ACGTGGGTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGAT 
ACGTGGGTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGAT 
ACGTGGGTAACCTGCCCATMGACTGGG-VTAACTCCCJGGAAACCGGGGCTAATACCGGAT 

************************************************************ 
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181 191 201 211 221 231 
B. thuringinesis AACATTTTGAACYGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATGGATGG 
B. anthracis AACATTTTGAACCGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATGGATGG 
B. cereus AACATTTTGAACTGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATGGATGG 
B. cereus G863 9 AAYATTTTGAACTGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATGGATGG 
CDB3 ' AATATTTTGAACTGCATGGTTCGAAATTGAA^ 

** ********************************************************* 
241 251 261 271 281 291 

B. thuringinesi s ACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCGTAGCC 
B. anthracis ACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCGTAGCC 
B. cereus ACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCGTAGCC 
B. cereus G863 9 ACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCGTAGCC 
CDB3- ACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCMGGCAACGATGCGTAGCC 

B. thuringinesis GACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGG 
B. anthracis GACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGG 
B. cereus GACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGG 
B. cereus G8639 GACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGG 
CDB3 "Tfjv GACCTGAGAGGGTGATCGGOaaC^ 

B. thuringinesis CAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGA 
B. an thra ci s CAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGA 
B. cereus CAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGA 
B. cereus G863 9 CAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGA 
CDB3 CAGC-AG-AGGGAA-CTTCC-CA^^ 

B. thuringinesis TGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGAATAAG 
B. anthracis TGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGAATAAG 
B. cereus TGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGAATAAG 
B. cereus G8 63 9 TGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGAATAAG 
CDB3 .""" T(_AAGGC-TTCGGGTCGTAAAACTC^^ 

************************************************************ 
481 491 501 511 521 531 

B. thuringinesis • CTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGG 
B. an thra ci s CTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGG 
B. cereus CTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGG 
B. cereus G863 9 CTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGG 
CDB3 ""->-," CTGGCACCTTOACGGTACC^^ 

************************************************************ 
541 551 561 571 581 591 

B. thuringinesis TAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTT 
B. anthracis TAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTT 
B. cereus TAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTT 
B. cereus G863 9 TAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTT 
CDB3 TAATACGTAGGTGGCAAGCGTTATCCGGJ^TTATTGGGCGTAAAGCGCGCGCAGGTGGTT 

************************************************************ 
601 611 621 631 641 651 

B. thuringinesis TCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGA 
B. anthracis TCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGA 
B. cereus TCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGA 
B. cereus G8639 TCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGA 
CDB3 TCT-AAGTCTGATGTGAAAGCCCA^ 

************************************************************ 
661 671 681 691 701 711 

B. thuringinesi S CTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATATG 
B. anthracis CTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATATG 
B. cereus CTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATATG 
B. cereus G8 63 9 CTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATATG 
CDB3 ' CTTGAGTGCAGAAGAGGAAAGT.GGAAf ^^ 

************************************************************ 
721 731 741 751 761 771 

B. thuringinesis GAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCGAAAGC 
B. anthracis GAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCGAAAGC 
B • cereus GAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCGAAAGC 
B. cereus G8 63 9 GAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCGAAAGC 
CDB3 " '".' •'••'•••_• GAG-^CACCAGTGGCGAAG_CGACTCTCTGGTCTGTAACTGACAC 

************************************************************ 
781 791 801 811 821 831 

B. thuringinesis GTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAG 
B. anthracis GTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAG 
B. cereus GTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAG 
B. cereus G8639 GTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAG 
CDB3 -"• GTG_GGAGCAAA<_AG_ATTAGATAC£C-GG 

********************************** 
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841 851 861 871 881 891 
B. thuringinesis TGTTAGAGGGTTTCCGCCCTTTAGTGCTGAAGTTAACGCATTAAGCACTCCGCCT-GGGG 
B. an thraci s TGTTAGAGGGTTTCCGCCCTTTAGTGCTGAAGTTAACGCATTAAGCACTCCGCCT - GGGG 
B. cereus TGTTAGAGGGTTTCCGCCCTTTAGTGCTGAAGTTAACGCATTAAGCACTCCGCCT-GGGG 
B. cereus G8639 TGTTAGAGGGTTTCCGCCCTTTAGTGCTGAAGTTAACGCATTAAGCACTCCGCCT-GGGG 
CDB3" ft?" TGTTAGAGGGTTTCCGCCC-TTAGTGCTGAAGT-AACGCAT.TA-GCACTCCGCCTTGG^ 

********************************* ********* *********** **** 
901 911 921 931 941 951 

B. thuringinesis AGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGC 
B. anthracis AGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGC 
B. cereus AGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGC 
B. cereus G863 9 AGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGC 
CDB3 AG-TO-GCCGCAAGGCTGAAACTCAftAGGM^ 

************************************************************ 
961 971 981 991 1001 1011 

B. thuringinesis ATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACC-AGGTC-TTGACATCCTCTGAAA 
B. anthracis ATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACC-AGGTC-TTGACATCCTCTGACA 
B. cereus ATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACC-AGGTC-TTGACATCCTCTGAAA 
B. cereus G8639 ATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACC-AGGTC-TTGACATCCTCTGAAA 
CDB3 " .*:' A-GTGGT__AATTCGAAGCAACGCGAAGMCC-^^ 

************************************* ***** **************** 
1021 1031 1041 1051 1061 1071 

B. thuringinesis ACCCTAGAGATAGGGCTTCTCC-TTCGGGAGCAGAGTGACAGGTGGTGCATGGTTGTCGT 
B. anthracis ACCCTAGAGATAGGGCTTCTCC-TTCGGGAGCAGAGTGACAGGTGGTGCATGGTTGTCGT 
B. cereus ACCCTAGAGATAGGGCTTCTCC-TTCGGGAGCAGAGTGACAGGTGGTGCATGGTTGTCGT 
B. cereus G8639 ACCCTAGAGATAGGGCTTCTCC-TTCGGGAGCAGAGTGACAGGTGGTGCATGGTTGTCGT 
CDB3 ' '.: \r?-'; ACCCTAGAGATAGGGCTTCT CCCTTCGGt^CAG^ 

********************* ************************************** 
1081 1091 1101 1111 1121 1131 

B. thuringinesis CAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGATCTTAGT 
B. anthracis CAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGATCTTAGT 
B. cereus CAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGATCTTAGT 
B. cereus G8639 CAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGATCTTAGT 
CDB3 CAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCG 

************************************************************ 
1141 1151 1161 1171 1181 1191 

B. thuringinesi s TGCCATCATTAAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCGGAGGAAGGTGGG 
B. anthracis TGCCATCATTWAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCGGAGGAAGGTGGG 
B. cereus TGCCATCATTAAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCGGAGGAAGGTGGG 
B. cereus G8 639 TGCCATCATTAAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCGGAGGAAGGTGGG 
CDB3'; TGCCATC&TTAAGTTGGGCACTC-AAGGTGAC^ 

********** ************************************************* 
1201 1211 1221 1231 1241 1251 

B. thuringinesis GATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGACGG 
B. anthracis GATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGACGG 
B. cereus GATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGACGG 
B. cereus G863 9 GATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGACGG 
CDB3 rP GATGACCTe___.TCATCATGCCCCTT^ 

************************************************************ 
1261 1271 1281 1291 1301 1311 

B. thuringinesis TACAAAGAGCTGCAAGACCGCGAGGTGGAGCTAATCTCATAAAACCGTTCTCAGTTCGGA 
B. anthracis TACAAAGAGCTGCAAGACCGCGAGGTGGAGCTAATCTCATAAAACCGTTCTCAGTTCGGA 
B. cereus TACAAAGAGCTGCAAGACCGCGAGGTGGAGCTAATCTCATAAAACCGTTCTCAGTTCGGA 
B. cereus G8 63 9 TACAAAGAGCTGCAAGACCGCGAGGTGGAGCTAATCTCATAAAACCGTTCTCAGTTCGGA 
CDB3\-:- "•'••• '.'/-'• . ""•"•' TAC-AAAGAGCTGCAAGACCGCGAGGTGGAlSCTA^ 

************************************************************ 
1321 1331 1341 1351 1361 1371 

B. thuringinesis TTGTAGGCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGCGGATCAGCATGC 
B. anthracis TTGTAGGCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGCGGATCAGCATGC 
B. cereus TTGTAGGCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGCGGATCAGCATGC 
B. cereus G8639 TTGTAGGCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGCGGATCAGCATGC 
CDBFT; TTGTAGGCTGCAACTCGCCTACATt^GCT^ 

************************************************************ 
1381 1391 1401 1411 1421 1431 

B. thuringinesis CGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGT-CACACCACGAGAGTTTGTA 
B. anthracis CGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGT-CACACCACGAGAGTTTGTA 
B. cereus CGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGT - CACACCACGAGAGTTTGTA 
B. cereus G863 9 CGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGT-CACACCACGAGAGTTTGTA 
CDB3 ' C<K<__TG__ATACG^ 

**************************************** ******************* 
1441 1451 1461 1471 1481 1491 

B. thuringinesis ACACCCGAAGTCGGTGGGGTAACCTTTTTGGAGCCAGCCGCCTA-AGGTGGGACAGATGA 
B. anthracis ACACCCGAAGTCGGTGGGGTAACCTTTTTGGAGCCAGCCGCCTA-AGGTGGGACAGATGA 
B. cereus ACACCCGAAGTCGGTGGGGTAACCTTTTTGGAGCCAGCCGCCTA-AGGTGGGACAGATGA 
B. cereus G8639 ACACCCGAAGTCGGTGGGGTAACCTTTTTGGAGCCAGCCGCCTA-AGGTGGGACAGATGA 
CDBi'k ";' ;,,'.f.,.'. ACACCCGAAGtCGTTAGATTTiGCTf.CC-'I^TCCGGCTAGA 

******************** ********************** ** * * * ** 
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B. thuringinesis 
B. anthracis 
B. cereus 
B. cereus G8639 
CDB3 " :.-'"'.'"\ ''iC'v 

1501 1511 1521 1531 1541 1551 
TTGGGGTGAAGTCGTAACAAGGTAGCCGTATCGGAAGGTGCGGCTGGATCACCTCCTTTC 
TTGGGGTGAAGTCGTAACAAGGTAGCCGTATCGGAAGGTGCGGCTGGATCACCTCCTTTC 
TTGGGGTGAAGTCGTAACAAGGTAGCCGTATCGGAAGGTGC 
TTGGGGTGAAGTCGTAACAAGGTAGCCGTATCGGAAGGTGCGGCTGGATCACCTCCTTTC 

B. thuringinesis 
B. anthracis 
B. cereus 
B. cereus G863 9 

CD_a'V-"'::--;:r-.' 

1561 
T 
T 

CDB4: 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 
_DB4 

1 11 21 31 41 51 
GGCTCAGGATGAACGCTGGCGGCGTGCCTAATACATGCAA 

CTGGCTCAGGATGAACGCTGGCGGCGTGCCTAATACATGCAA 
TTATTGGAGAGTTTGATCCTGGCTCAGGATGAACGCTGGCGGCGTGCCTAATACATGCAA 

TAATACATGCAA 

TTAGAKTTTGATCATGGCTCAGGATGAACGCTGGCGGCGTGCTTAATACATGCAA 
•-._ i.fei ii—•- -"r - — --- - - -"- -.'ii-- -i_- - ̂ i-i - -iACA_GS_AG_C<_AV-i -i :GCAA 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 
CDB4 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 
CDB4"tt 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 
CDB4~" r" 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 

CDB4 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 

C_B4 ' '" 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 

CDB4 "'." 

61 71 81 91 101 111 
GTCGAGCGAATGGATTAAGAGCTTGCTCTTATGAAGTTAGCGGCGGACGGGTGAGTAACA 
GTCGAGCGAATGGATTAAGAGCTTGCTCTTATGAAGTTAGCGGCGGACGGGTGAGTAACA 
GTCGAGCGAATGGATTAAGAGCTTGCTCTTATGAAGTTAGCGGCGGACGGGTGAGTAACA 
GTCGAGCGAATGGATTAAGAGCTTGCTCTTATGAAGTTAGCGGCGGACGGGTGAGTAACA 
GTCGAGCGAATGGATTAAGAGCTTGCTCTTATGAAGTTAGCGGCGGACGGGTGAGTAACA 
G--CAGeGAA-GGAT-AAGAGCTTGCTCTTATGAAGT_AGC_GCGGACGGGTGAGTAACA 

* ****** **** ******************************************** 
121 131 141 151 161 171 
CGTGGGTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATA 
CGTGGGTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATA 
CGTGGGTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATA 
CGTGGGTAACCTACCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATG 
CGTGGGTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATA 
CGTGGGTAACCTGCCCATAAGACTGGGATAACTCCGGGA^ 

************************************************************ 
181 191 201 211 221 231 
ACATTTTGAACTGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATGGATGGA 
ACATTTTGAACYGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATGGATGGA 
ACATTTTGAACCGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATGGATGGA 
ATATTTTGAACTGCATAGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATGGATGGA 
ACATTTTGAACYGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATGGATGGA 
ACATT-TGAACTGCATGGTTCGAAATTGAAAGrG*CGGCTTCGGCTGTCACTTATG(_ATGGA 

*********** ************************************************ 
241 251 261 271 281 291 
CCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCGTAGCCG 
CCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCGTAGCCG 
CCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCGTAGCCG 
CCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCGACGATGCGTAGCCG 
CCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCGTAGCCG 
CCCGCGTCGCATtAGCTAGTTGGTGAGGTAACGGCTCACC-AAGGCAACGATGCGTAGCCG 

***************************************** r * * * * * * * * * * * * * * * * * * 

301 311 321 331 341 351 
ACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGC 
ACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGC 
ACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGC 
ACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGC 
ACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGC 
ACCTGAGA_X-GTGATCGGCCA<^^ 

************************************************************ 
361 371 381 391 401 411 
AGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGAT 
AGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGAT 
AGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGAT 
AGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGAT 
AGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGAT 
AGCA_fAG<M.^TC*TCCGC^ 

************************************************************ 
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B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 
CDB4 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 
CDB-F :' 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 
CDB4 '•"••.. ••',v-': 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 

CDB4''-•"_"'" 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 

CDB 4'̂ vJ:- ': 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 
CDB4 -'.-. 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 

C D B 4 >r.v'' :•_•' 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 
CDB4' < -, 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 
CDB4 *' '•' ' 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 

~%y. .~".' CDB4 

421 431 441 451 461 471 
GAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGAATAAGC 
GAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGAATAAGC 
GAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGAATAAGC 
GAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGAATAAGC 
GAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGAATAAGC 
GAAGGC-TTCGGGTC(-TAAF_ACT^ 

************************************************************ 
481 491 501 511 521 531 
TGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGT 
TGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGT 
TGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGT 
TGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGT 
TGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGT 

TOTCACCTTGACGGTACC-^ 

*************************************** ******************** 
541 551 561 571 581 591 
AA-ACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTT 
AATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTT 
AATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTT 
AATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTT 
AATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTT 
AATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGT^ 

************************************************************ 
601 611 621 631 641 651 
CTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGAC 
CTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGAC 
CTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGAC 
CTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGAC 
CTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGAC 

CTTMGTCTGATGTGJ^GCCCACGGCTC__iCC^ 

************************************************************ 
561 671 681 691 701 711 
TTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATATGG 
TTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATATGG 
TTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATATGG 
TTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATATGG 
TTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATATGG 
T-XaGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATATGG 

************************************************************ 
721 731 741 751 761 771 
AGGAACACCAGTGGCGAAGGCGACTTTC-TGGTCTGTAACTGACACTGAGGCGCGAAAGC 
AGGAACACCAGTGGCGAAGGCGACTTTC-TGGTCTGTAACTGACACTGAGGCGCGAAAGC 
AGGAACACCAGTGGCGAAGGCGACTTTC - TGGTCTGTAACTGACACTGAGGCGCGAAAGC 
AGGAACACCAGTGGCGAAGGCGACTTTC-TGGTCTGTAACTGACACTGAGGCGCGAAAGC 
AGGAACACCAGTGGCGAAGGCGACTTTC-TGGTCTGTAACTGACACTGAGGCGCGAAAGC 
Ai_rGAAC_CAGT<_GeC3^_ 

**************************** ******************************* 
781 791 801 811 821 831 
GTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAG 
GTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAG 
GTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAG 
GTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAG 
GTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAG 
GtGGGGAG<-AAACA(^TTA_ATACCCTGGTAGTCC_&CGCCGTAAACGATGAGTGCTAAG 

************************************************************ 
841 851 861 871 881 891 
TGTTAGAGGGTTTCCGCCCTTT - AGTGCTGAAGTTAACGCATTAAGCACTCC - GCCTGGG 
TGTTAGAGGGTTTCCGCCCTTT - AGTGCTGAAGTTAACGCATTAAGCACTCC - GCCTGGG 
TGTTAGAGGGTTTCCGCCCTTT - AGTGCTGAAGTTAACGCATTAAGCACTCC - GCCTGGG 
TGTTAGAGGGTTTCCGCCCTTT-AGTGCTGAAGTTAACGCATTAAGCACTCC-GCCTGGG 
TGTTAGAGGGTTTCCGCCCTTT-AGTGCTGAAGTTAACGCATTAAGCACTCC-GCCTGGG 
TG^AGAGGG-^TCCGCCCTTT^ 

********************** ***************************** ******* 
901 911 921 931 941 951 
GAGTACGGCCGCAAGGCTGAAAC-TCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGA 
GAGTACGGCCGCAAGGCTGAAAC - TCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGA 
GAGTACGGCCGCAAGGCTGAAAC-TCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGA 
GAGTACGGCCGCAAGGCTGAAAC-TCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGA 
GAGTACGGCCGCAAGGCTGAAAC - TCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGA 

GAGTACGGCCGCAAGGCTGtAACCTCAJ_\G_AATTGA^ 

*********************** ************************************ 
961 971 981 991 1001 1011 
GCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACC-AGGTCTTGACATCCTCTGAA 
GCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACC-AGGTCTTGACATCCTCTGAA 
GCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACC-AGGTCTTGACATCCTCTGAC 
GCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACC-AGGTCTTGACATCCTCTGAA 
GCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACC-AGGTCTTGACATCCTCTGAC 

_X_ATGTGGWfMTTCGAAGC^ 

*************************************** ******************** 
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B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 
CDB4 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 
CDB4 -

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 
CDB4 i~ 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 
CDB4 ''• \'•--'; -•"_''.'"-•-; 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 
CDB4 ="; -."-::.:~\:. ' 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 

CDB4" "T' - ~~'~ •' ; 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 
CDB4 ..?"" 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 
CDB4''"- " 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 
CDB4 "" 

1021 1031 1041 1051 1061 1071 
AACCCTAGAGATAGGGCTTCTCCTTCGGGAGCAGAGTGACAGGTGGTGCATGGTTGTCGT 
AACCCTAGAGATAGGGCTTCTCCTTCGGGAGCAGAGTGACAGGTGGTGCATGGTTGTCGT 
AACCCTAGAGATAGGGCTTCTCCTTCGGGAGCAGAGTGACAGGTGGTGCATGGTTGTCGT 
AACTCTAGAGATAGAGCTTCTCCTTCGGGAGCAGAGTGACAGGTGGTGCATGGTTGTCGT 
AACCCTAGAGATAGGGCTTCTCCTTCGGGAGCAGAGTGACAGGTGGTGCATGGTTGTCGT 

AACCCTAGAGATAGGGCTTCTCCTTC^ 

************************************************************ 
1081 1091 1101 1111 1121 1131 
CAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGATCTTAGT 
CAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGATCTTAGT 
CAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGATCTTAGT 
CAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGATCTTAGT 
CAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGATCTTAGT 
CAGCTCGTCTCGTGAGATGTTGGGTTAAGTCrc^ 

************************************************************ 
1141 1151 1161 1171 1181 1191 
TGCCATCATTAAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCGGAGGAAGGTGGG 
TGCCATCATTAAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCGGAGGAAGGTGGG 
TGCCATCATTWAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCGGAGGAAGGTGGG 
TGCCATCATTAAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCGGAGGAAGGTGGG 
TGCCATCATTAAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCGGAGGAAGGTGGG 
TGCCATCATTAACTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCGGAGG 

************************************************************ 
1201 1211 1221 1231 1241 1251 
GATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGA-CG 
GATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGA-CG 
GATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGA-CG 
GATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGA-CG 
GATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGA-CG 
GATGACGfCAAATCATCATGCCC^ 

********************************************************* ** 
1261 1271 1281 1291 1301 1311 
GTACAAAGAGCTGCAAGACCGCGAGGTGGAGCTAATCTCATAAAACCGTTCTCAGTTCGG 
GTACAAAGAGCTGCAAGACCGCGAGGTGGAGCTAATCTCATAAAACCGTTCTCAGTTCGG 
GTACAAAGAGCTGCAAGACCGCGAGGTGGAGCTAATCTCATAAAACCGTTCTCAGTTCGG 
GTACAAAGAGCTGCAAGACCGCGAGGTGGAGCTAATCTCATAAAACCGTTCTCAGTTCGG 
GTACAAAGAGCTGCAAGACCGCGAGGTGGAGCTAATCTCATAAAACCGTTCTCAGTTCGG 
GTACAAAGAG^TGCAAGACCGCGAGGTGGAGCTAATCTCAfAAAACCGTTCTC^^ 

************************************************************ 
1321 1331 1341 1351 1361 1371 
ATTGTAGGCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGCGGATCAGCATG 
ATTGTAGGCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGCGGATCAGCATG 
ATTGTAGGCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGCGGATCAGCATG 
ATTGTAGGCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGCGGATCAGCATG 
ATTGTAGGCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGCGGATCAGCATG 
^A_TG?AGGCTGCMCTCGCC_ACATGAAGC*GGAAT 

************************************************************ 
1381 1391 1401 1411 1421 1431 
CCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCACGAGAGTTT - GT 
CCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCACGAGAGTTT - GT 
CCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCACGAGAGTTT-GT 
CCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCACGAGAGTTT-GT 
CCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCACGAGAGTTT - GT 
CCGCGGTCAATACGT-CCCGGGC^^ 

********************************************************* 
1441 1451 1461 1471 1481 1491 
AACACCCGAAGTCGGTGGGGTAACCTTTTTGGAGCCAGCCGCCTAAGGTGGGACAGATGA 
AACACCCGAAGTCGGTGGGGTAACCTTTTTGGAGCCAGCCGCCTAAGGTGGGACAGATGA 
AACACCCGAAGTCGGTGGGGTAACCTTTTTGGAGCCAGCCGCCTAAGGTGGGACAGATGA 
AACACCCGAAGTCGGTGGGGTAACCTTTATGGAGCCAGCCGCCTAAGGTGGGACAGATGA 
AACACCCGAAGTCGGTGGGGTAACCTTTTTGGAGCCAGCCCCCTAAGGTGGGACAGATGA 
AACaCCCGAAGTCGGTGGGGiAACCT- -ATGGAGCCAG-"- -CCTAGAGTTTG- • 

******************** ***** ********* ******** * 
1501 1511 1521 1531 1541 1551 
TTGGGGTGAAGTCGTAACAAGGTAGCCGTATCGGAAGGTGC 
TTGGGGTGAAGTCGTAACAAGGTAGCCGTATCGGAAGGTGCGGCTGGAT 
TTGGGGTGAAGTCGTAACAAGGTAGCCGTATCGGAAGGTGCGGCTGGATCACCTCCTTTC 
TTGGGGTGAAGTCGTAACAAGGTATCCGT 
TTGGGGTGAAGTCGTAACAAGGGCCA 

B. cereus 
B. thuringinesis 
B. anthracis 
B. mycoides 
Bacterium Te27R 
CDB4 "-* *>:* ' 

1561 
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CDB5: 

CDB5 
Serratia marcescens 

Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

CDB5 ._'- S_ -

Serratia marcescens 

Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

CDB5 

Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 

Kluyvera ascorbata 

CDB5 ;. •; VsP^Y-.L ̂  '•'.":•'•• '.:.•" 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

CDB5 •:_.;-,, ... /•;_._ :,:.-.:-
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

1 11 21 31 41 51 

1 ----- _ _._-.__ _ _ _., _ _ __ __._ _ __1<GGC_GGCGG- - -AATACGTAGCAAGTCGAGCG 

_ G_ -GCTTACACATGCAGTCGAGCG 

cc_ -TAACACAT-GCAAGTCGAGCG 

AGTTTGATCCTGGCTCAGATTGAACGCTGGCGGCAGGCCTAACACAT - GCAAGTCGAACG 

** ****** ** 
61 71 81 91 101 111 

GTAGCACAGGGGAGCTTGCTCCCTGGGTGACGAGCGGCGGACGGGTGAGTAATGTCTGGG 
GTAGCACAGGGGAGCTTGCTCCCTGGGTGACGAGCGGCGGACGGGTGAGTAATGTCTGGG 
GTAGCACAGANNNNNNNNNNNNTCGGGTGACGAGCGGCGGACGGGTGAGTAATGTCTGGG 

GTAGCACAGAG-AGCTTGCTCTC-GGGTGACGAGTGGCGGACGGGTGAGTAATGTCTGGG 
********* ********************** 

121 131 141 151 161 171 

AAACTQCCTGATf^^GGGATAACTACTGGAAACGGTAGCTAATACCGCATAACGTCGC 

AAACfGCCTGATGGAGGGGGATAACTACTGGAAACGGTAGCTAATACCGCATAACGTCGC 

AAACTGCCTGATGGAGGGGGATAACTACTGGAAACGGTAGCTAATACCGCATAACGTCTT 

AAACTGCCCGATGGAGGGGGATAACTACTGGAAACGGTAGCTAATACCGCATAATGTCGC 
************** r * * * * * * * * * * * * * * * * * ************************* 
181 191 201 211 221 231 

AAGACC-iAAGAGGGGGACCTTCGGGCCT^ 
AAGACCAAAGAGGGGGACCTTCGGGCCTCTTGCCATCAGATGTGCCCAGATGGGATTAGC 
CGGACCAAAGAGGGGGACCTTCGGGCCTCTTGCCATCAGATGTGCCCAGATGGGATTAGC 
AAGACCAAAGTGGGGGACCTTCGGGCCTCACACCATCGGATGTGCCCAGATGGGATTAGC 

******** *********** ******* ***** ********************** 
241 251 261 271 281 291 
TAGTAGBTGGGGTAATGGCTeACC™ 
TAGTAGGTGGGGTAATGGCTCACCTAGGCGACGATCCCTAGCTGGTCTGAGAGGATGACC 
TAGTAGGTGAGGTAATGGCTCACCTAGGCGACGATCCCTAGCTGGTCTGAGAGGATGACC 
TAGTTGGTGAGGTAATGGCTCACCAAGGCGACGATCCCTAGCTGGTCTGAGAGGATGACC 

**** **** ************** *********************************** 
301 311 321 331 341 351 
AGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGKaGGCAGCAGTGGGGAATA.-
AGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATT 
AGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATT 

AGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATT 

*********** ******************************************* 
361 371 381 391 401 411 
GCACAA-k_GG.C(_--y-GCCTGATG^ 
GCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTG 
GCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTG 
GCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTGTATGAAGAAGGCCTTCGGGTTG 

*************************************** ******************** 
421 431 441 451 461 471 
TAMGCACTTTCAGCGAGGAGG^ 

TAAAGCACTTTCAGCGAGGAGGAAGGTGGTGAGCTTAATACGCTCATCAATTGACGTTAC 

TAAAGCACTTTCAGCGGGGAGGAAGGCGGTGAGATTAATACTCTCACCGATTGACGTTAC 

TAAAGTACTTTCAGCGAGGAGGAAGGCATTAAGGTTAATAACCTTAGTGATTGACGTTAT 
***** ******* ********* ****** ********** 
481 491 501 511 521 531 
-CGCAGAAGAAQCACCGGCTAACTCCI^ 

TCGCAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAAG 
CCGCAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAAG 
TCGCAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAAG 

**************************************************** ******* 
541 551 561 571 581 591 
CG-TAATCGGtoTTACTGG^GT_UU^^ 

CGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCGGTTTGTTAAGTCAGATGTGAA 
CGTTAATCGGAATGACTGGGCGTAAAGCGCACGCAGGCGGTTTGTTAAGTCAGATGTGAA 
CGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCGGTCTGTCAAGTCGGATGTGAA 

************* *************************** *** ******** 
601 611 621 631 _ 641 651 

ATCCCCGGGCTS-^CCTGGGAACTGCA^ 

ATCCCCGGGCTCAACCTGGGAACTGCATTTGAAACTGGCAAGCTAGAGTCTCGTAGAGGG 

ATCCCCGAGCTTAACTTGGGAACTGCATTTGAAACTGGCAAGCTAGAGTCTTGTAGAGGG 

ATCCCCGGGCTCAACCTGGGAACTGCATTCGAAACTGGCAGGCTAGAGTCTTGTAGAGGG 

***************************** ****************************** 
661 671 681 691 701 711 
C^TAGAATTC-AGGTGTAGCGGTGAAATGCG^ 

GGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGGTGGCGA 

GGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGGTGGCGA 

GGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGGTGGCGA 

************************************************************ 
721 731 741 751 761 771 
AGGCGGCCCCCTGGAEGAAGACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGAT 

AGGCGGCCCCCTGGACGAAGACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGAT 

AGGCGGCCCCCTGGACAAAGACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGAT 

AGGCGGCCCCCTGGACAAAGACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGAT 

************************************************************ 
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CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

CDB5 .:.;; : /. •_.' ••: •. • • ••: • 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

CDB5 . 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

CDB5 ;_.-_ 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

CDB5 .,-y--':fi 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

CDB5 _.;,: 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 

Kluyvera ascorbata 

CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 

781 791 801 811 821 831 
TAGATACCCTGGTAGTCCACGfi-GTAAACGATCT^ 
TAGATACCcfGGTAGTCCACGCTGTAAACGATGTCGATTTGGAGGTTGTGCCCTTGAGGC 
TAGATACCCTGGTAGTCCACGCTGTAAACGATGTCGATTTGGAGGTTGTGCCCTTGAGGC 
TAGATACCCTGGTAGTCCACGCCGTAAACGATGTCTATTTGGAGGTTGTTCCCTTGAGGA 

************************* *************** ********* 
841 851 861 871 881 891 
GTGGCT TCCGGAGCTAACGCGTTAAATCGACCGCCTGGCiGAGT- C^CCGCAAGGTTAAA 
GTGGCTTCCGGAGCTAACGCGTTAAATCGACCGCCTGGGGAGTACGGCCGCAAGGTTAAA 
GTGGCTTCCGGAGCTAACGCGTTAAATCGACCGCCTGGGGAGTACGGCCGCAAGGTTAAA 
GTGGCTTCCGGAGCTAACGCGTTAAATAGACCGCCTGGGGAGTACGGCCGCAAGGTTAAA 

********** ******************************** **************** 
901 911 921 931 941 951 
' - CTCAAATGAAS-aCGGG^CCCGI^CAAGC^_StGGAGCA--GT_GTTTAATTC^TGCA 
ACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGATGCA 
ACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGATGCA 
ACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGATGCA 

****************** **************************** 
961 971 981 991 1001 1011 
ACGCGAAGAACCTfACCTACTCTTGACATCCAG^ 
ACGCGAAGAACCTTACCTACTCTTGACATCCAGAGAACTTAGCAGAGATGCTTTGGTGCC 
ACGCGAAGAACCTTACCTACTCTTGACATCCAGAGAACTTAGCAGAGATGCTTTGGTGCC 
ACGCGAAGAACCTTACCTACTCTTGACATCCAGAGAACTTAGCAGAGATGCTTTGGTGCC 

************************************************************ 
1021 1031 1041 1051 1061 1071 
TTC<3_GAACTC$GA_AeAGGTGCTGCATGGCT^^ 
TTCGGGAACTCTGAGACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTTGTGAAATGTTGG 
TTCGGGAACTCTGAGACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTTGTGAAATGTTGG 
TTCGGGAACTCTGAGACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTTGTGAAATGTTGG 

************* *********************************** 
1081 1091 1101 1111 1121 1131 
-GTTAAGTCCCGC__VCGAGCGCAACCCTTATCCfTTGTTGCCAGCGGTTCGGCCGGGMCT 
GTTAAGTCCCGCAACGAGCGCAACCCTTATCCTTTGTTGCCAGCGGTTCGGCCGGGAACT 
GTTAAGTCCCGCAACGAGCGCAACCCTTATCCTTTGTTGCCAGCGGTTCGGCCGGGAACT 
GTTAAGTCCCGCAACGAGCGCAACCCTTATCCTTTGTTGCCAGCGGTTCGGCCGGGAACT 

************************ ************************************ 
1141 1151 1161 1171 1181 1191 
CAAAGGAGACTGCCAGTGATAAACTGGAGGAAGGTGGGGAfGACGTCAAGT<_AT 
CAAAGGAGACTGCCAGTGATAAACTGGAGGAAGGTGGGGATGACGTCAAGTCATCATGGC 
CAAAGGAGACTGCCAGTGATAAACTGGAGGAAGGTGGGGATGACGTCAAGTCATCATGGC 
CAAAGGAGACTGCCAGTGATAAACTGGAGGAAGGTGGGGATGACGTCAAGTCATCATGGC 

************************************************************ 
1201 1211 1221 1231 1241 1251 
CCTTACGAGTAGGGCTACACACGTGCTACAATGGCGTATAC-iAAGAGAAGCGACCTCGCG. 
CCTTACGAGTAGGGCTACACACGTGCTACAATGGCGTATACAAAGAGAAGCGACCTCGCG 
CCTTACGAGTAGGGCTACACACGTGCTACAATGGCGTATACAAAGAGAAGCGACCTCGCG 
CCTTACGAGTAGGGCTACACACGTGCTACAATGGCATATACAAAGAGAAGCGACCTCGCG 

**************** ********************************* 
1261 1271 1281 1291 1301 1311 
AGAGCAAGCGGACCTCATAAAGTACGTCGTAGTCCGGATTGGAGTCTGCAACTCGACTCC 
AGAGCAAGCGGACCTCATAAAGTACGTCGTAGTCCGGATTGGAGTCTGCAACTCGACTCC 
AGAGCAAGCGGACCTCATAAAGTACGTCGTAGTCCGGATTGGAGTCTGCAACTCGACTCC 
AGAGCAAGCGGACCTCATAAAGTATGTCGTAGTCCGGATTGGAGTCTGCAACTCGACTCC 

************************************************************ 
1321 1331 1341 1351 1361 1371 
_GAAGTCGGJ_iTCGCTAGT.t_iTCGTA^ 
ATGAAGTCGGAATCGCTAGTAATCGTAGATCAGAATGCTACGGTGAATACGTTCCCGGGC 
ATGAAGTCGGAATCGCTAGTAATCGTAGATCAGAATGCTACGGTGAATACGTTCCCGGGC 
ATGAAGTCGGAATCGCTAGTAATCGTAGATCAGAATGCTACGGTGAATACGTTCCCGGGC 

************************************************************ 
1381 1391 1401 1411 1421 1431 
C-TGTACACACCGCCCGT-CACACCATOT^ 
CTTGTACACACCGCCCGTCACACCATGGGAGTGGGTTGCAAAAGAAGTAGGTAGCTTAAC 
CTTGTACACACCGCCCGTCACACCATGGGAGTGGGTTGCAAAAGAAGTAGGTAGCTTAAC 
CTTGTACACACCGCCCGTCACACCATGGGAGTGGGTTGCAAAAGAAGTAGGTAGCTTAAC 

************************************************************ 
1441 1451 1461 1471 1481 1491 
CTTCGGGAGGGCGTTTAGA- -TTTATTATAC-TG- CTCCGCTGA- - - -:- •- - - - - - - -' 
CTTCGGGAGGGCGCTACCA--CTT---------- ---------------------
CTTCGGGAGGGCGCTTACCACTTTGTGATTCATGACTGGGGTGAAGTCGTAACAAGGTAA 
CTTCGGGAGGGCGCTTACCACTTTGTGATTCATGACTGGGGTGAAGTCGTAACAAGGTAA 

************* * ** 
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1501 1511 1521 1531 1541 , 

Serratia marcescens 
Enterobacteriaceae bacterium A2JM CCGTAGGGGAACCTGCGGCTGGATCACCTCCT 
Kluyvera ascorbata CCGTAGGGGAACCTGCGGCTGGATCACCTCCTTAAGCTTGGATCC 

Figure 2.6: Multiple sequence alignment of 16S rDNA sequences from CDB strains and their homologs. 
A n asterisk indicates all have an identical residue, a dash (-) indicates that the C D B does share the 
consensus residue. The alignment generated using ClustalW (Thompson et. al., 1994) 

2.3.5 Phylogenetic analysis and identification of the strains 

Phylogenetic trees were constructed from multiple alignments of all the CDB 

strains and their related species (Appendix 3). 16S rDNA sequences of the 26 DNA 

sequences (including CDBs) were aligned for comparison. The phylogenetic positions of 

all isolates within different subgroups were investigated by comparing their 16S rDNA 

sequences to those representatives of various genera. Four different groups can be seen 

from the tree: Arthrobacter, Ochrobactrum, Bacillus and Serratia (Figure 2.7). It is 

evident from the phylogenetic tree that CDBI is closely related to Arthrobacter 

histidinolovorans, CDB2 to Ochrobactrum sp. and Ochrobactrum grignonense, CDB3 

and CDB4 to Bacillus spp. and CDB5 to Serratia marcescens. The distance was indicated 

at the branches and its nodes. Neighbor - joining method was used to estimate 

phylogenies from nucleotide sequences and Arthrobacter was chosen to be the out group. 

98% replicates supported the relationships exhibited. 
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Figure 2.7: Phylogenetic tree of the CDB strains and related species retrieved from Genbank based on 16S rDNA 
gene homology. CDBI, CDB2, CDB3, C D B 4 and CDB5 were multiple aligned by using full sequences obtained. The 
distances showed the differences between the different strains. The accession numbers of all strains are listed in Table 
2.5. 

2.3.6 T a x o n o m y tree 

A taxonomy tree was generated through NCBI Taxonomy Browser 

(www.ncbi.nlm.nih.gov /taxonomy /browser) with all the CDB strains and their related 

species. The tree showed a similar trend to that of the phylogenetic tree. In this tree, 

Ochrobactrum belongs to the Rhizobiales group (Figure 2.8). The tree also showed that 
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the genera Ochrobactrum and Serratia are members of the Proteobacteria. 
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Figure 2.8: T a x o n o m y tree of all the related species from the taxonomy database in N C B I [drawn from 
www.ncbi.nlm.nih.gov /taxonomy /browser/ wwwtax.cgi) 

2.3.7 Antibiotic resistance profile of the isolated bacterial strains 

When tested for antibiotic resistance, CDB2 and CDB5 exhibited a wide range of 

resistance to antibiotics including Km (50 \ig mL"1), Amp (100 ^tg mL"1) and Strep (50 

\ig mL-1). CDBI was resistant only to Km (50 [ig mL-1), while complete inhibition was 

observed for both CDB3 and CDB4 with all antibiotics tested (Figure 2.9). 
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(a) (b) (c) (d) 
Figure 2.9: Growth inhibition of bacteria on different antibiotic plates. Bacterial cultures were streaked 
onto L B plates containing different antibiotics. Resistance to different antibiotics was observed after 24 
hours of incubation at 30°C. (a) L B plate; (b) LB- A m p 100 fig/mL; (c) LB- K m 50 [ig/mL; (d) LB- Strep 
50 ug/mL. 

2.3.8 Arsenic and antimony resistance profiles of isolated bacterial strains 

The arsenic resistance of each isolated bacterial strain was tested (in triplicates 

and repeated three times) and compared with E. coli strain AW3110, in which the 

chromosomal ars operon has been deleted (Carlin et. al., 1995). Growth in liquid LB 

medium was more strongly inhibited by arsenite than arsenate and the E. coli strain 

AW3110 was more sensitive to both forms of arsenic (T-test indicated the significant P-

value < 0.001) than any of the isolated soil bacteria (Figure 2.10). For the degree of 

resistance to arsenate, the order (most to least) was CDB2, CDB5, CDB4, CDB3 and 

CDBI (Figure 2.10a). For resistance to arsenite, it was CDB5, CDB4, CDB3, CDB2 and 

CDBI (Figure 2.10b). Strain CDB2 was exceptionally resistant to arsenate, but not to 

arsenite (T-test indicated the significant P-value < 0.005). When grown on LB agar 

plates, the isolated bacteria all showed a minimum inhibitory concentration to arsenite of 

5 mM, but much higher values (more than 75 mM) to arsenate. CDB2 again was by far 

the most tolerant to arsenate, apparently exhibiting normal growth on agar containing 200 

mM arsenate, an almost saturated concentration (Table 2.6). 
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Table 2.6: Minimum Inhibitory Concentration (MIC) of arsenic to C D B strains 
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Figure 2.10: Growth inhibition of bacteria by arsenate and arsenite. Overnight cultures were diluted 50-
fold into L B liquid medium containing increasing amounts of arsenate (a) and arsenite (b), incubated at 
30°C for 5-7 hours. Growth rates were measured as absorbance at 600nm and indicated as percentage 
compared with those without arsenate and arsenite. The error bars represent S D (n=3) which are mostly 
small enough to be hidden behind the data points. 
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The antimonite resistance of these bacteria was also tested both in liquid L B 

medium and on LB agar plates containing different amounts of antimonite. Grown in 

liquid LB medium, CDB 3 and CDB4 were inhibited by antimonite to a greater extent 

while CDBI to a lesser extent compared with E. coli AW3110 (Figure 2.11) (T-test 

indicated the significant P-value < 0.002). Ochrobactrum sp. (CDB2) exhibited a higher 

antimonite resistance at SbUI concentration above 0.4 mM. CDB5 was the most resistant 

strain; 1 mM/L in LB liquid medium had no effect at all on the growth (T-test indicated 

the significant P-value < 0.002). 

•CDB1 

• CDB2 

• CDB3 

• CDB4 

-*-CDB5 

_•_ AW3110 (CONTROL) 

20% 

0% 
0.2 0.4 0.6 

Antimonite (mM) 

0.8 

Figure 2.11: Growth inhibition of bacteria by antimonite. Overnight cultures were diluted 50-fold into L B 
liquid medium containing increasing amounts of antimonite, incubated at 30°C for 5-7 hours. Growth rates 
were measured as absorbance at 600nm and indicated as percentage compared with those without 
antimonite. The error bars represent S D (n=3). 
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2.4 Discussion 

Although a large number of arsenic resistant bacteria have been reported in the 

literature, studies on strains existing in the cattle dip sites are very limited. 

The experiments carried out in the present chapter aimed at identifying and 

characterizing the bacterial strains isolated from heavily contaminated cattle dip site soil 

in NSW. Microbial community analysis using 16S rRNA can detect and identify 

members and suggest phylogenetic relationships of uncultured organisms. The gene 

sequences encoding the 16S rRNA are highly conserved across all bacterial species 

(Dhruva et. al., 2003). The 16S rRNA gene is approximately 1540 bp and its sequence 

has been widely used as a molecular clock to estimate relationships among bacteria 

(phylogeny), but more recently it has also become important as a mean to identify 

unknown bacteria to genus or species level (Sacchi et. al., 2002). According to previous 

studies identification based on 16S rDNA sequencing has overcome the conventional 

testing of cellular fatty acid profiles and utilization of carbon (Jensen et. al., 1993; 

Kolbert and Persing, 1999). Therefore, sequencing of the 16S rDNA was performed to 

differentiate the five bacterial strains isolated for the present study. For all the five 

strains, using the fDl and rP2 primers designed by Weisberg et. al., (1991) almost full 

length sequences were obtained; 1433 bp for CDBI, 1341 bp for CDB2, 1463 bp for 

CDB3, 1422 bp for CDB4 and 1449 bp for CDB5. Sequences were shorter than the 

complete 16S rRNA sequences. A strong and stable support can be found from the 

phylogenetic trees. This provided further evidence to demonstrate the effective use of 

16S rDNA sequencing in the identification of different bacterial taxa. 
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The five isolated bacterial strains are assigned to the genera Arthrobacter sp. 

(CDBI), Ochrobactrum sp. (CDB2) Bacillus sp. (CDB3 and CDB4) and Serratia sp. 

(CDB5). This identification was based on PCR-based 16S rDNA ribotyping and 

similarity index of fatty acid profiles conducted by former members of our group. The 

two procedures concurred in identifying the most probable genus for each strain, and 

were consistent with the observed morphology. Ribotyping and fatty acid profiles also 

agreed in identifying the candidate species for two of the strains (B. mycoides for CDB4 

& S. marcesens for CDB5) but conclusive identification to species level will require 

further research. Bhattacharya et. al. (2003) previously used PCR-based 16S rDNA 

ribotyping in combination with repetitive-sequence PCR fingerprinting to elucidate 

intraspecies diversity among strains of Pseudomonas citronellolis in petroleum-

contaminated soils. 

Phylogeny combined with taxonomy analysis included members of the alpha 

proteobacteria division, which reveal that the isolate CDB2 belonged to Rhizobiales 

group. When closely compared to our sequences, two species, Ochrobactrum sp. and 

Ochrobactrum grignonense (accession no. OS16SRRA and OGR242581 in the 

Genbank/EMBL/DDJB DNA sequence database) showed 99% identity with the 16S 

sequence of CDB2. Further analysis including members of gamma proteobacteria 

division revealed that the isolate CDB5 belonged to Enterobacteriaceae. When compared, 

Serratia marcescens (accession no. AY514434) showed 100% identity to CDB5, while, 

CDBI which showed 99% identity to Arthrobacter histidinolovorans (accession no. 

AHRNA16S) assigned to Micrococcaceae. CDB3 and CDB4 showed 99% identity with 

Bacillus spp. belonging to Firmicutes. The isolates represent groups of soil bacteria 
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belonging to novel lineages within divisions of actinobateria, proteobacteria and 

firmicutes. 

The five isolated rhizosphere bacterial strains showed a range of sensitivity to 

arsenate and arsenite and the most frequently occurring strains were not necessarily the 

least sensitive. In our laboratory assays, AW3110 E. coli were used as an ars operon 

negative control. An ars operon-containing E. coli strain DH5a showed comparable 

resistance to the CDB strains except CDB2 against arsenate (data not shown). Many 

arsenic-resistant bacterial strains have been reported belonging to the taxonomy groups 

identified in Figure 2.8, with the exception of Ochrobactrum sp., to which CDB2 

belongs. One of the two common strains in the dip-site soils, Arthrobacter sp., was 

actually the most sensitive of the five identified strains to both arsenate and arsenite. 

Perhaps, this bacterium inhabits a niche in the soil environment where the bioavailability 

of arsenic compounds is particularly low. However, the other common strain, 

Ochrobactrum sp., exhibited exceptional resistance to arsenate accompanied by moderate 

resistance to arsenite (Figure 2.10). This suggests that the mechanism of arsenate 

resistance in this bacterium relies on prevention of arsenate uptake, rather than on 

reduction of intracellular arsenate to arsenite followed by its rapid export. In contrast 

CDB5 {Serratia sp.) and CDB4 {Bacillus sp.) exhibited a minimal AsV resistance but, in 

turn exhibited a higher level of AsIII resistance than CDB2 (Figure 2.10). This indicates 

the difference in regulation of different bacterial strains in response to various 

concentrations of AsV and AsIII. Also, CDB5 exhibited a very high resistance to 

antimonite whereas CDB3 and CDB4 were completely inhibited as shown in Figure 2.11. 

This is interesting as CDB3 and CDB4 exhibit a moderate level of AsV and AsIII 
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resistance but offers no resistance to antimonite (Figure 2.10 and 2.11). Further molecular 

studies to identify the genetic determinants in these bacteria that confer resistance to 

metalloids are presented in the following chapter. 
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3.1 Introduction 

The most common source of elevated arsenite concentrations in the Australian 

environment is attributed to anthropogenic activities (Smith et. al., 2003). Five arsenic 

resistant bacterial strains were isolated and identified as discussed in Chapter 2, the next 

step was to confirm the genetic determinants for resistance. Two ars gene clusters were 

cloned and sequenced (Luo, 2006) from Bacillus sp. CDB3. CDB3 ars gene cluster 1 

consisting of 8 full intact open reading frames, which were deduced to code for proteins 

homologous to ArsR, YqcL, ArsC, ArsD, ArsA, TrxB, IscA and protein phosphatase 

respectively, and, cluster 2 consisting of 4 full intact open reading frames encoding 

proteins homologous to ArsR, ORF2, YqcL and ArsC respectively (Figure 3.1). 

Cluster 1 --------~-~-~«~$M?-.-.-^ ^j ^ ^> 

arsR yqcL arsC arsD arsA arsj arsl arsP 

Cluster 2 _ _ _ ^ _ _ _ _ _ ^ _ _ _ ^ _ _ ^ > 

arsR ORF2 yqcL arsC 

Figure 3.1: The structure of two Bacillus sp. CDB3 ars gene clusters. The last three genes of cluster 1 

coding for TrxB, IscA and phosphatase, respectively, are designated arsT, arsl and arsP. TT - stands for a 

potential RNA transcriptional terminator (Luo, 2006). 

Once transformed into E. coli both clusters conferred a significant increase in 

arsenite and arsenate resistance to host cells (Figure 3.2). 
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Figure 3.2: Growth inhibition of E. coli A W 3 1 1 0 harboring plasmids pAR27 (CDB3 ars cluster 1), pAR15 

(CDB3 ars cluster 2) and p G E M 7 Z f (+) (control) to arsenate (a) and arsenite (b). Overnight cultures were 

diluted 50-fold into L B liquid medium containing increasing amounts of arsenite and arsenate, incubated at 

37°C for 5-7 hours. Growth rates were measured as absorbance at 600nm and indicated as percentage 

compared with those without arsenate or arsenite (Luo, 2006). 
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Whilst the second cluster is very similar in structure and sequence to that 

identified on the B. subtilis skin element (Bobrowicz et. al., 1997), the first cluster shows 

some novel features. Firstly, the arsD and arsA are located behind arsC, rather than 

located between arsR and arsB as found in other arsD/A containing clusters [e.g. the 

plasmid-borne operon from Gram negative bacteria E. coli pR773 (Dey et. al., 1995)]. 

The intergeneic region between arsC and arsD possesses a potential transcriptional 

terminator and a potential promoter (Z. Xu and Q. Wang, personnel communication) 

suggesting that the gene cluster may contain more than one transcription unit. Twenty-

three bp downstream of the arsA stop codon is the sixth ORF which shares homology to 

the thioredoxin reductase gene {trxB) which has also recently been identified in ars 

operon of Streptomyces spp. (Wang et. al., 2006). Located downstream from trxB are the 

two novel genes arsl and arsP whose products share homology with iron sulphur cluster 

assembly proteins and protein tyrosine phosphatases, respectively. These two ORFs {arsl 

and P) have not been identified in any known ars gene clusters until now. In addition, 

this is the first identified ars cluster in which an arsA gene is linked with yqcl. 

Upon successful cloning and sequencing done by former members of our lab 

(Luo, 2006) further studies were needed to investigate the function and regulation of this 

operon in revealing the mechanism of arsenic resistance. Firstly, Southern blot analysis 

was performed to confirm the structure of the two clusters in the genome. Since ars 

operons have been found on either plasmids or chromosome, it was also necessary to 

investigate the localization of the two CDB3 ars clusters. In her thesis, (Luo 2006) 
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carried our more detailed sequence analysis on the ArsT, 1 and P of ars cluster 1, but not 

R, B, C, D and A. Hence, similar efforts have been made to investigate detailed sequence 

features of these five proteins. 
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3.2 Materials and Methods 

3.2.1 Bacterial strains and plasmids 

Bacterial strains and plasmids used in this study are listed in Table 3.1. E. coli 

strains were grown in LB medium at 37°C (Sambrook et. al., 1989) with ampicillin (100 

[ig ml"1) or kanamycin (50 [xg ml"1) added as required. 

Table 3.1: Bacterial strains and plasmids used in the study of Chapter 3 

Strains and 
plasmid 

E. coli AW3110 

CDB3- Bacillus sp. 

Bacillus subtilis 

Bacillus cereus 

pGEM7Zf(+) 

pAR27 

Genotype or description 

K-12 FIN (rrriD-rrriE) Aars::cam 

(Cmr, the chromosomal arsRBC deleted) 

Isolated from cattle dip-sites 

Cloning vector (Apr) 3 kb in size. 

A 7013 bp partial Saw3AI fragment containing 
C D B 3 arsRBCDATIP cloned into pGEM7Zf(+) at 
BatriHl site 

Reference or Source 

Gift from Dr. B.P.Rosen 
(Carlin et. al, 1995) 

(Chopra et. al., 2007) 

Zhang lab stock 

Zhang lab stock 

Promega 

Provided by X. Luo, 
2006 

3.2.2 Preparation of DIG labeled D N A probe by P C R 

To prepare DNA probes for Southern blot hybridization and localization studies, a 

PCR DNA labeling kit (Boehringer Mannheim) was used in accordance to the 

manufacturers protocol. The PCR primers were designed based on the CDB3 ars DNA / 

16S rDNA sequences and synthesized by Sigma (Table 3.2). The PCR reactions were 

performed using a Gene Amp PCR system 9600 (Perkin Elmer). A typical reaction 

mixture (50 \iL) consisted of, a 20 pg of DNA template (the same PCR product 

unlabeled), 1 pL of each primer (20 \iM), 0.2 mM of DIG-dNTP mix and 2.5 units of Taq 
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D N A polymerase in the manufacturers buffer. After an initial denaturation step of 3 min 

at 95°C, 30 cycles of denaturation (95°C, 45 sec), annealing (54°C 30 sec) and extension 

(72°C, 2 min) was performed, followed by a final cooling step at 25°C, thus completing 

the reaction. 

Table 3.2: Primers used for preparing DIG labeled DNA probes 

Primer 
Name 

As4-4 

As4-15 

As4-6 

As4-5 

16SfDl 

16S rP2 

Primer Sequence 5'-3' 

TTAACAAGAGTGTCACAG 

TATCTAGAGCCATCTTTGATTTCTTCC 

AGGACCAGACGTATTGC 

ATGACCCGTTGGCGCTG 

AGAGTTTGATCCTGGCTCAG 

ACGGCTACCTTGTTACGACTT 

Upstream 
(Forward)/ 
Downstream 
(Reverse) 
Upstream 

Downstream 

Upstream 

Downstream 

Upstream 

Downstream 

3.2.3 D N A extraction and restriction digestion 

Extraction of DNA and subsequent restriction enzyme digestion for Southern blot 

analysis was performed as mentioned in Chapter 5, section 5.2.3. 

3.2.4 Localization of CDB3 ars cluster 1 

Plasmid chromosome separation was done according to the rapid method by Kado 

and Liu (1981). 3 mL of the overnight culture was pelleted and resuspended in 500 \iL of 

TE buffer [40 mM Tris-acetate and 2 mM sodium EDTA pH 7.9 (adjusted with glacial 

acetic acid)] containing lysozyme at a final concentration of 3 mg/mL. 1 mL of the lysis 

buffer (50 mM Tris and 3% SDS, pH 12.6) was added and mixed. The samples were then 

heated at 65 °C for 10 mins in a water bath and equal volume of phenol-chloroform 

solution (1:1 vol/vol) was added. The solution was vortexed for 30 sees and centrifuged 
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at 13000 g for 15 min. Avoiding the precipitate at the interface, the upper aqueous phase 

was transferred to a new eppendorf tube. 30-40 \iL of the sample was loaded on to a 0.7% 

TE agarose gel and electrophoresis carried out at 100V for 2-3 hours until the tracking 

dye migrated to the bottom of the gel. The gel was stained with ethidium bromide and 

viewed over a short wave UV light source. DNA blot hybridization was then carried out 

as detailed in the next section (3.2.5) 

3.2.5 Southern blot hybridization 

After gel electrophoresis, the intact or enzyme restricted DNA was transferred 

from gel to membrane via the capillary transfer method (Sambrook et. al., 1989). The gel 

was placed upside down and blotted with a nylon membrane (Hybond™-N+, Amersham) 

using 0.4 M NaOH as transfer solution for at least 4 hours. 

The nylon membrane blots were placed in a hybridization tube containing 20 mL 

of DIG easy hybridization solution (Roche, 1 mL/10 cm2). These were pre-hybridized for 

2 hours at 42°C in a hybridization oven with rotation. The DIG-labeled DNA probe 

(about 15 uL) was heat-denatured in a boiling water bath for 10 min and chilled quickly 

in an ice bath to prevent re-annealing of the denatured strands. The denatured probe was 

diluted in an appropriate amount of the hybridization solution pre-warmed to 42°C. The 

pre-hybridization solution in the tubes was collected for future use and the hybridization 

solution containing the DIG-labeled probe was added. After overnight hybridization at 

42°C, the membranes were washed twice in 2 x SSC wash solution containing 0.1% SDS 

(sodium dodecyl sulphate) at room temperature, (5 min for each time). The membranes 
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were then washed twice in 0.5 x SSC wash solution containing 0.1% SDS at 68°C, 15 

min per wash. A DIG label detection kit (Boehringer Mannheim) was used to illuminate 

the labeled DNA on blot. The membrane was equilibrated in washing buffer for 1 min 

and blocked by gentle agitating in blocking solution for 45 min. The anti-DIG-AP 

(alkaline phosphatase) was diluted 1:10,000 in 20 mL blocking solution to form detection 

buffer. After blocking, the membrane was immersed in the detection buffer with gentle 

shaking for 30 min. The membrane was then washed twice in washing buffer (15 min per 

each) and equilibrated in detection buffer for 2 min. After adding sufficient amount of 

chemiluminescent substrate CSPD (disodium 3-(4-methoxyspiro-[l,2-dioxetane-3-2'(5' 

chloro)-tricyclo[3.3.1.137]decane]-4-yl)phenyl phosphate), the membrane was incubated 

at 37°C for 15 min. The hybridization signals were visualised by exposing the membrane 

to an X-ray film (Kodak), in an X-ray cassette for an appropriate time. Finally, the 

exposed film was developed and fixed. 

3.2.6 Computational sequence analysis 

Searching for homologous sequences in Genbank were carried out using blastx 

analysis (Altschul et. al., 1990) and subsequent alignment was done as stated in Chapter 

4, section 4.2.1, followed by phylogenetic analysis using Neighbor-Joining/UPGMA 

method (version 3.573c) in PHYLIP package (Felsenstein, 1989) was used. 
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3.3 Results 

3.3.1 Probe preparation 

Three probes were prepared, a 1.9 kb DNA fragment (probe 1) covering part of 

arsR, B and C genes, a 1.5 kb PCR DNA fragment (probe 2) covering the arsDA and 1.5 

kb covering the 16S rDNA sequence of CDB3. 

(a) (b) (c) 

Figure 3.3: Agarose gel (2%) electrophoresis of PCR amplified DNA fragments, (a) probel (As4-4/15), 

(b) probe 2 (As4-6/5) and (c) 16S rDNA probe (16S-fDl/rP2). Each panel D N A markers are in Lane 1 and 

the amplified probes in Lane 2. Marker sizes in kb are indicated by arrow on left. 

3.3.2 Southern blot analysis 

Southern-blot analysis was performed on the extracted genomic DNA from CDB 3 

digested with _-<%>RI (shown in Figure 3.4). Probe 1 hybridized to three bands - 5, 1.4 and 

0.35 kb and probe 2 to only the 5 kb band, exactly as expected based on the restriction 

map from CDB3 cluster 1 sequence (Luo, 2006). These results confirm the successful 

cloning of the cluster and also indicate that it has only a single copy in the CDB3 

genome. Results with other probes (not presented) agreed with these. 
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Figure 3.4: Southern analysis of C D B 3 ars cluster 1. a - Restriction map drawn to scale showing the sizes 

of the fragments obtained with respect to each probe, b - Ethidium bromide stained 0.8% T A E agarose gel 

image showing the £coRI digested C D B 3 chromosomal D N A . c and d - X-ray film showing specific bands 

after hybridization with probes 1 and 2, respectively. Marker sizes in kb are indicated on the left. 

3.3.3 Cluster localization 

In order to determine the location of C D B 3 ars cluster 1, a gel separation method 

as reported by Kado and Liu (1981) was employed. Initially, this method demonstrated 

the existence of a large plasmid in CDB3 (Figure 3.5) while no such bands could be seen 

on the gel for B. subtilis and B. cereus strains which are known to contain no plasmids. 

1 2 3 

Plasm 

Chromosorr 

Figure 3.5: Ethidium bromide stained 0.7% T E agarose gel image showing the chromosome - plasmid 

separation of C D B 3 (1), B. subtilis (2) and B. cereus (3) known not to contain plasmid were used as 

negative controls. 
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Initial experiments were conducted to determine the plasmid chromosome 

separation with known bacterial strains, such as Agrobacterium, Sinorhizobium etc. (data 

not shown). The gel separation system was confidently established, though the size(s) of 

CDB3 plasmid(s) can't be estimated. The chromosomal 16S probe control confirmed the 

method. 

Southern blot analysis was carried out in order to localize the ars cluster. The 

DIG labeled probe 1 hybridized to the lower band as shown in Figure 3.6, indicating that 

the CDB3 ars cluster 1 is located on the chromosome. To verify this, the same DNA blot 

was hybridized with the CDB3 16S rDNA probe after stripping off the ars specific probe 

1. It showed that the 16S probe hybridized only to the chromosomal band as expected, 

thus confirming the result. 

Plasmid 

Chromosome 
Chromosome 

(a) (b) (c) 
Figure 3.6: Southern blot analysis to localize C D B 3 ars cluster 1. (a) Ethidium bromide stained 0.6% T B E 

agarose gel image showing the separation of the C D B 3 plasmid from the chromosomal D N A . (b)- X-ray 

film showing specific band corresponding to the chromosomal D N A after hybridization with probe 1. (c) 

X-ray film showing specific band corresponding to the chromosomal D N A after hybridization with 16S 

probe. 
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3.3.4 Homology analysis of CDB3 Ars proteins 

The CDB3 ars cluster 1 cloned in pAR27 was shown to contain putative upstream 

transcription elements and eight intact open reading frames (Appendix 4). Blastx and 

blastp searches indicated the homologies of their deduced proteins to known proteins 

(Table 3.3). Multiple alignments to demonstrate these homologies for the first five are 

presented in this section and the next chapter (Orf 2). The later three, analyzed by Luo 

(2006), is presented in Appendix 6. 

Table 3.3: Amino acid sequence identities between the CDB3 Ars proteins and other bacterial 

Ars proteins 

Source 
Archeal 
Halobacterium sp. pNRClOO 
A. multivorum pKW301 
E. coli pR773 
E. coli pR46 
B. subtilis Skin element 

Bacillus sp mb24** 
B. cereus pBC 10987** 
L. innocua pLUOO 
S. aureus pI258 
Streptomyces pHZ227 

ArsR 
29.2% 

25.2% 
33.0% 
32.1% 
42.3% 

95% 
71% 
35.5% 
40.6% 
50% 
(ArsRl) 
58.9% 
(ArsR2) 

YqcL 

21.0%' 
22.3%' 
20.4%* 
85.6% 

96% 
98% 
57%* 
19.3%* 
69%* 

ArsC 
22.9% 

28.1% 
20.5% 
23.5% 
75.2% 

96% 
95% 
-

70.1% 
49% 

ArsD 
34.6% 

37.6% 
35.0% 
39.5% 

-

88% 
97% 
48% 
-

ArsA 
34.2% 

49.7% 
50.4% 
49.4% 

-

87% 
88% 
56% 
-

ArsT 
-

-
-
-

-

-
-
-
-

63.4% 

Arsl 
-

-
-
-

-

96% 
93% 
-
-

ArsP 
-

-
-
-

-

90% 
87% 
-
-

Identities analyzed with "Best fit" program (GCG) 

"-" indicates that the protein is not encoded by the corresponding ars cluster. 

* ArsB proteins 

** Operon/cluster identified from genome sequencing data; function not characterized. 

3.3.4.1 ArsR 

ArsR is a 13 kDa protein of 115 amino acid residues. As an arsenic-responsive 

repressor with high affinity for its operator site, ArsR controls the basal level of ars 

expression. An alignment of the sixteen ArsR metalloregulatory proteins encoded by the 

known crrsR-bearing operons highlights the regions for metalloid-binding (Figure 3.7). 
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This demonstrates that all the sixteen ArsR homologs contain the vicinal cysteines 

(highlighted in yellow) within the metalloid binding domain (|c|c| |), which have 

been demonstrated to be required for metalloid binding and induction (Shi et. al., 1994). 

In addition to the two cysteines conserved in the metal binding domain, the first nine and 

A. multivorum pKW301 proteins also contain another cysteine (highlighted in grey, 

Figure 3.7), which was revealed to be the third residue involved in metalloid binding (Shi 

et. al., 1994). While CDB3 ArsR lacks this cysteine residue, it contains a third cysteine 

residue at the 119th postion (in the alignment, shown in Figure 3.7) along with Bacillus 

sp. mb24 and B. cereus pBC 10987 which share a similar sequence as CDB3. From the 

alignment, it was also found that within the putative helix-turn-helix DNA binding region 

(residues 41-60), the Ser-47, Ser-52, His-54 and Leu-59 residues are highly conserved 

(highlighted in purple), indicating that they might be important for DNA binding. 

Expression of the well characterized ars operon on pR773 is metalloregulated by ArsR, a 

trans-acting repressor that binds as a dimer to an operator and represses transcription (Wu 

and Rosen, 1993b). The relative homology shared by CDB3 ArsR to that of pR773 is 

quite low (33%). 

3.3.4.2 ArsD 

ArsD is a novel regulatory protein and its distribution among ars operons appears 

to be limited (Li et. al., 2001). The organization of genes in those operons which encode 

ArsD proteins is most commonly arsRDABC, while the organization of the three Bacillus 

spp., CDB3 {Bacillus sp.), B. cereus pBC 10987 and Bacillus sp. mb24 is quite different 
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and possess a novel gene arrangement: arsRYCDATIP of C D B 3 , and arsRYCDAIP in 

both B. cereus pBC 10987 and Bacillus sp. mb24, which lack the thioredoxin reductase 

{trxB) gene. A search of available genomes returned with only ten ArsD homologues, 

seven of which are known to be encoded by plasmid-borne operons (Figure 3.8). The 

ArsD of CDB3 {Bacillus sp.) however is carried on the chromosome (Figure 3.6), whilst 

the ArsD of Bacillus sp. mb24 is on a transposon. Multiple sequence alignment of ten 

ArsD homologs, CDB3 ArsD, E. coli ESfc pR46, A. multivorum pKW301, E. coli pR773, 

L. innocua pLUOO, B. cereus pBC 10987, Bacillus sp. mb24, S. typhi R64, S. epidermidis 

RP62A, Halobacterium sp. pNRClOO is shown in Figure 3.9. The conserved cysteine 

residues are highlighted in green. Alignment of the ten ArsD homologs shows the 

conserved cysteine residues (Figure 3.8). It was found that CDB3 ArsD, B. cereus 

pBC10987, Bacillus sp. mb24 and Halobacterium sp. pNRClOO (Figure 3.8) only 

contained the first cysteine pair, Cys 12-Cysl3, and the cysteine residue at the 18 

position; while the other four homologues have two additional cysteine pairs, Cys-112-

Cyll3 and Cysl 19-Cys 120. Cys39 is present only in E. coli R773 and S. typhi R64. E. 

coli R773 ArsD was the first identified and has been demonstrated to function in the 

regulation of arsenical resistance (Li et. al., 2001). The alignment also shows a conserved 

sequence of AMCCSTGVCG denoted with asterisks and other conserved residues which 

may be important for metal binding recognition or in other function. 

The halophilic archea Halobacterium sp. pNRClOO has five recognized arsenic 

resistance genes (Ng et. al., 1998), three of which {arsDAR) are organized divergently 
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from the downstream arsRC genes (Li et. al., 2001). The pNRClOO ArsD is only 34.6% 

homologous to CDB3 ArsD and 52% identical to R773 ArsD (Li et. al., 2001). CDB3 

ArsD amino acid sequence is 39.5%, 35.0% and 37.6% identical to the ArsD proteins 

from E. coli plasmids pR46 and pR773, Acidiphilium multivorum AIU 301 pKW301 

respectively. While, CDB3 ArsD shows 97% and 88% identity to B. cereus pBC 10987 

and Bacillus sp. mb24. 
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Figure 3.7: A multiple sequence alignment of sixteen ArsR homologs encoded by the known arsRBC and 

arsZM-bearing operons. The metalloid-binding consensus region, I |, is highlighted. The 

conserved cysteine residues for induction are highlighted in yellow. The other conserved cysteine residue 

that C D B 3 does not share is highlighted in grey, while the cysteine that C D B 3 has is highlighted in green. 

A n asterisk indicates all proteins have identical residues; a blank space indicates that the C D B 3 does share 

the consensus residue. Generated using ClustalW (Thompson et. al., 1994). 
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MKKIEIFDPAMCCSTGVCGPSVDPELIRVSVAINNLKNK-GMNVTRYNLASEPDAFANNS 

MKMLTVFDPAMCCSTGVCGSDVDQVLVNFSADVQWLKGR-GVQIERYNLAHEPMSFVENE 

MKTLTVFDPAMCCSTGVCGSDVDQVLVDFSADMQWLKGR-GVQVERYNLAQQPMSFVHNE 

MKTLMVFDPAMCCSTGVCGTDVDQALVDFSADVQWLKQC-GVQIERFNLAQQPMSFVQNE 

MKTLMVFDPAMCCSTGVCGTDVDQALVDFSTDVQWLKQC-GVQIERFNLAQQPMSFVQNE 

MSKVSLYEPAHCCDTGVCGPGVDTELLRVSSIIQTLEKVDGVEVERFNLTGNPAAFVENE 

MLNIEIYEEAMCCSTGVCGPEPDETLIKTNQINEYLKQN-QIEVQRYNMNNNPNEFIQNK 

MTQLTLYEEAMCCSTGVCGPDPDDELVEVSAALDQLENEFDVDVSRANMQHNIEQFLETQ 

********* * * * 

61 71 81 91 101 111 

VISQLLTDKGPDVLPVTLVDGKWKEKSHLTNEELTQLTDITE--EELSQKPWRLKLNV 

VISQLLTDKGPDVLPVTLVDGKWKEKSHLTNEELTQLTDVTE--EELSQKPWRLKLNV 

VISQLLMDKGPDVLPVTLVDGIWKERVHLTNEELAQLTNMTE--EELSQKPKIRLNLNV 

KAKAFLEASGAEGLPLLLLDGETVMAGRYPKRAELARWFGIPL--EKVGLASTSCCGGKT 

KAKAFLDASGAEGLPLLLLDGETVMAGRYPKRAELARWFGIPL--EKVGLAPTSCCGGNT 

KVKAFIEASGAEGLPLLLLDGETVMAGRYPKRAELARWFGI PL - - DKVGLAPSGCCGGNT 

KVKAFIEASGAEGLPLLLLDGETVMAGRYPKRAELARWFGIPL--DKVGLAPSGCCGGNT 

KVGELLQSKGADILPWLLDGEIVKMAGYPSNEEFSVYTGVNFSEDKKEEQSNSCCSPSS 

EVIRLIQEKGDEVLPITFIEGNIAKTGAYITQEEADEIITVNQ MRNGG-CCGGD-

QIADLVEEHGPSILPITWNDEIVARETYLSYDELASTFEDSP DPQEA 

B. cereus pBC10987 

B. Sp. CDB3 

Bacillus sp. mb24 

E. coli INc R46 

A. multivorum pKW3 01 

S. typhi R64 

E. coli pR773 

L. innocua pLilOO 

S. epidermidis RP62A 

Halobacterium pNRClOO 

121 

KK-

KK-

KK-

sec 

sec 

sec 

sec 

GCC 

Figure 3.8: Multiple sequence alignment of ten ArsD homologs, CDB3 ArsD, E. coli INc pR46, A. 

multivorum pKW301, E. coli pR773, LJnnocua pLUOO, B. cereus pBC 10987, Bacillus sp mb24, 5. typhi 

R64, S. epidermidis RP62A, Halobacterium pNRClOO. The conserved cystiene residues are highlighted in 

green. An asterisk indicates all proteins have an identical residue, blank space indicates that the C D B 3 does 

share the consensus residue. Alignment generated using ClustalW (Thompson et. al., 1994). 
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3.3.4.3 ArsA 

ArsA is a 63 kDa catalytic subunit that couples ATP hydrolysis to oxyanion 

translocation. Multiple sequence alignment was performed based on the results of a 

blastx search, with the highest score often ArsA homologs chosen, Bacillus sp. CDB3, B. 

cereus pBC 10987, Bacillus sp. mb24, E. coli pR46, A. multivorum pKW301, E. coli 

pR773, L. innocua, S. typhi pR64, Halobacterium sp. pNRClOO and B. halodurans is 

shown in Figure 3.9. CDB3 ArsA shares 50% sequence identity with E. coli R773. 

Alignment of ten ArsA homologues shows that the two consensus sequences 

GKGGVGKT for the nucleotide binding sites, the three conserved cystiene residues 

cysl 13, cysl72 and cys422, two histidine residues and one serine residue, which were 

demonstrated to be involved in allosteric metal binding, and the two consensus | 

sequences [may act as a transduction domain that relays the communication between the 

ATPase-binding site and the allosteric AsIII-binding site] for signal transduction are 

highly conserved in these homologues (Zhou and Rosen, 1997). 

B. cereus pBC10987 

Bacillus sp. m_24 

B. 

_,. 

E. 

A. 

E. 

S. 

sp. CDB3 

innocua 

coli pR46 

multivorum pKW301 

coli pR773 

typhi pR64 

Halobacterium sp. pNRClOO 

1 11 

MT M T V M P M T T Zi F T D 
lvl 1 IN J_i I LN c IN 1 X f- T 1 tr 

M T M T P M D Q T M T P T D 
lvl i LNi_ r LN iro 1 lvl i r X tr 

MTNLYNPNTIAFTP 

MITT VPiDHPlT DT TV 
lvlr.Li_(_Jir_.y_jlrijlr\. 

M1VPT F M T D C . 
lvlr\.r 1J_JLN 1 iro 

MIVT T H M T DD 
lvlr\.J_i._jlKJ-N 1 r Jr 

M A P T PiMT DD 
lviyr XJ\JISI X tr c 

M M M D P T JfMT DP 
— 1*IJ.NIYI Jr r __i\LN i r r 

21 31 41 51 

PT P PT(~" VTr,Wr,ll'TCT)\ P 1 \ T A T T T 7\ V^Mf V VJ 7T T T C T n D A C M 
_ _ r r XKJIK^J'OVKJIS.X _. I r i t A l A l l_j/__Jlvl<_7r.rvV_j_jl o 1 DirAoIN 

PT P P T f V H C\1 C^ _*,TO.rPTi/**A'T'7\ T TT 7\ T\t,Rr^ Vf~\\ TT T T O T>r\T_ A &~KT 
f Uc c Ha--t_jljVl_r_\lo l A C A i A l 1 LiADMijlMjV1_J_Jlb 1 DFAoJN 

FLFFTGKGGVGKTSTACATAITLADMGKQVLLISTDPASN 

V T PPTr,(/(~'(~'T J P V T T T T l fCT' ft T V I A Fl CPl'L'l 77i/IT \ TOrVT\ n ft C M 
i L r r 1 (jJA-^ovfj-vi. 1 J. A_,l_rl A l I LA_Jo'_3-.r-Vlvl__vc_) 1 U r A o I N 

VT PPTf* VCC'* TC I^TCTCPI\TATDI ACT P V D U T T U C T n D A C M 
ILr r 1 _JIS._J<O vii is. X olb_.Aif.lKLA_ibbl\KVbLV_i 1 LUrAbiN 

V T p R T r v r n / r i ^ T C T C T _ T _ T U T airnnvD\/T T U C T H D A C W 
ILirr 1 l_riv_n_r V\JIXX b 1 oL-i 1 A l rl_jAt_yLj-\.K V J_I1J V b 1 JJLr AbLN 

V T pPTPv,rr,\/rifTcTcraTaiRi s.prir'VDi/T T \7CTriDacM 
I l_r r 1 -jf-_ri_j V _7fvl b 1 b Lftlft 1 K-bAD<_JLji\K V_l_i V b 1 D r AbLN 

1 
CTr-PT(,lf(,l,\/f,'k'TCT _.f"17_T_.\7T*TT a n f l P I / C T T T W C T n D - C M 
r X r r i<_<_-_»<jVl_jl\. lbl_Al_,A 1 A v W1_A_JI^J|_JI\K 1 1J_J V _ 1 D ir A b i N 

MTATQTPAKEWEPNSEDTEFVFFSGKGGVGKSTVSCATATWLADNDYDTLLVTTDPAPN 

* *********** **** ** * ********** 
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cereus pBC10987 

Bacillus sp. rab24 

S. sp. CDB3 

L. innocua 

E. coli pR4 6 

A. multivorum pKW301 

E. coli pR773 

S. typni pR64 

tfalocacterium sp. pNRClOO 

B. cereus pBC10987 

Bacillus sp. mb24 

B. sp. CDB3 

I. innocua 

E. coli pR46 

A. multivorum pKW301 

E. coli pR773 

S. typhi pR64 

Halobacterium sp. pNRClOO 

61 71 81 91 101 111 

LQDVFEIELTNKPKEIPSVPNLQVANLDPETAAHEYKERWGPYRGKLP DAVIATM 

LQDVFEIELTNKPKEIPSVPNLQVANLDPETAAHEYKERWGPYRGKLP DAVIATM 

LQDVFEIELTNKPKEIPSVPNLQVANLDPETAAYEYKERWGPYRGKLP DAVIATM 

LQDVFQTELTNKGKEIPEVPGLTVANFDPVTAADDYKESWGPFRGKLP DSALANM 

VGQVFDQTIGNTIQPVTAVSGLSALEIDPQDAAQQYRARIVDPIIGLLP DDWNSI 

VGQVFDLAIGNTIRPVTAVPGLSALEIDPQEAARQYRARIVDPIKGLLP DDWNSI 

VGQVFSQTIGITIQAIASVPGLSALEIDPQAAAQQYRARIVDPIKGVLP DDWSSI 

VGQVFSQTIGHRITDISTVENLAAMEVDPMAAAQAYRDRVLDPVRELMP ADWSSI 

LSDIFNQDIGHEVTAIDDVPNLSAIEIDPDVAAEEYRQETIEPMRALLG DEEIQTV 

* * * * 

121 131 141 151 

EEQLSGACTVEMAAFDEFSTLLTNKELTSKFDHII 

EEQLSGACTVEMAAFDEFSTLLTNKELTSKFDHII 

EEQLSGACTVEMAAFDEFSTLLTNKELTSKFDHII 

EEQLSGSCTVEIAAFNEFSGFLTDPEAEKKYDYIi: 

SEQLSGACTTEIAAFDEFTGLLTDASLLTRFDHII 

SEQLSGACTTEIAAFDEFTGLLTDASLLTRFDHII 

NEQLSGACTTEIAAFDEFTGLLTDASLLTRFDHII 

EEQLSGSCTTEIAAFDEFTGLLTNHELREKYDHIV 

EEQLNSPCVEEIAAFDNFVDFMDSPE YDWV 

161 171 

fTGHTLRLLQLPTAWSGFLEE 

'GHTLRLLQLPTAWSGFLEE 

'GHTLRLLQLPTAWSGFLEE 

GHTLRMLQL PSAWSN FMDE 

'GHTIRLLQLPGAWSSFIES 

[TGHTIRLLQLPGAWSSFIES 

fTGHTIRLLQLPGAWSSFIDS 

[TGHTIRMLEL PGAWSGYLEA 

TGHTIRLMELPSDWNAELEK 

B. cereus pBC10987 

Bacillus sp. m_24 

B. sp. CDB3 

L. innocua 

E. coli pR46 

A. multivorum pKW301 

E. coli pR773 

S. typhi pR64 

Halobacterium sp. pNRClOO 

181 191 201 211 221 231 

STHGASCLGPLAG LGDKKELYNQTVQALSNPNQTMLMLVTRPDS 

STHGASCLGPLAG LGDKKELYSQTVQALSNPSQTMLLLVTRPDS 

STHGASCLGPLAG LGDKKELYSQTVQALSNPNQTMLLLVTRPDS 

NTTGASCLGQLSG LGDKKEIYEHAVATLADGAKTTLMLVTRPQK 

NPDGASCLGPMAG LEKQREQYAHAVEALSDPERTRLVLVARLQK 

NPDGASCLGPMAG LEKQREQYAHAVEALSDPERTRLVLVARLQN 

NPEGASCLGPMAG LEKQREQYAYAVEALSDPKRTRLVLVARLQK 

NPDAAANLGPLVG LEKQQHQYSDAVKALSDAALTRLVLVARAQA 

G- -GSTCIGPAAS MDDKKADYERAIDTLSDESRTSFAFVGKPES 
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241 251 261 271 281 291 

B. cereus pBC10987 SPLQEAERAAHELKEIGVSNQFLLVNGILKDYMQ-NDNVSNALFKRQSRALENMAEEEKN 

Bacillus sp. m_24 SPLQEAERAAHELKEIGVSNQFLLVNGILKDYMQ-NDNVSNALFKRQSRALENMAEELKN 

B. sp. CDB3 SPLQEAGRAAKELKEIGVNNQYLLINGVLTNYVQ-NDAISKALFTRQVRALENMSEELKG 

L . innocua APLLEADRASKELQEIGIENQVLLVNGVLEEAT- - -DKVSQLIYDGQQEALAQMPDSLKA 

B. coli pR46 STLQEVARTHDELSAIGLKNQYLVINGVLPASEEKRDALAAAIWQREQEALANLPAGLSD 

A. multivorum pKW301 STLQEVARTHEELAEIGLKNQYLVINGVLPEAEAEHDALAAAIWQREQEALANLPAGLSE 

E. coli pR773 STLQEVARTHLELAAIGLKNQYLVINGVLPKTEAANDTLAAAIWEREQEALANLPADLAG 

S. typhi pR64 STLKEVSHTHDELSAIGLQHQHIAINGVLPPFAGEDDPLAQSILAREEKALQAMPDNLAN 

Halobacterium sp. pNRClOO SSIDEIERSASDLAELGISSQLLWNGYLPESVC-EDPFFEGKRADEQAVIDRVESTFDQ 

301 311 321 331 341 351 

B. cereus pBC10987 LPTYEIPLVPFNVTGIENMRKLVQP MENLLISDEEANTVSIPSLQ TL 

Bacillus sp. mb24 LPTYEIPLVPFNVTGIENMRKLVQP MENLSISGEEANTVSIPSLQ TL 

B. sp. CDB3 LPAYELPLVPFNVTGIENMRKLVRP IESLSILDEIQEEIAIPPLQ NL 

L . innocua FPEYSIPLRSYNVTGVENLRQLLKS NQGEFLT-EIVTPRAFPRLK Dl 

E. coli pR46 LPTDNLYLQPLNMVGVSALKGLLNEHA EITSLPEQSPQNKPENMSLS VL 

A. multivorum pKW301 LPTDTLLLQPVNMVGVSALKGLLATRS EALPLPVTNILYTPENLSLS---GL 

E. coli pR773 LPTDTLFLQPVNMVGVSALSRLLSTQP VASPSSDEYLQQRPDIPSLS - --AL 

S. typhi pR64 LPRSQLYLKPFNLVGLEALRELFTESK AAPALPATT-LNTLDLPKLS- - -SL 

Halobacterium sp. pNRClOO QALATYPLQPGEIAGLELLSDVGGVLYDGEEATVDVDAATRRATNEDTVDFDTFTDADAV 

* * * 

361 371 381 391 401 411 

B. cereus pBC10987 ITNLSESGK-RVIFTMGKGGVGKTTVASAIAVGLAEKGHHVHLTTTDPAAHIDYVMHG--

Bacillus sp. mb24 ITNLSESGK-RVIFTMGKGGVGKTTVASAIAVGLAEKGHHVHLTTTDPAAHIDYVMHG--

B. sp. CDB3 IADLSETGK-RVIFTMGKGGVGKTTVASAIAVGLAEKGHRVHLTTTDPAAHIDYVMHG--

L. innocua VNELHQSGK- KVIFTMGKGGVGKTTIAAAIATGLADKGKKVHLATTDPAAHLQFVIS - - -

E. coli pR46 VDDIARSEH-GLIMLMGKGGVGKTTMAAAIAVSLADKGFNVHLTTSDPAAHLSTTLNG--

A. multivorum pKW301 VDDIARSEH-GLIMLMGKGGVGKTTMAAAIAVRLADMGFDVHLTTSDPAAHLSTTLNG--

E. COli pR773 VDDIARNEH-GLIMLMGKGGVGKTTMAAAIAVRLADMGFDVHLTTSDPAAHLSMTLNG--

S. typhi pR64 VDELSQTGK-GLVMTMGKGGVGKTTVAASVAVSLAKRGHKVHLTTSDPAAHLSYTLDG--

Halobacterium sp. pNRClOO AEELVPVEETRYLFFTGKGGVGKSTIASTTAVSLAEAGYETLWTTDPAAHLADIFEQPV 

********* * ** * ****** 
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B. cereus pBC10987 

Bacillus sp. mb24 

B. sp. CDB3 

L. innocua 

E. coli pR46 

A. multivorum pKW301 

E. coli pR773 

S. typhi pR64 

Halobacterium sp. pNRClOO 

431 441 451 461 471 

-EQGNITVSRIDPKVEVENYRKEVIEQAKDTVDEEG LAYLEEDLR 

-EQGNITISRIDPKVEVENYRKEVIEQAKDTVDEEG -LAYLEEDLR 

EQGNITISRIDPKVEVENYRKEVIEQAKDTVDEEG LAYLEEDLR 

ESDQIKVSHIDEDKELADYTEEVLSKARETMSPDD VAYVEEDLR 

SLKNLQVSRINPHDETERYRQHVLETKGRDLDEAG KRLLEEDLR 

SLKNLQVSRINPHDETERYRQHVLETKGRDLDEAG KRLLEEDLR 

- - SLNNLQVSRIDPHEETERYRQHVLETKGKELDEAG KRLLEEDLR 

SLPNLQVSRIDPKVETERYRRFVLENQGKGLDAEG LAVLEEDLR 

GHEPTSVGQANLDAARIDQERALEEYRTQVLDHVREMYDEKDDTQIDVEAAVANVEEELE 

B. cereus pBC10987 

Bacillus sp. mb24 

B. sp. CDB3 

L. innocua 

E. coli pR46 

A. multivorum pKW301 

E. coli DR773 

S. typhi pR64 

Halobacterium sp. pNRClOO 

481 491 501 511 521 531 

SP:TSEIAVFRALADIVERANDEIWI^HTGHTLLLLDAAQTYH KEIARSTGE 

SPCTEEIAVFRALADIVERANDEIVVlB|PGHTLLLLDAAQTYH KEIARSSGE 

SPCTEEIAVFRALADIVEIANDEIWIUTGHTLLLLDAAQTYH KEIARSSGE 

SPCTQEIAVFRAFAEIVDDADCDVWI|^JTGHTLLLLDSTQSYH KEVERTSGE 

SPCTEEIAVFQAFSRVIREAGKRFWM^HTGHTLLLLDATGAYH REIARKMGD 

SPCTEEIAVFQAFSRVIREAGKRFWM^^TGHTLLLLDATGAYH REIAKKMGS 

SPCTEEIAVFQAFSRVIREAGKRFWM(HTGHTLLLLDATGAYH REIAKKMGE 

SPCTEEIAVFQAFSRIIKEADDHFVIMU|TGHTLLLLDATGAYH REMVRQMGQ 

SPCAEEMAALEKFVSYFEEDGYDIWF^HTGHTLRLLELPSDWKGFMDLGSLTKGAAP 

B. cereus pBC10987 

Bacillus sp. mb24 

B. sp. CDB3 

L. innocua 

E. coli pR4 6 

A. multivorum pKW301 

E. coli pR773 

S. typhi pR64 

Halobacterium sp. pNRClOO 

541 551 561 571 581 591 

V-PQSVKNLLPRLRNPEETSWIVTLAEATPVHEASRLQEDLK-RADITPKWWVINQSFY 

V-PQSVKNLLPRLRNPEETSWIVTLAEATPVHEASRLQEDLK-RADITPKWWVINQSFY 

V-PQSVKNLLPRLRNPEETSWIVTLAEATPVHEASRLQGDLK-RAEIHPKWWVINQSFY 

V- PESVKRLLPRLQDGKETEWMVTLPETTPVYESMRLQEDLD-RAGIAHTWWVVNNSML 

--KGHFTTPMMQLQDQERTKVLLVTLPETTPVLEAANLQSDLE-RAGIHPWGWIINNSLW 

- - KGHFTTPMMQLQDPDRTKVLLVTLPETTPVLEAANLQADLE - RAGIHPWGWIINNSLS 

--KGHFTTPMMLLQDPERTKVLLVTLPETTPVLEAANLQADLE-RAGIHPWGWIINNSLS 

T-HDHVMTPMMQLQDPEKTKVIIVTLAETTPVLEAANLQQDLR-RAGIEPWAWWNNSLA 

ANGGKYDEVIETMQDPSRSSFAFVMYPEFTPMMEAYRAAMDLQDQVGIETSWVANYLLP 
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B. cereus pBC10987 

Bacillus sp. mb24 

B. 

L. 

E. 

A. 

E. 

S. 

sp. CDB3 

innocua 

coli pR4 6 

multivorum pKW301 

coli pR773 

typhi pR64 

Halobacterium sp. pNRClOO 

B. 

Ba 

B. 

L. 

A. 

E. 

S. 

cereus pBC10987 

cillus sp. mb24 

sp. CDB3 

innocua 

coli PR46 

multivorum pKW301 

coli pR773 

typhi pR64 

Halobacterium sp. pNRClOO 

601 611 621 631 641 651 

ATHTSDFVLRGRAQSEIQWIQEVQKESQNNCVIIPWQSEDIVGYEKLKELVK --

ATHTTDLVLRGRAQSEIQWIQAVQKESQNSCVIIPWQSEDIVGYEKLKDLVK 

ATHTIDPVLKGRSQSEVPWIQEVQKESQHNCVIIPWQSEDVIGYEKLKELTVQ 

TSGTTNPMLLARAQNENTWIDKVAELSNNHYGWEWHAEEISG-EALHNILN 

IAQTQSPLLCQRALQERPQIEWKNQHASRIALVPVMAAEPTGIEKLRELW 

IADTRSPLLCQRAQQELPQIEAVKNQHADRIALVPVLASEPAGIEKLRELMS 

IADTRSPLLRMRAQQELPQIESVKRQHASRVALVPVLASEPTGIDKLKQLAG 

AAEPSSPFLRTRANRELPLISDVEEQHAERIALTALQSEEPVGIDLLEEMAK 

EDYGDNAFFENRRAQQAEYLEEISERFDVPMMLAPLRQEEPVGLDDLREFGADVTGLDGV 

661 

GEDDREEVTVS 

Figure 3.9: Multiple sequence alignment of nine ArsA homologs, B. cereus p B C 10987, Bacillus mb24, 

Bacillus sp. C D B 3 , E. coli pR46, A. multivorum pKW301, E. coli pR773, L. innocua, S. typhi pR64, and 

Halobacterium pNRClOO. D T A P sequences for signal transduction are highlighted in Red. G K G G V G K T 

for the nucleotide binding sites are highlighted in yellow. The conserved cystiene residues are highlighted 

in green. A n asterisk indicates all proteins have an identical residue, blank space indicates that the C D B 3 

does share the consensus residue. Alignment generated using ClustalW (Thompson et. al., 1994). 
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3.3.4.4 Y q c L 

The yqcl gene of Bacillus sp. CDB3 is a 351 amino acid residue which encodes a 

membrane protein whose function is similar to that of ArsB. The yqcl of CDB3 shows 

very limited identity to the ArsB proteins of S. aureus pI258 (19.3%), E. coli pR773 

(22.3%) and E. coli R46 (20.4%) (Table 3.2). However, it shows greater homology with 

Bacillus spp. yqcl gene and ACR3 gene in S. cerevisiae suggesting that Bacillus sp. and S. 

cerevisiae possess similar proteins for extrusion of arsenite. Multiple sequence alignment 

(Figure 3.10) based on the results of blastx search revealed six homologs with the best 

match to YqcL of B. sp. CDB3 and ACR3 of S. cerevisiae. 

1 11 21 31 41 51 

B. cereus pBC10987 MSN TGKKRLSFLDRYLTLWIFLAMAVGIGVGYLSPG 

B. sp. CDB3 MSN TGKKRLSFLDRYLTLWIFLAMAVGIGVGYLSPG---

B. sp. mb24 -MSN TGKKRLSFLDRYLTLWIFLAMAVGIGVGYISPG---

B. cereus ATCC10987 MKRLSFLDRYLTLWIFLAMWGIGLGFVFPS---

B. subtilis MKRLSFLDRYLTIWIFLAMALGIGLGFIFPS- - -

ACR3 S. cerevisiae MSEDQKSENSVPSKVNMVNRTDILTTIKSLSWLDLMLPFTIILSIIIAVIISVYVPSSRH 

* * * * * * * * * * * 

61 71 81 91 101 111 

B. cereus pBC10987 FVEGMNSLQVGTTSIPLAIGLILMMYPPLAKVRYEEMGRVFKD VKVLVLSLVQNWII 

B. sp. CDB3 FVEGMNSLQVGTTSIPLAIGLILMMYPPLAKVRYEEMGRVFKD VKVLILSLVQNWII 

B. sp. mb24 FVEGMNSLQVGTTSIPLAIGLILMMYPPLAKVRYEEMGRVFKD VKVLVLSLVQNWII 

B. cereus ATCC10987 WDGLNTLQVGTTSIPLAVGLIVMMYPPLAKVRYEEMGRVFKD VKVLVLSLVQNWII 

B. subtilis FVGGLNKLQVGTTSIPLAIGLVLMMYPPLAKVRYEEIGRVFKD IKVLILSLVQNWII 

S. cerevisiae TFDAEGHPNLMGVSIPLTVGMIVMMIPPICKVSWESIHKYFYRSYIRKQLALSLFLNWVI 

**** * ** ** ** * * * * *** ** * 

121 131 141 151 161 171 

B. cereus pBC10987 GPVLMFALAVIFLPDKPEYMVGLIMIGLARCIAMVIVWNDLAKGDTEYAAGLVAFNSVFQ 

B. sp. CDB3 GPVLMFALAVIFLPDKPEYMVGLIMIGLARCIAMVIVWNDLAKGDTEYAAGLVAFNSVFQ 

B. sp. mb24 GPILMFALAIIFLQDKPEYMVGLIMIGLARCIAMVIVWNDLAKGDTEYAAGLVAFNSVFQ 

B. cereus ATCC10987 GPVLMFVLAIIFLPDKPEYMVGLIMIGLARCIAMVIVWNDLADGDKEYAAGLVAFNSVFQ 

B. subtilis GPTLMFILAIIFLPDKPEYMIGLIMIGLARCIAMVIVWNDLSKGDTEYAAGLVAFNSIFQ 

S. cerevisiae GPLLMTALAWMALFDYKEYRQGIIMIGVARCIAMVLIWNQIAGGDNDLCWLVITNSLLQ 

** ** ** * * ** * **** ******* ** ** ** ** * 
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181 191 201 211 221 231 

B. cereus pBC10987 MLFFSVYAYVFVTVIP-EWLGIEGAWDITMAEVAKSVFIYLGIPFIAGMLTRLIFVKTK 

B. sp. CDB3 MLFFSVYAYVFVTVIP-EWLGIEGAVVDITMAEVAKSVFIYLGIPFIAGMLTRFIFVKTK 

B. sp. mb24 MLFFSVYAYVFVTVIP-EWLGIEGAWDITMAEVAKSVFIYLGIPFIAGMLTRFIFVKTK 

B. cereus ATCC10987 MLFFSVYAYVFVTVIP-EWLGIEGAIVNITMVEVAKSVCIYLGIPFIAGMLTRFVLVKLK 

B. subtilis MLFSSVYAYIFVTVIP-QWLGMEGAWNITMAEVAKSVFIYLGVPFIAGMVTRYIFVKVK 

S. cerevisiae MVLYAPLQIFYCYVISHDHLNTSNRVL FEEVAKSVGVFLGIPLGIGIIIRLGSLTIA 

* * * ****** ** * * * 

241 251 261 271 281 291 

B. cereus pBC10987 GREWYEKVFIPKISPITLIALLFTIIVMFSLKGEVIVSVPFDWRIAIPLLIYFVIMFFV 

B. sp. CDB3 GREWYEKVLIPKISPITLIALLFTIWMFSLKGEVIVSVPFDWRIAIPLLIYFVIMFFV 

B. sp. mb24 GREWYEKVFIPKISPITLIALLFTIIVMFSLQGEAIISVPFDWRIAIPLLIYFWMFFV 

B. cereus ATCC10987 GRQWYEKVFIPKISPLTLLALLFTIIVMFSLKGEMIVSVPLDWRIAIPLLIYFIVMFFV 

B. subtilis GKEWYEKVFIPKISPITLIALLFTIIVMFSLKGDVIVSLPLDWRVAIPLLIYFVLMFFV 

S. cerevisiae GKSNYEKYILRFISPWAMIGFHYTLFVIFISRGYQFIHEIGSAILCFVPLVLYFFIAWFL 

* *** *** * * * * * ** ** * 

301 311 321 331 341 351 

B. cereus pBC10987 SFFMG KKIG ASYGVSTTLAFTAGSNNFELAIA 

B. sp. CDB3 SFYMG KKVG ASYGVSTTLAFTAGSNNFELAIA 

B. sp. mb24 SFFMG KKIG ASYGVSTTLAFTAGSNNFELAIA 

B. cereus ATCC10987 SFFMG RKIG ANYPVTTTLAFTAGSNNFELAIA 

B. subtilis SFFLG KKIG ANYAVTTTLAFTAGSNNFELAIA 

S. cerevisiae TFALMRYLSISRSDTQRECSCDQELLLKRVWGRKSCEASFSITMTQCFTMASNNFELSLA 

* * * * * ** ****** * 

361 371 381 391 401 

B. cereus pBC10987 VAVGVFGIQSGAAFAAVIGPLVEVPVMIALVNVALWFQRKYFQTQPK 

B. sp. CDB3 VAVGVFGIQSGAAFAAVIGPLVEVPVMIALVNVALWFQRKYFQTQPK 

B. sp. mb24 VAVGVFGIQSGAAFAAVIGPLVEVPVMIALVNVALWFQRKYFQTQPK 

B. cereus ATCC10987 VAVGVFGIHSGAAFAAVIGPLVEVPVMIALVNVAFWFKRKYFNDQPV 

B. subtilis VAVGVFGIHSGAAFAAVIGPLVEVPVMIALVKVALWFQRKYFGSHSM 

S. cerevisiae IAISLYGNNSKQAIAATFGPLLEVPILLILAIVARILKPYYIWNNRN 

* * * ** *** *** * ** * 

Figure 3.10: Multiple sequence alignment of six YqcL homologs, B. sp. CDB3, B. subtilis, B. cereus 

pBC 10987, B. cerew.ATCC 10987, B. sp. mb24, and S. cerevisiae. An asterisk indicates all proteins have an 

identical residue, blank space indicates that the CDB3 does share the consensus residue. Alignment 

generated using ClustalW (Thompson et. al., 1994) 
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3.3.4.5 ArsC 

ArsC of E. coli pR773 has only one cystiene residue (Cysl2) while all others 

except L. innocua have four cystiene residues (CyslO, Cysl5, Cys82 and Cys89) 

involved in arsenate reduction. The CDB3 ArsC protein shows significantly higher 

homology (70%) to members of the ArsCsa family, than to the ArsCec family (20%) 

(Table 3.2). The ArsCsa family of proteins is characterized by four conserved cystiene 

residues. The alignment of the fifteen ArsC protein sequences in Figure 3.11 shows these 

conserved cystiene residues highlighted in yellow. Arsenate reductase from Gram 

positive and Gram negative bacteria have been shown to share very low sequence 

homology (about 10% identity), but can catalyze the same chemical reaction. E. coli 

ArsC is coupled to glutaredoxin for its enzyme activity, whilst, S. aureus requires 

thioredoxin and thioredoxin reductase. The difference in redox partner explains the 

difference in sequence. Cys82 and Cys89 are known to form a disulfide bridge upon 

oxidation (Bennett et. al., 2001). Bacillus spp. including CDB3 share about 70% identity 

with the S. aureus pI258 reductase, with the three important cystiene residues being 

conserved and are distinctly related to mammalian low molecular weight protein tyrosine 

phosphatase (LMWPTPase) family with about 18% sequence identity (Bennett et. al., 

2001), which includes a p-loop with the characteristic CX5R sequence motif flanked by a 

P-strand and an a-helix (Messens et. al., 2002). The CX5R sequence (C| |C|) is 

conserved in all the strains except L. innocua and E. coli R773 ArsC. E. coli R773 ArsC 

has been shown not to exhibit phosphatase activity (Demel et. al., 2004), but to possess a 
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distinct HX3CX3R motif (HNPACGTSR) (Figure 3.11) instead of the HX3CX5R motif, 

and to partially resemble crambin and glutaredoxin (Martin et. al., 2001). 

S. cereus pBC10987 

B. cereus str.zk 

3. thuringenesis 

B. anthracis 

Bacillus sp. mb24 

B. cereus ATCC10987 

B. sp. CDB3 

B. halodurans 

B. subtilis 

S. aureus pN315 

S. aureus pI258 

S. xylosus pSX267 

C. acetobutylicum 

L. innocua 

E. coli pR773 

1 11 21 31 41 51 

MENKKTIYFLC^BCIS(2MAEAW~"GK(2 YLGDKWNVYSAGIEAHG- VNPNAI KAM 

MENKKTIYFLC^HJsQMAEAW'^GKQ YLGDKWNVYSAGIEVHG-VNPNAIKAM 

MENKKTIYFLC^Hc§SQMAEAW--GKQ YLGDKWNVYSAGIEAHG-VNPNAIKAM 

MENKKTIYFLcBdq|sQMAEAW- -GKQ YLGDKWNVYSAGIEAHG-VNPNAIKAM 

MENKKTIYFLC^HCIS<3MAEAW""GKK YLGDKWNVLSAGIEAHG-VNPNAI KAM 

MENKKTIYFLC^HC1SQMAEAW~ "GKK YLGDKWNVLSAGIEAHG-VNPNAIKAM 

MENKKTIYFLC^Hc|sQMAEAW- -GKK YLGDKWNVLSAGIEAHG-VNPNAIKAM 

-MNKKVIYFLCjdclsQMAEGW- -GKK YLGDEWDVYSAGIEAHG-VNPNAVKAM 

-MENKIIYFLC^H_|SQMAEGW- -AKQ YLGDEWKVYSAGIEAHG-LNPNAVKAM 

-MDKKTIYFIcH_|c|sQRAEGW- -GKE-

-MDKKTIYFIC^HCIS(3MAEGW" "GKE" 

-MDKKTIYFIC^HJ30^^6"" "GRE-

--MKPKVAFIcHc|SQMAEAL- -GKL-

-MTQKLIYFLSQ-THIRSAIAEAW- - AKK-

-ILGEGWNVYSAGIETHG-VNPKAIEAM 

-ILGEGWNVYSAGIETHG-VNPKAIEAM 

-ILGEDWNVYSAGIETHG-VNPKAIEAM 

-FAADTFEAYSAGTELKDNINQDAVRII 

-LSLSNVKFISGSWHKSK-ATPFIAEAL 

-MSNITIYHNPACGTSRNTLEMIRNSGTEPTIILYLENPPSRDELVKLIA-DMGISVRAL 

B. cereus pBC10987 

B. cereus str.zk 

B. thuringenesis 

B. anthracis 

Bacillus sp. m_24 

B. cereus ATCC10987 

B. sp. CDB3 

B. halodurans 

B. subtilis 

S. aureus pN315 

S. aureus pI258 

S. xylosus pSX267 

C. acetobutylicum 

L. innocua 

E. coli pR773 

61 71 81 91 101 111 

N-EVNIDITNQTSDIIDANILNR-ADLWTLCSHADSVCPSTPPH--INRVHWGFDDPAG 

N-EVNIDITNQTSDIIDANILNR-ADLWTLCSHADSVCPSTPPD--VNRVHWGFDDPAG 

N-EVNIDITNQTSDIIDANILNR-ADLWTLCSHADSVCPSTPPH--VNRVHWGFDDPAG 

N-EVNIDITNQTSDIIDANILNR-ADLWTLCSHADAVCPSTPPH--VNRVHWGFDDPAG 

N-EVDIDITDQTSDIIDRDILDK-ADLWTLCGHANDVCPTTPPH--VKRVHWGFDDPAG 

K-EVDIDITDQTSDIIDRDILDK-ADLWTLCGHANDVCPTTPPH--VKRVHWGFDDPAG 

N-EVDIDITDQTSVTIDRDILDK-ADLWTLCGHANDVCPTTPPH--VKRVHWGFDDPAG 

K-EIGIDISEQTSDTIDQELLQK-ADLWTLCGHAADVCPATPSN--KERVHWGFDDPAK 

K-EVGIDISNQTSDIIDSDILNN-ADLWTLCGDAADKCPMTPPH--VKREHWGFDDPAR 

K-EVDIDISNHTSDLIDNDILKQ-SDLWTLCSDADNNCPILPPN--VKKEHWGFDDPAG 

K-EVDIDISNHTSDLIDNDILKQ-SDLWTLCSDADNNCPILPPN--VKKEHWGFDDPAG 

K-EVDIDISNHTSDLIDNHILKQ-SDLWTLCSDADDNCPILPPN--VKKEHWGLEDPAG 

RDLYDIDMNEKHKSKLLKDLPKV-DIVIKMGCN WCPFVLS KHTEDWGLDDPSG 

N-EFAIEPPESLSYSPSSELLAD-ADLIVTIYDSAHETAPQFPANIQEKIIYWDIDDPEQ 

L-RKNVEPYEQLGLAEDKFTDDQLIDFMLQHPILINRPIVVTPLGTRLCRPSEWLDILQ 
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121 131 141 151 

B. cereus pBC10987 KEWSEFQRVRDEIGERIKRFSETGE--

B. cereus str.zk KEWSEFQRVRDEIGERIKRFSETGE 

B. thuringenesis KEWSEFQRVRDEIGERIKCFSETGE 

B. anthracis KEWPEFQRVRDEIGERIKRFSETGE 

Bacillus sp. mb24 QEWSVFQRVRDEIGARIKKYAETGE 

B. cereus ATCC10987 QEWSVFQRVRDEIGARIKKYAETGE 

B. sp. CDB3 QEWSVFQKVRDEIGERIKKFAETGE 

B. halodurans AEGTDEEKWAVFRRVRDEIGKRIKTFAETGK 

B. subtilis AQGTEEEKWAFFQRVRDEIGNRLKEFAETGK 

S. aureus pN315 KEWSEFQRVRDEIKLAIEKFKLR 

S. aureus pI258 KEWSEFQRVRDEIKLAIEKFKLR 

S. xylosus pSX267 KEWSEFQRVRDEIKLAIENFKLR 

C. acetohutylicura KSDEEFIRTAKTIEEKVKDLAKRIINKEIEL 

L. innocua -EIALPKKWASYQEVCDNIALSVKNLEHVLIEA 

E. coli pR773 D-AQKGAFTK-ED-GEKWDEAGKRLK 

Figure 3.11: Multiple sequence alignment of fifteen ArsC homologs, CDB3 ArsC, E. coli pR773, L. 

innocua pLUOO, B. cereus pBC10987 and ATCC10987, Bacillus sp mb24, B. cereus strain zk, B. subtilis, 

B. halodurans, S. aureus pN315, 5. aureus pI258, S. xylosus pSX267, C. acetobutylicum, B. anthracis and 

B. thuringenesis. A blank space indicates that the C D B 3 does share the consensus residue. Alignment 

generated using ClustalW (Thompson et. al., 1994). 

3.3.5 Phylogenetic analysis of CDB3 ArsR, ArsD, YqcL, ArsC and ArsA proteins 

Based on the ClustalW alignments of the ArsR, ArsD, YqcL, ArsC and ArsA, the 

phylogenetic trees were generated by Neighbor-joining/UPGMA (Felsenstein, 1989) as 

shown in Figure 3.12. It was found that the ArsR proteins identical to E. coli pR773 

tended to group together with the distances normally less than 0.1 [except for ArsR from 

A. multivorum pKW301, which only has 84 amino acids instead of 116 amino acids as 

other ArsRs because of a insertional mutation of a nucleotide at position 122 of the arsR 

gene, Suzuki et. al., 1998], indicating that these ars operons probably have evolved from 

single ancestor (Figure 3.12a). The sequence identities were more than 80% identical 

when compared with the well-studied E. coli pR773 ars operon. However, the Ars 
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proteins from the other six ars operons seem to be distinct from the above group. The 

CDB3 ArsR protein seems to be more related to Gram-positive than to those of Gram-

negative. Based on the phylogenetic tree (Figure 3.12b) which showed the divergence of 

ArsDs identical to R773 to that of ArsDs which lacked the terminal two pairs of cysteine 

residues Cysl 12-Cysl 13 and Cysl 19-Cys 120, indicated that these might have evolved 

from single ancestor (Figure 3.12b). These organizations further illustrates that the arsD 

and arsA genes were laterally transmitted together there by facilitating the insertion of 

arsDA genes into more common arsRBC operon (Rosen, 1999). 

It was found that the ArsC proteins identical to CDB3 harboring the CX5R motif 

tended to group together with the distances less than 0.01 (Figure 3.12c), suggesting a 

common ancestor, whilst the E. coli R773 diverged from S. aureus pI258 which utilizes 

thioredoxin and thioredoxin reductase for its enzyme activity into a new group of enteric 

bacteria utilizing glutaredoxin with only 20% sequence homology to that of CDB3 and 

the rest of the Gram positive bacteria. 

The ArsA phylogenetic tree as shown in Figure 3.12d represents a clear 

distinction from Gram negative to its counter part Gram positive bacteria. Although, the 

distances are less than 0.02 with the exception of Halobacterium sp. pNRClOO which 

branched out the others have shown to be evolved from a single ancestor. CDB 3 shares 

only 50% homology with E. coli R773. However, the two consensus sequences 

GKGGVGKT and DTAP are conserved in all the strains. 
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The Y q c L phylogenetic tree as shown in Figure 3.12e shows that B. sp. C D B 3 

shares a strong homology to B. cereus p B C 10987 YqcL with a distance score of 0.01. 

Like B. subtilis skin element and A C R 3 , C D B 3 YqcL has 10 transmembrane spanning 

regions (Chapter 4). A detailed comparison of phylogeny and sequence is presented 

further in Chapter 4, which focuses on arsenite efflux pumps similar to that of ArsB 

proteins, which have 12 transmembrane spanning regions. 

(a) 0.06513 r Bacillus sp MB24 0.01373 
0.35550 rl 

0.44303 

0.40824 

0.14232 

C D B 3 0.03058 

— S.cereus p B C 10987 0.26901 

- Bsubtilis 0.56286 

0.00785 

0.09423 
\ 

0.( 7142 

0.96295 r- S.SUreUS pl258 0.06378 

I— S.xylosus pSX267 0.08638 

A.multivorum pKW301 1.10070 

H 

E.coli R 7 7 3 0.00000 

S.typhi R64 OQmo 

S.typhi INc R 4 6 0.00000 

E.coli INc R 4 6 0.00000 

/(.oxy.ocapMH12 0.03117 

1 — E.coli 0157:H7 0.15778 

Y.enterocolitica 0.24770 

0.22624 c S.marcescens R478 0.14179 — P.aeruginosa 0.68167 

Figure 3.12a: Phylogenetic tree based on ArsR amino acid sequence. The tree was constructed by 

Neighbor-joining/UPGMA method. Plasmid borne ars genes are indicated following the organism. The 

figures represent the matrix distances which were based on sequence alignments. 
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(b) 

0.02469 

0.49525 

S.epideimidis 0.58926 

0.15198 

L.innocua pLil 00 0.38656 

E.coli INc R 4 6 0.04345 

.multivorum pKW301 0.04.19 

S.typhi R64-0.00092 

0.04086 I 

LA, 
0.60608 

4 
0.06867 I 

E.coli pR773 0.00700 

B.cereus pBC10987o.oo273 

C D B 3 ArsD 0.01934 

I — Bacillus m b 2 4 o.oe_34 

Halobacterium pN RC100 0.66246 

Figure 3.12b: Phylogenetic tree based on ArsD amino acid sequence. The tree was constructed by 

Neighbor-joining/UPGMA method. Plasmid borne ars genes are indicated following the organism. The 

figures represent the matrix distances which were based on sequence alignments. 

(c) 
0.00477 

0.07077 

0.01107 

B. anthracis 0.01011 

B. cereus p B C 1 0 9 8 7 0.00426 

B. thuringenesis 0.00954 

B. cereus str.zk 0.00945 

Bacillus m b 2 4 0.00248 

B. cereus A T C C 1 0 9 8 7 0.00455 

C D B 3 0.02055 

r-B. halodurans 0.11391 

- B. subtilis 0.15184 

S. aureus pN315 00000° 

S. aureus pl258 aoooo° 

S. xylosus pSX267-o.o2823 

I L. innocua 1.04454 

3.29216 E. coli pR773 3.6222B 

•C. acetobutylicum 1.47440 

Figure 3.12c: Phylogenetic tree based on ArsC amino acid sequence. The tree was constructed by 

Neighbor-joining/UPGMA method. Plasmid borne ars genes are indicated following the organism. The 

figures represent the matrix distances which were based on sequence alignments. 
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(d) 

0.16741 

S. typhipR64 022861 

0.02888 

0.18155 

E. coli pR46 0.06306 

»— A multivorum pKW301 0.04441 

E. coli pR773 0.06914 

0.03591 

0.19160 

0.19577 

B. cereus pBC10987 00101° 

*• Bacillus mb24 0.01902 

CDB3 004941 

L. innocua 0.33954 

L Halobacterium p N R C 100 o.84soo 

Figure 3.12d: Phylogenetic tree based on ArsA amino acid sequence. The tree was constructed by 

Neighbor-joining/UPGMA method. Plasmid borne ars genes are indicated following the organism. The 

figures represent the matrix distances which were based on sequence alignments. 

(e) 

0.01590 

0.00753 

Rsp.mb24 

[' B. cereus ATCC10987 0.06763 

0.01821 

0.03994 A C R 3 S. cerevisiae 1.20728 

B. SUbtiliS 0.09832 

B. cereus pBC10987 0.00305 

8,Sp. CDB30.01446 

Figure 3.12e: Phylogenetic tree based on YqcL amino acid sequence. The tree was constructed by 

Neighbor-joining/UPGMA method. Plasmid borne ars genes are indicated following the organism. The 

figures represent the matrix distances which were based on sequence alignments. 
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3.4 Discussion 

The CDB3 Ars proteins share a range of degrees of similarities to other bacterial 

Ars proteins. They show very high identity with Ars proteins from other Bacillus species, 

especially B. cereus pBC10987 and B. sp. mb24 (Table 3.3). Homologies to known 

characterized Ars proteins, for example: E. coli pR773 the CDB3 ars cluster was 33% 

(ArsR), 22.3% (YqcL) 20.5% (ArsC), 35% (ArsD) and 50.4% (ArsA) identical exhibiting 

a weak homology when compared to Bacillus spp. For example: B. subtilis skin element 

which is a Gram positive bacterium whose ars genes are organized as arsRorf2BC shares 

a greater homology of 42.3% (ArsR), 85.6% (YqcL) and 75.2% (ArsC) to CDB3 Ars 

proteins. Besides the CDB3 ars cluster, two more ars clusters from Bacillus spp. have 

recently been identified whose ars genes are organized as arsRYCDA. However, no 

functional characterization study has been performed and the identity is purely based on 

genome sequencing (Rasko et. al., 2004). The organization of these ars genes was 

different from those clusters containing arsD and arsA implying difference in gene 

regulation which was noticed in CDB3 as presented in Chapter 7 via northern (RNA) blot 

DNA-RNA hybridization analysis showing inducible synthesis of a full-length ars 

mRNA, about 7 kb in size. In the ars clusters characterized so far, arsD and arsA have 

been identified as located behind arsC instead of being located between arsR and arsB 

for example: E. coli pR773 arsRDABC cluster which is the most well studied ars gene 

cluster. The possibility of recombination resulting in artificially false gene order during 

cloning process was excluded based on the Southern blot analysis (Figure 3.5). Whether 
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arsD and arsA were present in the cluster from the very beginning or acquired from other 

sources later during the evolution processes of ars operons still remains unknown, but the 

location and gene order of arsD and arsA favor strongly the hypothesis that the ars 

operons probably acquired arsD and arsA simultaneously and more recently than other 

ars genes (Figure 3.2, Luo, 2006). 

Based on the 16S rDNA sequencing, CDB3 shares approximately 99% homology 

to B. cereus (Chapter 2; Chopra et. al., 2007). The strain B. cereus ATCC10987 harbors 

two ars operons; one on the chromosome consisting of only three genes {arsRYC) with 

another present on pBC 10987, which consists of seven genes {arsRYCDAIP), similar to 

that found in Bacillus sp. mb24. The CDB3 operon consists of eight ORFs, 

arsRYCDATIP. The arsT gene was identified and found to be a part of the cluster is 

absent in both B. cereus pBC 10987 and Bacillus sp. mb24 ars clusters which makes it 

distinct and interesting. The order of genes appears similar but located on the plasmid 

pBC 10987 of B. cereus ATCC 10987 whereas, the ars cluster cloned from CDB3 strain is 

located on chromosome (Figure 3.5). 

Several important features have been identified in the CDB3 Ars proteins. Firstly, 

YqcL, a 10 transmembrane domain (TMD) protein first identified in the B. subtilis skin 

element, endows cells with resistance to AsIII suggesting that the YqcL protein might 

have a similar function to that of ArsB proteins which has 12 membrane spanning 

regions. A detailed phylogenetic and sequence comparison on arsenite efflux pumps is 

presented in Chapter 4, which further details the difference in membrane topology and 
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sequence characters. The homology between YqcL and ArsB is quite different. The 

CDB3 YqcL shares weak homology with ArsBs (Table 3.2). Bobrowicz et. al. (1997) 

have revealed that three contiguous genes ACR1, ACR2 and ACR3 are involved in arsenic 

resistance. Interestingly, the ACR3 gene has high similarity to the CDB3 YqcL (Figure 

3.10), suggesting that Bacillus spp. and S. cerevisiae possess similar proteins for 

extrusion of arsenite. No functional study of the interaction of YqcL with ArsA has been 

reported till date. Further in Chapter 5, the functional characteristics of CDB3 ArsA and 

its interaction with YqcL and E. coli ArsB is presented which is the first experimental 

evidence demonstrated. 

Secondly, the arsD from Gram negative bacteria {E. coli pR773 arsRDABC 

operon) probably originated from insertion of arsDA genes into the more common 

arsRBC cluster (Rosen, 1999; Li et. al., 2001) shows weak homology to CDB3 arsD 

(35%) where it lacks the four C-terminal cysteine residues (Figure 3.8). Yet it is still 

functional as a secondary regulator in controlling the basal level of gene expression. This 

is quite novel, as the terminal two cysteine residues (Cysl 19 and Cysl20) where thought 

to be involved in induction of arsD expression in E. coli pR773 (Li et. al., 2001). A 

detailed study is presented in Chapter 6, which explores the diversity of the two different 

ArsDs characterized so far. 

ars clusters can be more diversified in helping host bacteria to adapt to different 

living environment efficiently. The cloned ars gene cluster from Bacillus sp. CDB3 

seemed a good example for further investigation with respect to the sequence analysis of 
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YqcL and its interaction with ArsA. The regulatory mechanism of this novel ars gene 

cluster 1 is then analyzed which is discussed in later Chapters. 
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Chapter 4: Phylogenetic Study of Arsenite Efflux Pumps 

4.1 Introduction 

Transport across membranes is vital and membrane transporter proteins enable 

cells to take up essential nutrients and extrude toxic compounds. Micro organisms have 

acquired resistance to arsenical compounds provided by the ars genes located on 

chromosome or plasmid. An efflux pump protein, which is encoded by one of the ars 

genes, is essential for arsenite resistance exhibited by such micro organisms. Although 

the number of arsenite pumps characterised so far are limited, their wide occurrence in 

micro organisms is evident based on DNA sequence data. 

Such pumps are encoded by the arsB or B-like genes. Most bacterial arsenic 

operons identified so far contain either three {arsRBC) or five genes {arsRDABC) (Ryan 

and Colleran, 2002). The arsB and ars A genes express a membrane protein and an 

ATPase, respectively. While ArsB alone can remove arsenite out of the cell, the ArsAB 

complex works more efficiently. 

ArsB protein belongs to the major facilitator super family (MFS) of transporters 

and has 10-12 transmembrane helices. The ArsB is a 45-kDa inner membrane protein that 

has 12 membrane-spanning regions (Wu et. al., 1992) and is a permease which pumps 

arsenite out of the cell either independently as a chemiosmotic transporter or as a channel 

forming subunit of an ATP driven anion pump (ArsAB). Permeases can have both inside 

and outside polarity and function as uniporters, symporters or antiporters with a wide 

range of transport specificities. ArsB may pump AsO " out of the cell as a chemiosmotic 

transporter (Broer et. al., 1993). The molecular structure of ArsB is not known and the 

mechanism by which ArsB extrudes arsenite is not well understood yet. Metal efflux is 

coupled to a transmembrane electrochemical gradient (Dey et. al., 1995). Structurally the 
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ArsB arsenite pumps resemble the ABC type efflux pumps which have two groups of six 

TM spanning helical segments and two NBDs similar to ArsB, but there is no significant 

sequence similarity between the two. The function of ArsB is to act either as a potential 

driven secondary carrier or as a subunit of an obligatory primary ATP-coupling pump 

(Kuroda et. al., 1997). When there is no ArsA, ArsB transports arsenical oxyanions with 

energy derived from the proton-pumping respiratory chain. When an ArsB-ArsA 

complex is formed, the transporter complex will pump the arsenic ion out of the cell 

utilizing the energy of ATP. Thus, the ArsB-ArsA complex can pump arsenite through 

the membrane with a higher metabolic efficiency. The yqcl gene of B. subtilis skin 

element encodes a membrane protein whose function is similar to that of ArsB, though 

the two proteins appear to be only remotely related in sequence (Sato and Kobayashi, 

1998). The YqcL protein has 10 membrane-spanning regions, different to most well 

studied ArsB proteins that have 12 such regions. While all the other reported bacterial ars 

operons also confer resistance to antimonite to their hosts (Rosen, 1999), interestingly, 

the wild-type strain of B. subtilis exhibits sensitivity to antimonite (Sato and Kobayashi, 

1998), indicating that YqcL has arsenite specificity. The yeast S. cerevisiae ACR3 gene 

encodes a plasma membrane arsenite-efflux transporter similar to YqcL (Bobrowicz et. 

al., 1997). Due to all these differences, YqcL and ACR3 have been suggested to have 

evolved separately from the ArsB proteins (Rosen, 1999). The arsenite pump of Bacillus 

sp. CDB3 also belongs to this group (Chapter 3). 

Since arsenite pumps are widely occurring in bacteria, a computational analysis 

was carried out to depict the consensus sequences shared by these proteins and possibly 
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their evolution. In the course of analysis in my study presented in this Chapter, a possible 

new sub-group of arsenite pumps in proteobacteria was identified. 
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4.2 Materials and Methods 

4.2.1 Sequence search and alignments 

Searching for homologous sequences in data bank was carried out using blastx 

analysis (Altschul et. al., 1990; http://www.ncbi.nlm.nih.gov/blast). Sequences from 

different organisms were assembled and multiple alignments were done using Bestfit and 

ClustalW (Thompson et. al., 1994). The known ArsB sequences were compared with 

homologous sequences deposited in the Genbank and EMBL. A total of 26 sequences 

were analysed consisting of 24 bacterial, 1 archeal and yeast. 

4.2.2 Sequence homology values 

To evaluate the protein sequence similarity, the PRSS program (Pearson, 1988) 

was used. PRSS evaluates the significance of pairwise protein sequence similarity scores 

using Monte-Carlo analysis. The Smith-Waterman (1981) algorithm was used to 

calculate similarity scores between two sequences. The second sequence is shifted and 

compared with the first sequence 200 to 1000 times. If the similarity between the two 

sequences is real, the similarity score for the unshuffled sequence will be a lot higher than 

the shuffled score. A representative from each group was chosen and the analysis was 

carried out with all tested species. The relative shuffled, unshuffled and P scores obtained 

were then tabulated. 

4.2.3 Phylogenetic analysis 

Phylogenetic trees were constructed based on the multiple alignments of all the 

sequences using the Neighbor-Joining/UPGMA method (version 3.573c) in the PHYLIP 

package (Felsenstein, 1989). 
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4.2.4 Prediction of transmembrane domains 

To predict the TMDs, hydropathy plots were constructed based on the Kyte & 

Doolittle (1982) hydropathy profile. Plots were generated using Pep Window program 

(Window size-integer 1 to 200, default is 7) available from ANGIS service 

(http://bioman6.angis.org.au) for all the bacterial strains used in this study. 

4.2.5 Membrane topology 

Membrane topology was predicted using the MEMSTAT3 program available 

from http://bioinf.cs.ucl.ac.uk/psipred/psiform.html. Protein sequences were submitted to 

the PSIPRED protein structure prediction server (McGuffin et. al., 2000). It predicts the 

secondary structure and topology of integral membrane proteins by recognizing 

topological models. 
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4.3 Results 

4.3.1 Multiple sequence alignments of arsenite membrane transporters and their 
sequence homology 

Blastx searches were performed using the E. coli ArsB and Bacillus YqcL as 

query sequences. 25 homologs were chosen and aligned together with the query 

sequences. Figure 4.1 highlights areas of importance in considering the similarity shared 

by different arsenite pump homologs. 

The sequences of ArsB from different strains were compared with the related 

species acquired from Genbank through blastx (Figure 4.1). 

1 11 21 31 41 51 
Y. pseudotuberculosis 
Y. enterocolitica pVYe227 MLLAGAIFILTI1 

S. marsecens R4 7 8 MLLAGAIFLFTL 
E. coli R773 MLLAGAIFILTI 
S. typhi R64 MLLAGAIFILTI 
E. coli INC R46 MLLAGAI FVLTIj 
Y. pestis C092 fl^HsB LTL 
R. palustris CGA009 BH^-^H^B 
B. halodurans MSS- - V I V J S L B L F | L 
B. vietnamiensis G4 MRARCARRAASRRAARTAVSRPTCRSHRDEARVDALQPPGMPMNSA pJwSlAALAT 
B. fungorum LB400 MNSI F B S W G I A A V A T 
B. japonicum USDA110 MEPCRRRGRQRRRHRLSQPNEPTKPQGLNVPSDAIwBwsllVAAT 
Bradyrhizobium sp. BTAil MSLHDP W B Y M I I P A -
R. palustris CGA009 MPSSMLSHDP V§TWslvALAT 
A. tumefaciens C58 MSAA Y Y T S K W A I A 
R. eutropha JMP134 MSSVSA V 1 I « H A A L | T 
R. metallidurans CH34 MPAYAT PjlWfVAAIjST! 
B. cereus pBC10987 M S N I G 
B. sp. CDB3 MSN|G 
B. cereus ATCC10987 
B. subtilis Skin element 
L. innocua pLUOO MAGV 
C. acetobutylicum pSOLl MNK 
S. cerevisiae Yeast M S E D Q K S E N S V P S K V N M V N R T D I L | T 
Halobacterium sp. pNRClOO MSAVSPPVALAAGVSTDVLWFGVWG 
P. aeruginosa 

61 71 81 91 101 111 

Y. pseudotuberculosis __t__h_____L _ } ] ' ' ' _ H Q | - - ~ H 
Y. enterocolitica pVYe227 ' S A M L G A G L A J L T M V I V S M "VWJQI vw IAIII 
S. marsecens R478 B _ GAILALLTGWHLGDIPwWpij- - -VWNATATFIAVIIISLL 
E. COli R773 :WSATLGAVLALASGVIHIADIPWWNl|- - -VWNATATFIAVIIISLL, 
S. typhi R64 :LGIGWSATLGAVLALASGVIHIADIPWWNI---VWNATATFIAVIIISLL; 
E. COli INC R46 ISATLGAVLALJISGWHIGDIPWWNI- - - VWNATATFIAVII ISLlJ 
Y. pestis C092 I ^ ^ E E I SASICAALALVSGVIHVGDIPWWNlj-- -VWNATATFIAVIIISLL 
R. palustris CGA009 A H • • • B L G J A ^ | L V J V S L S | V ^ ^ P | - - - B B B _ F 1 _ _ _ | 
B. halodurans _ • QP GL IG B | I B B | L A | V D F | V Q A | T G | - - - | • _ ' ' f I B H F 
B. vietnamiensis G4 AGVIVRPFGWPEAIWAVAGAVLLVALGLLPADAALAAVAK-- -GGDVYPFLTGMMLLSEV 
B. lungorum LB400 AGVITRPFKWPEAVWAVAGAVLLVSLGLLPVHLAIEAIGK GTDVYLFLFGMMLLSEV 
B. japonicum USDA110 AGVIIRPFRLPEAIWAVIGAGALVLLGLLPWQDALLGIGK- --GVDVYLFLIGMMLIAEL 
Bradyrhizobium sp. BTA11 AGVIIRPFRLPEAVWAVAGAILLVALGLITTTDALAGIRK GLDVYLFLIGMMLIAEL 
R. palustris CGA009 AGVIIRPMRWPEAVWAVAGAVALVALGLLSWQDALAGVRN- - -GIDVYLFLIGMMLIAEL 
A. tumefaciens C58 AGWIRPFRWPEAVWAVAGALLILALGILTPAEVWSGVIK GLDVYLFLTGMMLLSEL 
R. eutropha JMP134 AGVLLRPFRLSEAFWAVAGAVLLCVGGLLAVPDALAAVMR GLDVYLFLAGMMVSSEL 
R. metallidurans CH34 AGVLFRPFRLPEPFWAMAGALVLCVAGLLPWRDALQAVAR GNDVYLFLAGMILISEL 
B. cereus pBC10987 KKRLSFLDRY-LTLWIFLAMAVGIGVGYLSPGFVEGMNSL QVGTTSIPLAIGLILMM 
B. sp. CDB3 KKRLSFLDRY-LTLWIFLAMAVGIGVGYLSPGFVEGMNSL QVGTTSIPLAIGLILMM 
B. cereus ATCC10987 MKRLSFLDRY-LTLWIFLAMWGIGLGFVFPSWDGLNTL---QVGTTSIPLAVGLIVMM 
B. subtilis Skin element MKRLSFLDRY-LTIWIFLAMALGIGLGFIFPSFVGGLNKL- --QVGTTSIPLAIGLVLMM 
L. innocua pLUOO TKKLSLLDRY-LTLWIFLAMGFGIGLGYFVPEWTGINKL---EVGTTSIPIAIGLILMM 
C. acetobutylicum pSOLl TSKLFWLDRY-LTIWIFTAMAIGILLGWTFPGLSTTLSSL---SVGTTSIPMAIGLIVML 
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S. cerevisiae Yeast 
Halobacterium sp. pNRClOO 
P. aeruginosa 

Y. pseudotuberculosis 
Y. enterocolitica pVYe227 
S. marsecens R4 7 8 
E. COli R773 
S. typhi R64 
E. coli INc R4 6 
Y. pestis C092 
R. palustris CGA009 
B. halodurans 
B. vietnamiensis G4 
B. fungorum LB4 00 
B. japonicum USDA110 
Bradyrhizobium sp. BTAil 
R. palustris CGA009 
A. tumefaciens C58 
R. eutropha JMP134 
R. metallidurans CH34 
B. cereus pBC10987 
B. sp. CDB3 
B. cereus ATCC10 987 
B. subtilis Skin element 
L. innocua pLUOO 
C. acetobutylicum pSOLl 
S. cerevisiae Yeast 
Halobacterium sp. pNRClOO 
P. aeruginosa 

Y. pseudotuberculosis 
Y. enterocolitica pVYe227 
S. marsecens R4 78 
E. COli R773 
s. typhi R64 
E. COli INC R46 
Y. pestis C092 
R. palustris CGA009 
B. halodurans 
B. vietnamiensis G4 
B. fungorum LB400 
B. japonicum USDA110 
Bradyrhizobium sp. BTAil 
R. palustris CGA009 
A. tumefaciens C58 
R. eutropha JMP134 
R. metallidurans CH34 
B. cereus pBC10 987 
B. sp. CDB3 
B. cereus ATCC10 987 
B. subtilis Skin element 
L. innocua pLilOO 
C. acetobutylicum pSOLl 
S. cerevisiae Yeast 
Halobacterium sp. pNRClOO 
P. aeruginosa 

Y. pseudotuberculosis 
Y. enterocolitica pVYe227 
S. marsecens R47 8 
E. coli R773 
S. typhi RS4 
E. COli INC R46 
Y. pestis C092 
R. palustris CGA009 
B. halodurans 
B. vietnamiensis G4 
B. fungorum LB400 
B. japonicum USDA110 
Bradyrhizobium sp. BTAil 
R. palustris CGA009 
A. tumefaciens C58 
R. eutropha JMP134 
R. metallidurans CH34 
B. cereus pBC10987 
B. sp. CDB3 
B. cereus ATCC10987 
B. subtilis Skin element 
L. innocua pLUOO 
C. acetobutylicum pSOLl 

IKSLSWLDLM-LPFTIILSIIIAVIISVYVPSSRHTFDAEGHPNLMGVSIPLTVGMIVMM 
ALVLFVTEWLPIDVTAILIMWLAVLEPWTQVSTAESLSG--FSNKATIAVLAMLILSTG 

MTADPILTLFLPIALGIIMLGLGLSLTPADFLRWRY PK PVLVGLVCQIVL 
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FEWAABBA^B l H H R H YIjILLGAAVAALFANDGAALI LTPIVIAML 
W _ _ R _ -VAVAALFAN) FVIAML 

fcMVAALFANDGAALILTPIVIAML 

-NGRGRLLFTYIVLLGAAVAA1 I LTPIVIAML 
R LLFTYIV l. FANDGAALI LTPIVIAML 

•;• j 

_H^HAB|| 
|S(BMA|VA ARREGLFDWVAAHWNGA-

ARREGLFDWVAVLAVNHA-
ARLEGLFDYLAALAVEYA-
ARREGLFDYLAAYAVEHA-
AQREGLFDYLAAYAVEHA -
ARREGLFDWVAAVAISYA-
ARKTGLFDHVAALAVRRA-
AR KTGL FDH VAALAVRAA -
YPPLAKVRYEEMGRVFKD-
YPPLAKVRYEEMGRVFKD-
YPPLAKVRYEEMGRVFKD-
YP PLAKVRYEEIGRVFKD-
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YPPLAKVNYKELYKVFKN-

LFTWrVLLGAAVAALFANDGAALI LTPIVIAML 
R'RLFJVLIVLLGAAVSALFANDGAALILTPI 

|S|lKMfLg|rH_BlB| .FANDGAALILTPIVLAMV 
-RGSPRRLFALVYLVGTVTTVFLSNDATAWLTPAVFAAA 
-QGSPRKLFLLVYLVGWITAFLSNDATAWLTPAVFAAA 
-DGSPQRLFLLIYLVGTLVTVLLSNDATAIVLTPAVYAAT 
- RGS PQLLFLLVYWGTLVTVLLSNDATAIVLTPAVYAAT 
-RGSPQRLFLLVYAVGVLVTVLLSNDATAIVLTPAVYAAT 
-RGSSRRLFVLIYLIGVIVTALLSNDATAWLTPAVYAAC 
-GGSARALFLLVYGFGTLVTAFMSNDATAWLTPAVLAAT 
-RGSARKLFALVYGFGIAVTAFMSNDATAWLTPAVIAAT 
- VKVLVLSLVQNWIIGPVLMFALA VIFLP 
-VKVLILSLVQNWIIGPVLMFALA VIFLP 
- VKVLVLSLVQNWIIGPVLMFVLA IIFLP 
-IKVLILSLVQNWIIGPTLMFILA IIFLP 
- WKVLLLSLFQNWIVGPILMFILA W F L H 
PKVLGLSLLQNWIVGPILMFIIA IIFLK 

IPPICKVSWESIHKYFYRSYIRKQLALSLFLNWVIGPLLMTALA WMALF 
VSRTGLVQLVGRKLSAFA GENKSRQLGATIAAGGPVSGFVNNTPWAILVPVISDLA 
LP-LACFLIVQGFALEAA LAVGMMLLAAS PGGTTANLYS 

^FVMAAGFYADTASLPL 
211 

• 
221 
-FFNLG-

231 
- - B YAAVM" 
- - FTEYAjAVMV 
--F3EYAAVMVPV 

FTEYASVMVPV 

FTEYASVMVPV 

|TR^VP 
--LGTWLARFALP 
--LGAWLLRFTLP 
--LTEWLRLFALP 
--LTEWLRQFTLP 
- -LGGWLQQFTLP 
--LSRWLDTFLLP 
--LAGWLAHFALP 
--LTSWLARFTLP 

SNLVNIV 
IVSNLVNIVSAD-FFNLG 

3RGATLAFIMAAGFIADTASLPLIVSNLVNIVSAD-FFKLq 
SKSTTLAFVMAAGFIjSDTASLPLIVSNLVNIVSAD-FFKLG 

LGFSKSTTLAFVMAAGFIADTASLPLIVSNLVNIVSAD-FFKLG-
VSAD.-F.GLQ 

KRTTLAFVMAAGFIADTASLPLIVSNLVN VSAD-FFR 
3YKDKATLAFVMAAGFIADTASLPLIVSNLVNIVSAD-FFR: 

RALKFFSPJ'TYLPFVMASGF .DTTSL I ' H ^ 1 

RRAKT DPLPLLYVCAFVANAASFVLPISNPANLVLYG-AHMPA 
RKAKT DPLPLLFVCAFIANAASFVLPISNPANIVLYG-NHTPA 
RAAGA KPLPYLFVCAFIANAASFVLPISNPANLWFG-ARMPH 
RAAGA SPLPYLYVCAFIANAASFVLPISNPANLWFG-ARMPH 
RAAGA APLPYLFVCAFIANAASFVLPISNPANLWFG-EHMPH 
RAARVK--DPLPYLYICAFIANAASFVLPISNPANLVIFAGGEMPP 
RAAKVQ--NPLPHLFACAFIANAASFVLPISNPANLVIFG-TRMPP 
RAARVK--HPLPYLYACAFIANAASFLLPISNPANLVLFG-DRMPP 

DKPEYMVGLIMIGLARCIAMVIV-WNDLAKGD T-EYAAGLVAF 
DKPEYMVGLIMIGLARCIAMVIV-WNDLAKGD T-EYAAGLVAF 
DKPEYMVGLIMIGLARCIAMVIV-WNDLADGD K-EYAAGLVAF 
DKPEYMIGLIMIGLARCIAMVIV-WNDLSKGD T-EYAAGLVAF 
DYPEYMVGLIMIGLARCIAMVIV-WSNLAQAD N- EYTAGLVAF 
SYPAFMTGLILIGLARCIAMVIV-WNGLADGD T-EYAAALVAF 
DYKEYRQGIIMIGVARCIAMVLI -WNQIAGGD N-DLCWLVIT 

HKGKT SPSKLLMPLSFASMLGGTLTLIGTSTNLLASETTARLADQQGIAGLHAFSMF 
HLAHGDVALNITLTAVNSVIAILTMPLIVNLS L QYFMG 

241 251 261 271 281 291 

IS^QAIQAHRIMNHK^HLH H I 

USLLI^APQAAIJRDJMNTPKTGWILVLALLIJIG] 
,Pi>iVYgvSLl,KEE*KDÂ REJVNTF',KTGWLVL-/LLLVGF 

3WWLLLLLV 
IPJPTYJELA:RLKEPAKAI! I 1 " . . ! 
I P B .KAPAKAIKDLATFRTGW'IVLILLLVGFFVL 

)PATF! . . " LLVGF 

T_T 
NLF|LA|SI§V§YfYH___M_ _ ___|SGj__|K_|HE______|K__MlKL____|I___h/___illY_|||[S| 
SI AS IACTYAMLRATQRHALRG - RCACDL PVPSLSAGARIALAGIAATAAALMIVSLLDR 
SLLSIIATYVMLRWTQREALAG-TCEANLEALELSSSGRVALAGIAVTAAVLLTVSAFDI 
SAASILLTYVVLRLTQHRALKEETIARSVPHPKLSRGGKLTAVGIIAIGIVLVTASALDR 
SITAIALTYAALWLTQRRALHAETLRTDVDKPRLSREGRLAAMGILAIAAVLLTASALDI 
SLAAILATYLVLRLALRRSLAGQTIETRVETPHLSRGGKLAAVGIGAIAIVLLTASALNV 
SIAAIIVTFLALYWSQRRVLAEDTVADRVERPTLSLPAKLAGVGLLATAAVLLSASAFHM 
SLVAWTTLAALYWTQREALAE-RIASDVPVPPLSLQAWLTAVGIVLTGVALLAASLRGS 
SWAIAMTFIVLYWTQRDALAE-PIENDVPTPPLTLQAWLTTLGIMLTGAALLTASLHGQ 
NS VFQMLFFS VYAYVFVTVIPE WLGIEGAWDITMAEVAKSVFI 
NSVFQMLFFSVYAYVFVTVI PE WLGIEGAWDITMAEVAKSVFI 
NSVFQMLFFS VYAYVFVTVI PE WLGIEGAIVNITMVEVAKSVCI 
NS IFQMLFSSVYAYIFVTVIPQ WLGMEGAWNITMAEVAKSVFI 
NSIFQIIFYSVFAYIFVTVIPG WLGLETHAVSIGMGEIATSVFI 
NSIFQVIFYSVYCYIFITVLPT VFGLNGYKVDISMVKVAGSVAI 
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S. cerevisiae Yeast 
Halobacterium sp. pNRClOO 
P. aeruginosa 

Y. pseudotuberculosis 
Y. enterocolitica pVYe227 
S. marsecens R478 
E. coli R7 7 3 
S. typhi R64 
£. coli INc R4S 
Y. pestis C092 
R. palustris CGA009 
B. halodurans 
B. vietnamiensis G4 
B. fungorum LB4 0 0 
B. japonicum USDA110 
Bradyrhizobium sp. BTAil 
R. palustris CGA009 
A. tumefaciens C58 
R. eutropha JMP134 
R. metallidurans CH34 
B. cereus pBC10987 
B. sp. CDB3 
B. cereus ATCC10987 
B. subtilis Skin element 
L. innocua pLUOO 
C. acetobutylicum pSOLl 
S. cerevisiae Yeast 
Halobacterium sp. pNRClOO 
p. aeruginosa 

Y. pseudotuberculosis 
Y. enterocolitica pVYe2 2 7 
S. marsecens R4 7 8 
E. COli R773 
S. typhi R64 
E. COli INC R46 
Y. pestis C092 
R. palustris CGA00 9 
B. halodurans 
B. vietnamiensis G4 
B. fungorum LB400 
B. japonicum USDA110 
Bradyrhizobium sp. BTAil 
R. palustris CGA00 9 
A. tumefaciens C58 
R. eutropha JMP134 
R. metallidurans CH34 
B. cereus pBC10987 
B. sp. CDB3 
B. cereus ATCC10987 
B. subtilis Skin element 
L. innocua pLUOO 
C. acetobutylicum pSOLl 
S. cerevisiae Yeast 
Halobacterium sp. pNRClOO 
p. aeruginosa 

Y. pseudotuberculosis 
Y. enterocolitica pVYe227 
S. marsecens R4 7 8 
E. coli R773 
S. typhi R64 
E. coli INc R46 
Y. pestis C092 
R. palustris CGA009 
B. halodurans 
B. vietnamiensis G4 
B. fungorum LB4 00 
B. japonicum USDA110 
Bradyrhizobium sp. BTAil 
R. palustris CGA009 
A. tumefaciens C58 
R. eutropha JMP134 
R. metallidurans CH34 
B. cereus pBC10987 
B. sp. CDB3 
B. cereus ATCC10 9 87 
B. subtilis Skin element 
L. innocua pLUOO 
C. acetobutylicum pSOLl 

NSLLQMVLYAPLQIFYCYVISH DHLNTSNRVLFEEVAKSVGV 
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ALGLPTFVCGLVTTAWLAIARQS -
DLGLPTFLAGVITTILVLAIVRQN-
DLGWPTCAAGAATLLIVCATKRDL -
DLGWPTFIGGLLTLAWCATQPRL -
YLGIP-FIAGMLTRLIFVKTKGRE-
YLGIP-FIAGMLTRFIFVKTKGRE-
YLGIP-FlAGMLTRFVLVKLKGRQ-
YLGVP -FlAGMVTRYIFVKVKGKE-
YLGIP-FIAGFLSRWILIKKKGKK-
YLGIP-FAAGLLTRLILEPKMGTE-
FLGIP-LGIGIIIRLGSLTIAGKS-
TVRAAIDADRFDADVLGLVRDGER-
PVKILSALLLLVIILLALAKDWQT-
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331 341 
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'QKVLR' 
JIVIFS 

WQIVIFS 
GINTGKVLRGAPWQIVI 
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fTGII 

CGPTLRAIS--
PLPMIREIS---
PLPVLRGVS 
PWPWKGVS 
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MYLV 
MYLVV 
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WSVLPLVAA LFVLV 
WSVLPLVGG LFVLV 
WGVLPLVAG LFVMV 
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- -PVEIIKDVS WGVLPLVAG LFVIV 
- -LAPALREIS WGVLPMVAG LFVLV 
- -LVPALKEVS WGVLPLVAG LFVLV 
WYEKVFIPKIS PITLIAL LFTII 
WYEKVLIPKIS PITLIAL LFTIV 
WYEKVFIPKIS PLTLLAL LFTII 
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WYEEKFIPKIS PITLVAL LFTIV 
WYTKKFVPKVS PLALI AL LFTIV 
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-FIE PLGQKWR - - AGDTLTIRTGRETLADIATV 
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STLGrij 
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LTAFLS-

•LWA^TLGTGFLTAFLS-
EQGLWAATLGTGFLTAFL£ 
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5FLTALLS 
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IA|I| 

LRNAGL 
LRNAGL 
LRNAGL 
LRNACM ffl^MDl 

LRNAGLJ TE YLSG1 ATFGTGF 

GI TEYLSGVLNMLADKGHLAATFGTT 

• PH|^L|DH|_-OG1V1CJAF---!TI 

J| |NI|ADI I EL. 
EALERTGA VDALAALLRTLTAGGTAHAAAASGVAI ALAS - -
EMLDHTGV IAALAQLAQRAAQHNELAAAGWAGSIIAIGS 
EALVKTGV IGQLSALLHQAVAQSIPKAAWSVGIATAFAT 
EGLSRAGA IGQLSAWLHQGVTASPAGTAWAAGLITAVAD 
EALSRTGV IGALGGLLREAVADAPRLGSWAAGIVTAIAC 
EAVSHTGI TAWAEQLKALSMHSEAQAIGIGGVAVALFS 
AALEHTGV IHWLADIIQAASRQDSLARLWGIGAAVALIG 
AGLAQTGL TAQLAHWVRMLSGLQGPEAVLGAGVAGVLVGI 
VMFSLKGE VIVSVPFDWRIAIPLLIYFVIMFFVSFFMG 
VMFSLKGE VIVSVPFDWRIAIPLLIYFVIMFFVSFYMG 
VMFSLKGE MIVSVPLDWRIAIPLLIYFIVMFFVSFFMG 
VMFSLKGD VIVSLPLDWRVAIPLLIYFVLMFFVSFFLG 
VMFSVKGE KVIELPMDWRIAIPLLIYFVLMFFVSFFIS 
IMFTYKGK YIVELPMDVIRIAVPLLVYFIIMFSVSFFIS 
VIFISRGY QFIHEIGSAILCFVPLVLYFFIAWFLTFALMRYLSISRSDTQR 
DDLSLTGAPDDERDLEPTTQDEQALVEWIHSGSSLAGQTLSSSSFRDRYDANVLAFRSR 
VGYWVPRL LRLPKAQAVAIGMEIGIHNGTLAIALALSP 

441 451 461 471 

• M | KEAMIYANV 

M 3STATGLT KEAMIYANV 

'/MNNMPTVLVGALSIDGSTATGVL! KEAMIYANV 

PTVLIGALSIDGSTATGVL' KEAMIYANV 

: ALSIDGSTATGVIJ KEAMIYANV 

MNNMPTVLVGALSIDGSTATGVL KEAMIFANV 

.-/MN :DGSTJ)SGVI KEAIIIYANV 

•THJBA| KEAMI 

IN^AJADTNTMJIM R B 
NLVNNLPAGLVAGAIVGVAHSP QPWDALL 

- -NLMNNLPAGLIASSTVLQAHSP ERVIDALL 
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TSNIVNNLPAGLFAASALAAGHAS DTVTAAVL 
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- KKVGASYGVSTTLAFTAGSNNFEL AIAVAVGV 
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Figure 4.1: Multiple sequence alignment of the arsenite membrane transporter proteins belonging to E.coli 
type ArsB (highlighted in Red refers to identical conserved residues shared), Bacillus type YqcL 
(highlighted in Yellow refers to identical conserved residues shared) and predicted 3rd sub-group of ArsB 
(highlighted in Green refers to identical conserved residues shared). Sequences of ArsB- like proteins from 
different strains were compared with the related species acquired from Genbank through BlastX (Altschul 
et. al., 1990). The 25 related species were chosen according to their pairwise alignment score and identity. 
Alignments were made using the ClustalW program (Thompson et. al., 1994; http://www.angis.org.au). 
Protein sequences are indicated by species name. Asterisk '*' refers to strains harboring Na+/H+ antiporter 
and related AsIII permeases. NCBI protein accession numbers are listed below (indicated by species name 
and accession number): E. coli R773 - P08691; S. typhi R64 - BAB91586; E. coli INc R46 - NP_511239; 
Y. pestis C092 - CAC92577; Y. pseudotuberculosis - CAH20025; Y. enterocolitica pVYe227 -
AAD16859; S. marcescens R478 - CAE51702; B. halodurans - BAB06718; B. cereus pBC 10987 -
AAS45009; B. cereus ATCC10987 - AAS42118; C D B 3 {Bacillus sp.) - AAD51846; B.subtilis -
B A A 12433; L. innocua pLUOO - CAC42037; C. acetobutylicum pSOLl - AAK76849; A C R 3 S. cerevisiae 
- NP_015527; Halobacterium sp. pNRClOO - AAG20642; P. aeruginosa - AAG05039; A. tumefaciens 
C58 - AAL44356; B. fungorum LB400* - ZP_00283047; B. japonicum USDA110 - BAC50537; 
Bradyrhizobium sp. BTAil* - ZP_00862573; R. metallidurans CH34 - ZP_00593623; R. eutropha 
JMP134 - AAZZ63030; fl. palustris CGA009 - CAE27699; R. palustris CGA009* - CAE28839; B. 
vietnamiensis G 4 - ZP_00426020. 

The multiple sequence alignment shows a clear distinction of the 3 groups of 

arsenite membrane extrusion pumps. The amino acid residues highlighted in red refers to 

identity shared with that of the commonly existing E. coli type ArsB, whereas, yellow to 

YqcL like pumps. It is very interesting to notice a 3rd group of the pump like proteins 

highlighted in green, although none of these have been functionally characterized. 
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Further statistical analyses were performed to consolidate/verify the distinctions 

between the groups of protein sequences revealed by multiple alignments (Table 4.1, 4.2 

and 4.3). 

Table 4.1: PRSS evaluation of homology of E. coli pR773 ArsB to other arsenite transporter proteins 

Strain Unshuffled 

score 

Shuffled 

score 

P-Score 

ArsB group 
S. typhi R64 
E. coli INc R46 
Y. pestis C092 
Y. pseudotuberculosis 
Y. enterocolitica pVYe227 
5. marsecens R478 
B. halodurans 
R. palustris CGA009 

2693 
2569 
2344 
2358 
2472 
2398 
1747 
2121 

66-144 
70-145 
70-131 
69-136 
74-155 
67-140 
64-121 
66-121 

4.9812e-102 
9.7108.-92 
1.2642e-79 
6.6428.-75 
3.3066.-89 
6.3017e-81 
1.0775e-66 
1.3816.-66 

YqcL group 

B. sp. CDB3 
B. cereus pBC10987 
B. cereus ATCC10987 
B. subtilis "YqcL" 
L. innocua pLilOO 
C. acetobutylicum pSOLl 
S. cerevisiae Yeast 
Halobacterium pNRClOO 
P. aeruginosa 

95 
93 
80 
71 
87 
106 
64 
132 
81 

53-116 
59-123 
59-123 
50-125 
57-132 
54-142 
45-106 
53-110 
62-123 

0.13668 
0.15697 
0.44468 
0.6683 
0.24437 
0.077319 
0.4999 

0.0024582 
0.5038 

3rd putative group 
B. vietnamiensis G 4 
B. japonicum USDA110 
A. tumefaciens C58 
R. eutropha JMP134 
R. metallidurans CH34 
B. fungorum LB400* 
Bradyrhirhizobium sp BTAil* 

R. eutropha JMP134* 
R. palustris CGA009* 

500 
458 
490 
482 
443 
444 
479 
482 
500 

57-134 
58-126 
60-124 

63-123 
62-153 
58-125 
57-136 

58-136 
63-153 

7.9101.-19 
7.5687.-16 
8.6659.-19 
1.7777.-16 
2.4532.-13 

3.4568.-15 
3.0373.-17 

4.736.-16 
1.2251.-17 

'*" refers to strains harboring Na+/H + antiporter and related AsIII Permeases 
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Table 4.2: PRSS evaluation of homology of B. subtilis YqcL to other arsenite transporter proteins 

Strain Unshuffled 
score 

Shuffled 
score 

P-Score 

ArsB group 
5. typhi R64 
E. coli R773 
E. coli INc R46 
Y. pestis C092 
Y. pseudotuberculosis 
Y. enterocolitica pVYe227 
5. marsecens R478 
B. halodurans 
R. palustris CGA009 

71 
71 
87 
91 
88 
75 
83 
78 
86 

53-124 
49-114 
60-133 
53-124 

57-123 
51-126 
58-139 
62-127 
53-119 

0.67409 
0.67355 
0.35453 
0.25021 
0.23928 
0.65221 
0.38864 
0.69684 

0.20476 
YqcL group 

B. sp. CDB3 
B. cereus pBC10987 
B. cereus ATCC10987 

L. innocua pLilOO 
C. acetobutylicum pSOLl 
S. cerevisiae Yeast 
Halobacterium pNRClOO 
P. aeruginosa 

3 
B. vietnamiensis G 4 
B. japonicum USDA110 
A. tumefaciens C58 
R. eutropha JMP134 
R. metallidurans CH34 
B. fungorum LB400* 
Bradyrhirhizobium sp BTAil* 
R. eutropha JMP134* 
R. palustris CGA009* 

'*" refers to strains harboring Na+/H+ 

1993 
2000 
1990 
1705 
1497 
669 
63 
165 

63-114 
65-131 
66-134 
57-131 
64-132 
48-97 
51-110 
52-128 

2.0801 e-79 
5.5195e-67 
7.8583e-77 
6.3828e-61 
3.2664e-57 
1.1483e-29 

0.8093 
0.00019521 

ra putative group 
74 
79 
76 
66 
86 
69 
69 
66 
102 

antiporter and re 

46-98 
56-97 
45-101 
42-93 
48-114 
48-109 
46-97 
47-98 
48-119 

ated AsIII Perm 

0.070849 
0.2269 
0.20295 
0.28216 
0.060893 
0.37016 
0.30386 
0.36187 
0.016883 

eases 

133 



Chapter 4: Phylogenetic Study of Arsenite Efflux Pumps 

Table 4.3: PRSS evaluation of homology of R. eutropha JMP134 to other arsenite transporter proteins 

Strain Unshuffled 
score 

Shuffled 
score 

P-Score 

ArsB group 
S. typhi R64 
E. coli R773 
E. coli INc R46 
Y. pestis C092 
Y. pseudotuberculosis 
Y. enterocolitica pVYe227 
S. marsecens R478 
B. halodurans 
R. palustris CGA009 

488 
482 
490 
499 
500-
478 
484 
500 
537 

56-131 
62-138 
58-153 
63-128 
64-148 
58-127 
60-127 
57-123 
56-146 

3.8622e-15 
1.3219e-16 
3.399e-15 
1.378e-14 
4.6446e-17 
2.9809e-14 

1.8174e-14 
1.4131e-17 
3.5961 e-16 

YqcL group 
B. sp. CDB3 
B. cereus pBC10987 
B. cereus ATCC10987 
B. subtilis "YqcL" 
L. innocua pLUOO 
C. acetobutylicum pSOLl 
S. cerevisiae Yeast 
Halobacterium pNRClOO 
P. aeruginosa 

3 
B. vietnamiensis G 4 
B. japonicum USDA110 
A. tumefaciens C58 
R. metallidurans CH34 
B. fungorum LB400* 
Bradyrhirhizobium sp BTAil* 
R. eutropha JMP134* 
R. palustris CGA009* 

'*' refers to strains harboring Na+/H+ 

65 
66 
70 
66 
56 
59 
64 
165 
70 

49-109 
45-112 
50-89 
48-91 
44-91 
46-99 
40-86 
56-121 

58-128 

0.53518 
0.43706 
0.28662 
0.4139 
0.7306 
0.71935 
0.17537 

0.00018294 

0.833 
rd putative group 

1393 
1365 
1429 
1870 
1358 
1347 
2646 
1323 

antiporter and re 

71-175 
69-144 
64-151 
71-144 
64-123 
66-141 
80-161 
62-168 

ated AsIII Perm 

1.2339e-36 
1.0905e-47 
2.0967e-50 
1.2947e-60 
8.9521 e-48 
1.2268e-42 
9.1397e-78 
3.5765e-42 

.ases 

PRSS analysis showed significant differences between two known groups of 

arsenite pumps, ArsB and YqcL, and also between each of these two and the assumed 

third group. The similarity seen between these groups were relatively low. Individual 

comparisons with respect to each were made by PRSS and scores obtained show a clear 

distinction of the groups based on sequence homology. If the similarity between two 

groups of sequences is real then the similarity score for the unshuffled sequence will be 

much higher when compared to the shuffled score (Pearson, 1988). This was the case 
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with respect to each representative when compared with its own group members; 

whereas, the score was much lower when it was compared with members of another 

group. The p-score is more informative and accurate than just the similarity as it also 

takes the length of match and gaps inserted into account. As shown in Table 4.1, the p-

scores are much higher between the E. coli ArsB and the pump proteins of S. typhi R64, 

E. coli INc R46, Y. pestis C092, Y. pseudotuberculosis, Y. enterocolitica pVYe227, S. 

marsecens R478, B. halodurans and R. palustris CGA009. Effectively, this means that if 

one of the two sequences, used in this analysis is shuffled, there is a <0.001% chance that 

they could end up with the similarity as good as that between the two original sequences. 

Anything below 0.1% is regarded significant (Pearson, 1988); as a result there is an 

excellent statistical similarity between these pumps with respect to E. coli R773 ArsB in 

sequence. The YqcL group arsenite pumps show insignificant p-scores demonstrating 

that they are not related to the E. coli ArsB group. The 3rd putative group showed 

significant p-scores (<0.001%) when compared with the ArsB and YqcL groups, though 

much greater for the latter (Table 4.2 and 4.3). In this case the newly recognized 3rd 

putative group may be regarded as a sub group of the ArsB pumps. 

Further to add to the finding of the possible 3rd sub-group of ArsB, detailed 

analysis was carried out with respect to protein properties, the number of TMDs, 

membrane topology and their respective taxonomy. 
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4.3.2 Phylogenetic analysis 

The arsenite pump sequence similarity based phylogenetic tree (Figure 4.2) 

showed a clear separation of the two prokaryotic domains (bacteria and Archea). 

Sequence wise the eukaryotic {S. cerevisiae) pump is more close to the former. Minor 

inconsistencies were found such as R. palustris (a-Proteobacteria) forming a deep branch 

within the y-Proteobacteria. Otherwise the major divisions and subdivisions e.g. the 

various Proteobacteria, Eukarya and Archaea formed expected patterns. 

The separation between ArsB and YqcL groups is very distinct, supporting the 

hypothesis that they have been evolved separately (Rosen, 1999). However, it can be seen 

that there are two sub-groups within the ArsB (or ArsB-like) sequences. The second sub

group forms a branch only based on sequence similarity and not based on taxonomy. This 

agrees with the previous results (Figure 4.1 and Table 4.3). 
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4.3.3 Other protein properties 

Table 4.5 lists some properties of the 26 AsIII pump proteins. The ArsB group 

members are generally a bit larger in mass compared with YqcL group with the exception 

of Halobacterium sp. pNRClOO (64.9 kDa, the largest among the 26 but as an YqcL). 

The different groups and sub-groups vary mostly in their membrane topologies; YqcLs 

have 10 transmembrane domains (TMD), ArsB have 12 and ArsB like (sub-group 2) have 

14 respectively. The comparison of protein properties of active arsenite transporter 

proteins found in all the tested bacterial species from three groups are listed in Table 4.4. 

Table 4.4: Comparison of protein properties of active arsenite transporter proteins found in bacteria strains 

belonging to group 1, 2 and the 3rd sub-group 

Strain 

E. coli pR773 

5. typhi R64 

E. coli INc R46 

Y. pestis C 0 9 2 

Y. pseudotuberculosis 

Y. enterocolitica pVYe227 

5. marsecens R478 

B. halodurans 

R. palustris CGA009 

B. cereus pBC10987 

B. cereus ATCC10987 

B. subtilis skin element 

L innocua pLUOO 

C. acetobutylicum pSOLl 

S. cerevisiae Yeast 

Halobacterium sp. pNRClOO 

P. aeruginosa 

B. vietnamiensis G 4 

B. japonicum USDA110 

A. tumefaciens C58 

R. eutropha JMP134 

R. metallidurans CH34 

B.fungorumLB400 

Bradyrhirhizobium sp. BTAil 

R. palustris CGA009 

Group 

ArsB 
group 

YqcL 
group 

Sub-group 
2 

Pump 
group 
ArsB 

ArsB 

ArsB 

ArsB 

ArsB 

ArsB 

ArsB 

ArsB 

ArsB 

YqcL 

YqcL 

YqcL 

YqcL 

YqcL 

YqcL 

ArsB 

AisB 

ArsB 

ArsB 

ArsB 

ArsB 

ArsB 

Na+/H+ 

antiporter 
Na+/H+ 

antiporter 
Na+/H+ 

antiporter 

Length 

(residues) 
429 

429 

429 

429 

429 

429 

429 

436 

421 

351 

346 

346 

348 

349 

404 

618 

297 

456 

445 

352 

419 

419 

416 

417 

421 

Mass 
(kDa) 
45.6 

45.5 

45.4 

45.5 

45.5 

45.5 

45.7 

47.35 

43.7 

38.7 

38.3 

38.2 

38.8 

38.7 

45.8 

64.9 

31.3 

46.5 

46.9 

38.1 

42.9 

43.6 

43.7 

43.8 

43.7 

No 
TMDs 

12 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

10 

10 

10 

10 

12 

12 

14 

14 

14 

14 

14 

14 

14 

14 

Pi 

9.56 

9.83 

9.64 

10.28 

10.28 

9.96 

10.24 

10.23 

10.16 

10.04 

9.78 

10.31 

10.03 

10.07 

10.4 

8.66 

4.48 

9.69 

11.2 

10.85 

6.93 

10.16 

10.21 

7.6 

9.42 
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In order to predict the T M D s as given in Table 4.4 a hydropathy plot was 

constructed based on Kyte Doolittle hydropathy profile. Plots were generated using 

Pep Window program (Window size-integer 1 to 200, default is 7) available from ANGIS 

service for all the bacterial strains used in this study. Representatives from each of three 

groups distinguishing the difference in number of TMDs is presented in Figure 4.3, 

alternatively, hydrophobicity plots of all strains are presented in the Appendix 5.2. 

o 
a. 
o 
_. 
"O 
X 

>, 
__ 
-_* 
o 
Q. 
O 
_. 
T. 

>, 
I 

(a) 

139 



Chapter 4: Phylogenetic Study of Arsenite Efflux Pumps 

0 100 200 300 400 

(c) 
Figure 4.3: Kyte Doolittle hydropathy plots generated by PepWindow showing the three representative 
sub-groups of arsenite membrane transporter proteins, (a) Represents the 10 T M D YqcL pump protein plot 
from B. sp. C D B 3 ; (b) represents the 12 T M D ArsB pump protein plot from E. coli R773 and (c) represents 
the 14 T M D ArsB sub-group 2 pump protein plot from R. eutropha JMP134. 

A hydropathicity profile calculation performed using the methods of Kyte and 

Doolittle (1982) as shown in Figures 4.3a, 4.3b, and 4.3c illustrates a clear difference 

between the existing groups. The TM helices were selected automatically or by user 

defined threshold. The program attempts to define the actual TM regions, and picks 10 or 

12 or 14 regions, each of which contains the appropriate helix of interest. In Figures 4.3a 

and 4.3b the CDB3 YqcL and E. coli R773 ArsB showed the actual 10 and 12 TM 

spanning regions which were consistent with the previous results. As predicted the 

Ralstonia eutropha JMP134 ArsB which falls to a 3rd possible sub-group showed 14 TM 

spanning regions further suggesting that they are structurally homologous to the 

membrane protein ArsB. Although sequence homology of the R. eutropha JMP134 ArsB 

is low when compared to the well characterized 10 and 12 TM spanning proteins, the 

latter seems to have a similar function. 
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4.3.4 Membrane topology of ArsB proteins 

The ArsB protein is the membrane anchor of the oxyanion translocating ATPase 

(Tsai and Rosen, 1990). Based on the topological model of ArsB proteins, the 

cytoplasmic loops with charged residues can be used to predict the possible interaction 

with the ArsA protein (oxyanion translocating ATPase). PSIPRED (MEMSTAT3) 

program available from http://bioinfo.cs.ucl.ac.uk (protein prediction server) was used to 

predict the membrane topology of ArsB proteins (McGuffin et. al., 2000). As shown in 

Figure 4.5, the E. coli R773 shows the 6+6 arrangement (with six periplasmic and 6 

cytoplasmic loops) consistent with the results obtained by Wu et. al. (1992). Based on the 

topological model published by Wu et. al., (1992), the cytoplasmic C3 loop has 22 

residues, 10 of which are charged, and these residues would seem the more likely 

candidates for the interaction with ArsA protein. It is pointed out that the 6+6 

arrangement is unknown; it probably represents a fundamental structural motif. It is also 

not clear whether the C3 loop in the ArsB protein is part of the ArsA anchoring site or 

fulfils some other function (Wu et. al., 1992). CI and C4 which contain 4 and 5 charged 

residues are predicted to be possible candidates for ArsA interaction sites in E. coli R773 

(Wu et. al., 1992). The data was consistent with the PSIPRED (MEMSTA3) results 

obtained, which predicts the membrane topology of ArsB. Further analysis was done to 

predict the membrane topology of the representative groups; i.e. 10 TMD and 14 TMD. 

The results obtained as shown in Figure 4.5, shows a 5+5 arrangement with respect to 

Bacillus sp. which possess 10 TMD. All the 5 cytoplasmic loops as predicted by 

MEMSTAT3 seem to be potential regions for interaction with ArsA. Due to this 

structural change the possibility of not extruding antimonite (Sblll) may be noted. The 
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A C R family of proteins seems to differ in their specificity and appear to be more specific 

to arsenite and not Sblll (Rosen, 1999). 6+7 arrangement with respect to R. eutropha 

JMP134 AsIII permease, which possess 13-14 TMD was seen. According to the 

MEMSTAT3 prediction, the C3 loop could be the possible region for ArsA interaction. 
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r_i 
190 200 210 *" 22 0 230 24 O 

- G G C C C C C X X X X X X X X X X X X X X Z Z Z Z Z Z Z I I I I I I X X X X X X X X X 

I I__A__V__KSVF I Y Z G I E F I A C - M T ? F Z F\~ ~ ?'G . Z" •' . Z - " T I E K L 3 E I T I T A L L F T I V V . ' 

25Ql*4 2S0 270 2S0 C4 290 30 Q 
X X X G G G O C G GOCCG_CXX>XXXX>:XX>_OCXIIIIIII++++++IIIIIIX>_-:XXX>:X 

Z^Z^-F.•EF_^:.~^._---IEIXIYF7I^:_F^/3F_^•;G:<:<^/GJ_=YG\TSTTLAFTE_G3I•N•^FZ 

• 
310 P5 320 330 34Q C"S 3 S 0 

K:>:>.:CCX.O-- -4GGOCGGX>:XX>XXXXXXXIIIIII++-H-++++++++ 

R. eutropha JMP134 (3rd putative group) 

10 2 0 30 40 5Q PI. 60 
-I—I—I—I—I—I- +++-M-+-M-++++ ++++++++-1-+1111IXXXXXXX xxxooooo- 0000 
HSSVSAVLIWAIAALTTAGVLLRPFRLSEAFWAVAGAVLLCVGGLLAVPDALAAVMRGLD 

70 SO 90 C1 lOO HO P2 120 
OOOXXXXXXXXXXXXXXI111111++++++++++++II11XXXXXXXXXXOO OO-fOOOO 
VYLFLAGHHVSSEL ARKTGLFDHVAAL AVRRAGG3 ARALFL LVYGFGTLVTAFMSND ATA 

130 C2 140 150 16 O P3 170 ISO 
XXXXXX XXXX1111++111111XXXXXXXXXXXXOOOOOO- -—• OOOOOO 
W L TP A VL AATRAAKV ON P L P HL F AC AFI AN A AS F VL P ISN P AN LVIF GTRH PPL AGTJL A 

190 2Q0 210 C3 220 ^^ 230 240 
OXXXXXXXXXXXXXXIIIIIII+++++++++++++++++++++IIIIIXXXXXXXXXXOO 
HFALP5 L V A W T T L A AL Y TJTQRE AL AE RI AS D VP VP PL5LQAWL T AVG IVL T GV AL L A AS 

P4 2 50 2 60 2 70 C4 280 2 90 Pg3Q0 
OOOH|OOOOOXXXXXXXXXXI 1111+++++++-1-1-1-4-1-1 III xxxxxxxxxxooooH______H 
L RGS D L GWP TC A AG A ATL L IVC ATKRD L L AP AL RE IS WGVL P MV AGL F VLV A AL E HTGVI 

3 10 32Q 3 3 0C5 3 40 350P6 3 60 
OOOOXXX XXXXXXX IIII++IIII XXXXXX x x x x o o o o B H B 0 0 0 0 0 0 0 

HULADIIQAASRQDSLARLWGIGAAVALIGNVANNLPAGLIASSALAAGHASNAVTGAVL 

3 70 3 SO C6 3 90 40Q 410 P7 
XXXXXX XXXXXXXXIIIIIII++++++++++++IIIIIIX XXXXXXXXXXXO OOOOO-H 
VGID L G PNL S ATGS LATLLTJL T AL RRD GH HVT AGQF L RL G A W M P T AHVP TL AVL AL AR 

Figure 4.4: Prediction of membrane topology of ArsB protein sequences from E. coli R773, Bacillus sp. 
(CDB3) and R. eutropha JMP134 ASIII permease by M E M S T A T 3 , a bioinformatic analysis tool from 
PSIPRED (McGuffin et. al., 2000). + : Inside loop, - : Outside loop, 0 : Outside helix cap, X : Central 
transmembrane helix segment, I: Inside helix cap. 
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The molecular structure and the mechanism by which ArsB extrudes arsenite are 

not well understood yet. The driving force for arsenite pumping is thought to be the 

electrochemical gradient across the membrane. However, between pH 0-9 arsenite exists 

in the uncharged form (H3ASO3). Hence, it is possible that arsenite transport occurs as a 

symport or antiport with charged species. We propose a possible model (Figure 4.6) 

based on the explanation that arsenite can be transported across the membrane by 

different transporters based on its chemical nature (Silver and Phung, 2005). 

AS(V) 

A S (III) 

Na7 H+antiporter 

ArsBII^->AS(lll) 

& AS III 
permease 

Figure 4.5: Schematic representation of the proposed model for transport of inorganic arsenic, two 
predicted roles; the ArsAB arsenite efflux complex and the respective homologues which catalyze N h a D 
Na +/H + antiport. The ArsBl is commonly existing E. coli type arsenite membrane protein. The Ars A B 
p u m p is a membrane pump coupled to ATPase (ArsA). The ArsAB is less common when compared to 
ArsB and is known to extrude more toxic arsenite out of the cell than ArsB alone. The second sub-group 
predicted as ArsB 11 is thought to function as a Na+/H+ antiporter. At trace quantities of arsenite this efflux 
mechanism (ArsB/NhaD) is enough for the cell to resist the toxic effects, but when the concentration 
increases the cell would require a dedicated arsenite extrusion pump such as ArsB or ArsAB. 
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4.4 Discussion 

ArsB proteins are members of a super family called IT (Ion-Transporter). ArsB 

contains 8-14 transmembrane helices and has gained the ability to function in accordance 

with ArsA to couple ATP hydrolysis to anion efflux (Tsai and Rosen, 1990). The ArsAB 

complex is similar to ATP-binding cassette transporters, but does not share any similarity 

in sequence (Rosen, 2002). Additional distant homologs of ArsB proteins may include 

members of NhaB, NhaC and NhaD (TC # 2.A.62) Na+/H+ antiporter families (Prakash 

et. al., 2003). The NhaD family is a constituent of the IT super family. ArsB proteins 

belong to the ArsB/NhaD super family of permeases that translocate sodium, arsenate, 

sulfate, and organic anions across biological membranes in all three kingdoms of life 

(Rosen, 2002). The NhaD Na+/H+ antiporters have been characterized from Vibrio. 

parahemolyticus and Vibrio cholerae (Herz et. al., 2003). The proteins are about 420aa 

long exhibiting 10-12 TMDs and have also been identified in their respective homologues 

and catalyze NhaD Na+/H+ antiport. The activity of these is seen at pH 8-9 with no 

activity at pH 7. Homologues are also found in proteobacteria (Herz et. al., 2003). Recent 

research into NhaD type antiporter from Alkalimonas amylolytica revealed that this 

antiporter helps in adaptation to alkaline environments suggesting that NhaD type 

antiporters might be part of regulation in adaptation to saline environments (Kurz et. al., 

2006). The three NhaD homologues which have only been characterized so far from V. 

parahemolyticus, V. cholerae and A. amylolytica, exhibit Na+/H+ and Li+ (Lithium)/H+ 

antiport (Liu et. al., 2005). 
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The existence of a sub group of the ArsB-like proteins based on moderate 

sequence similarity with ArsB, their protein properties along with membrane topology is 

presented in this chapter. Two unrelated families of arsenite carriers (Figure 4.2) 

belonging to a 12 TMD ArsB and a 10 TMD YqcL extrusion pump proteins were 

identified and noticed to be quite distinct, supporting the hypothesis that they have been 

evolved separately (Rosen, 1999). Based on the multiple sequence alignment (Figure 4.1) 

the third set of sequences identified from proteobacteria, share moderate sequence 

similarity to that of 12 TMD pumps, whereas, showed no sequence similarity to 10 TMD 

extrusion pumps. However, it was shown to form a deep branch with 12 TMD ArsBs, 

suggesting a functional similarity based on moderate sequence similarity. Using 

phylogenetic approach an attempt was made in distinguishing the relationships of ArsB, 

ArsB-like proteins that comprise a family with the IT superfamily. Since none of the 

Na+/H+ antiporters or related AsIII permeases have been experimentally demonstrated to 

remove arsenite out of the cell, it is difficult to conclude whether the 3rd sub-group of 

ArsB-like proteins have a similar function or not. However, based on the moderate 

sequence homology, it can be assumed that they may possess a similar function. One 

possible explanation would be, at low concentrations when arsenite exists in the 

uncharged state (between pH 0-9), it is pumped out as a symport or antiport, however, 

when the concentration increases sufficiently in the cell, it requires a dedicated pump 

such as ArsB or ArsAB which is found in most ars operons. 

Herz et. al., (2003) have demonstrated the roles of NhaD Na+/H+ antiporters in the 

survival of V. cholerae in saline environments. Most prokaryotes utilize the ubiquitous 

As(OH)3/H+ antiporter ArsB to extrude AsIII from cells, recently, a new pathway of 
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arsenic detoxification involving aquaglyceroporin channels (AqpS) has been identified in 

the legume symbiont Sinorhizobium meliloti (Yang et. al., 2005). Further functional 

characterization of Na+/H+ antiporters and related AsIII permeases in arsenic 

detoxification will provide a novel understanding of active efflux pump proteins. 
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Chapter 5: Functionality ofarsA 

5.1 Introduction 

In E. coli and other bacteria (Table 1), the ArsAB pump provides a greater 

resistance to arsenite and antimonite compared with the ArsB alone. ArsA contains two 

nucleotide-binding sites (NBSs) and a binding site for arsenic or antimony. The complex 

is similar in many ways to ATP-binding cassette (ABC) transporters, which typically 

have two groups of six transmembrane-spanning helical segments and two nucleotide-

binding domains (NBDs). Binding of metalloids stimulates ATPase activity. The crystal 

structure of ArsA reveals that both NBSs and the metal-binding site are located at the 

interface between two homologous domains. A short stretch of residues connecting the 

metal-binding site to the NBSs provides a signal transduction pathway that conveys 

information on metal occupancy to the ATP hydrolysis sites. Based on the structural 

features, Zhou et. al., (2000) have proposed that the metal-binding site is involved 

directly in the process of vectorial translocation of arsenite or antimonite across the 

membrane. The relative positions of the NBS and the inferred mechanism of allosteric 

activation of ArsA provide a useful model for the interaction of the catalytic domains in 

other transport ATPases. 

In the ars gene cluster 1 of Bacillus sp. CDB3, ORF 2 and 5 are deduced to 

specify YqcL and ATPase proteins respectively which may also form a membrane-bound 

pump that functions as an oxyanion-translocating ATPase to pump out the oxyanion 

arsenite. 

Since no arsA gene has been identified functionally linked to the two 

characterized YqcL group pumps {B. subtilis skin element and ACR3 of S. cerevisiae), 

the functionality of CDB3 ATPase and its interaction with the YqcL pump needed to be 
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experimentally examined. The experimental strategy employed was to first construct a 

plasmid with arsR to monitor the basal level or background expression and/or resistance, 

and arsRA to demonstrate the interaction arsA with E. coli arsB. The constructs obtained 

where then transformed in E. coli AW3110 and E. coli DH5a cells. E. coli AW3110 was 

used in which the arsRBC operon has been deleted to demonstrate that CDB3 ArsATPase 

does not contribute to cellular growth, while, DH5a which harbors a chromosomal 

arsRBC operon was used to monitor the resistance profile of different constructs in 

increasing concentrations of arsenite to determine the interaction Of CDB3 ArsA with E. 

coli chromosomal ArsB. The investigation detailed in this chapter not only confirmed 

these but also demonstrated that CDB3 ATPase can assist the E. coli 12 TMD ArsB as 

well. 
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5.2 Materials and Methods 

5.2.1 Bacterial strains and plasmids 

Bacterial strains and plasmids used in this study are listed in Table 5.1, with their 

relevant characteristics. E. coli strains were grown on L B agar or in L B liquid medium at 

37°C. W h e n appropriate, ampicillin or kanamycin was added at a concentration of 100 

(ig/mL, and 50 |J.g/mL respectively. Liquid cultures were shaken at 150-250 rpm in a 

shaking incubator (Bioline, Australia). 

Table 5.1: Bacterial strains and plasmids used in the study of Chapter 5 

Strain and 
Plasmids 

£__.iAW3110 

E. coli DH5a 

pJKKmf(-) 

pZX4 

pZXl 

pR 

pSB14(RA) 

Genotype or description 

K-12 FIN (rrnD-rrnE) Aars::cam 
(Cmr, the chromosomal arsRBC deleted) 

<I>80dlacZAM15, recAl, endAl, gyrA96, thi-1, 
hsdR17 (rk-,mk+), supE44, relAl, deoR, 

A(lacZYA-argF)U169 

Cloning vector (Kmr) 3.6 kb in size. 

A 5.8 kb Sau3Al fragment containing 
arsRYCDA cloned into pJKKmf(-) at BamHl 
site 

A 2160 bp Sau3Al fragment containing 
CDB3 arsRY and part of arsC cloned 
into pJKKmf(-) at BamHl site 

A 1.2 kb EcoRY fragment consisting of arsY 
and arsC removed from plasmid pZXl and 
religated. 

A 1.57 kb EcoRV/Cpol fragment consisting of 
arsYC and partial arsD genes removed from 
plasmid pZX4 and religated. 

Reference or Source 

Gift from Dr. B P . Rosen. 
(Carlinet. al., 1995) 

Stratagene, U S A 

(Kirschman and Cramer, 
1988) 

Provided by Z. Xu 
(University of 
Wollongong) 

Provided by Z. Xu 
(University of 
Wollongong) 

Provided by Z. Xu 
(University of 
Wollongong) 

This Study 
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A series of plasmid constructs were made as detailed in Table 5.1. The constructs 

were then transformed into either E. colilAW3\ 10 or E. coli/DH5a and subjected to AsIII 

assays to confirm the functionality of ars A. 

5.2.2 Plasmid mini-prep and restriction digestion 

The bacterial colonies from the transformant plates were randomly selected and 

inoculated into LB medium containing appropriate antibiotics. After shaking incubation 

at 37°C overnight, the cell cultures were poured into the 1.5 mL eppendorf tubes and 

spun in a micro centrifuge for 30 sec at 13,000 rpm. The supernatant was discarded, the 

cell pellet was resuspended by vortexing, and 200 p:L of 0.1 M NaOH + 0.5% SDS was 

added. After gentle mixing, 200 ^iL of 3M sodium acetate (pH 5.4) was added and the 

micro centrifuge tubes were gently mixed by inversion before cooling on ice for 10 

minutes. The micro centrifuge tubes were then centrifuged (10 min at 13,000 rpm) and 

the supernatant was transferred to a new eppendorf tube. Two volumes of 95% ethanol 

were added to the supernatant and the tubes were mixed by inversion before 

centrifugation (10 min at 13,000 rpm). The pellet was washed with 75% ethanol and then 

centrifuged (5 min at 13,000 rpm) again. The supernatant was removed by aspiration and 

the pellet containing plasmid DNA was dissolved in 30 pL of sterile distilled H20. 

For diagnostic restriction digestion, each reaction mix consisted of 1 pL of 10X 

appropriate digestion buffer, 0.1 U.L of RNase A (1 mg/mL) and 2 units of restriction 

enzymes (Promega), with the volume made up to 7.5 U.L with water. The plasmid DNA 

sample (2.5 pL) was added and the digestion was carried out at 37°C for about 1.5 hours. 

The digested samples were analyzed by agarose gel electrophoresis. 
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5.2.3 Ligation and electro transformation 

Ligation was performed by mixing vector fragment, insert (digested PCR 

products or plasmids), 1 uL of ligation buffer, 1 unit of T4 ligase (Promega), and H2O up 

to 10 pL. DNA ligations were performed using a vector to insert molar ratio of 

approximately 1:3 with the vector amount normally being 50-100 ng/10 uL. The ligation 

mixtures were left overnight at 16°C. The DNA was precipitated out of each solution by 

the addition of 1 uL of 3M sodium acetate (pH 5.4) and 25 U.L of 95% ethanol, followed 

by rapid cooling (-80°C for 20 min). The mixture was then centrifuged at room 

temperature (15 min at 13,000 rpm) and the pellet resuspended in 10 pL of H2O. 

Competent E. coli cells for electro transformation were prepared following the 

method of Sambrook et. al., (1989). Cells stored at -80°C were streaked on LB agar plate 

and incubated at 37°C overnight. A single colony from the LB agar plate was then picked 

and incubated in 10 mL of LB liquid medium with shaking at 37°C overnight. The cells 

were transferred into 1 L LB medium in a 2 L flask and cultured with 180 rpm shaking at 

37°C to O.D.600 nm = 0.8. After briefly chilled on ice, the cells were harvested by 

centrifuging at 4,000 g for 10 minutes at 4°C. The pellet was resuspended in 1 L of ice-

cold d. H20 and centrifuged as before. Repeat this wash with 0.5 L of ice-cold d. H20. 

The pellet was resuspended in 20 mL of ice-cold 10% glycerol and centrifuged at 4,000 g 

for 10 minutes at 4°C. The final pellet was resuspended in 5 mL of 10% ice-cold glycerol 

and stood on ice. The cells were distributed to 1.5 mL sterile eppendorf tubes (160 pL in 

each) and frozen in liquid nitrogen before being stored at -80°C. 

Ligated samples were used to transform competent cells by electroporation. The 

transformation was performed by adding 0.5-2.5 pL of the purified ligated plasmid to 40 
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p L of competent E. coli cells. The entire mixture was then placed into an ice-cold micro-

cuvette (2 mm path length, Bio-Rad), placed into the Genepulser (Bio-Rad) and 

electroporated (2.5 kV, 25 pFD, 200 Q). Immediately following electroporation, 960 pL 

of SOC medium was added to the cells. The transformed E. coli cells were incubated 

with shaking at 37°C for 1 hour and were then plated on LB agar plates containing 

appropriate antibiotics followed by incubation for up to 24 hours at 37°C. 

5.2.4 Arsenic resistance assays 

Assays performed in E. coli AW3110 and E. coli DH5a harboring plasmid 

constructs were carried out in LB liquid medium with 0.1 mg/ml ampicillin. Overnight 

cultures were diluted 100 fold into fresh LB medium containing 0.1 mg/ml ampicillin and 

various concentrations of sodium arsenite. Cells were incubated at 37°C for 5-7 hours 

and O.D.600nm was determined. The incubation time corresponds to the exponential 

growth phase of the control under the same conditions. The resistance was expressed as 

the percentage O.D.600nm compared with the control sample with no arsenic. The 

resistance assays were performed in triplicates, and were repeated at least four times. 
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5.3 Results 

5.3.1 Construction of plasmid pSB14 

The cloning strategy for the construction of pSB14 is shown in Figure 5.1. 

EcoRW/Cpol fragment consisting of arsYC and -arsD genes (1572 bp) was removed 

from pZX4. The digested pZX4 consisting of arsRA genes was then filled-in with 

Klenow and ligated to make the 7.8 kb clone pSB14, and used to transform E. coli 

DH5ct. 

i u_ </> < 

gnu. 
Digest K'ith EeoRYaud Cpol 

Reliaate 

'Mill 
I __! ;/> 1 . 

EF-^ 
-. 5 => & P. 2. _• 

- _! 5" _ ?r_-£ 
las. 6 _,|t 

Figure 5.1: The cloning strategy for constructing pSB 14. EcoRV/Cpol fragment consisting of arsYC and 
-arsD genes (1572 bp) were removed from pZX4, Klenow filled in and religated. 
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Restriction enzyme digestion was performed to verify the constructs pR and 

pSB14. As shown in Figure 5.2 a, b and c, respectively. Plasmid pR (a) was digested with 

a combination of enzymes and showed the expected fragment sizes at 3.6 kb and ~1 kb 

when digested with Smal and Xbal and EcoRl and Xbal; while 4.6 kb linear band when 

digested with Xbal alone. 

pSB14 digested with HindlH and Sad showed the expected fragment sizes at 5.2 

kb, 1.3 kb, 830 bp, and 460 bp (Figure 5.2 c) for HindlH digestion and 7.8 kb when 

digested with Sad respectively, as shown in Figure 5.2 b. 

kb M 1 2 3 RO m i kb M 1 

(a) (b) (c) 

Figure 5.2: Agarose gel electrophoresis (1%) of plasmid constructs digested with different restriction 
enzymes. M represents X/Hindlil D N A marker, (a) Plasmid construct pR, Lane 1: pR digested with 
SmaVXbal. Lane 2: pR digested with EcoRUXbal. Lane 3: pR digested with Xbal. (b) Plasmid construct 
pSB14, Lane 1: pSB14 digested with Sad. (c) pSB14 digested with HindOl (Lane 1). Marker sizes are 
indicated in kb on the left. 
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5.3.2 Effects of C D B 3 ArsA on arsenite resistance of arsRBC bearing and ars knock
out E. coli cells 

Prior to confirming the function and interaction of arsA, it was necessary to 

determine if ArsA itself has any effect on the cellular growth without the presence of 

transmembrane pump. The gene constructs (pR, pSB14) along with the vector pJkkm 

were transformed into E. coli AW3110 which is an ars knock-out mutant and AsIII assay 

was performed on increasing concentrations of sodium arsenite. The result obtained as 

shown in Figure 5.3, clearly indicated that this is not the case; the ATPase does not have 

any effect on cellular growth, as E. coli AW3110 cells harboring the gene constructs did 

not show elevated resistance to AsIII (T-test indicated the significant P-value < 0.001). 
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Figure 5.3: Growth inhibition by arsenite of E. coli AW3110 harboring different plasmid constructs. 
Overnight cultures were diluted 50-fold into L B liquid medium containing increasing amounts of arsenite, 
incubated at 37°C for 5-7 hours. Growth rates were measured as absorbance at 600nm and indicated as 
percentage in comparison to 0 m M . 
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The assay using E. coli A W 3 1 1 0 showed no resistance on increasing 

concentrations of AsIII since the arsRBC operon from AW3110 is deleted which would 

demonstrate why expressed sensitivity to arsenite and subsequently confirming that the 

ATPase itself does not contribute cellular growth, the next step was to transform these 

constructs into E. coli DH5a. The purpose of choosing DH5a as a host was due to the 

arsRBC operon located on the chromosome. The results obtained when transformed into 

E. coli DH5a as shown in Figure 5.4, indicated a significant increase in AsIII resistance 

with E. coli DH5a cells harboring pSB14, demonstrating the involvement of arsA gene to 

form an ATP driven anion pump (ArsAB complex). pSB14 harboring the arsRA genes 

exhibited a much higher resistance when compared to the control (T-test indicated the 

significant P-value < 0.002) indicating the interaction of CDB3 ArsA with E. coli ArsB 

in effectively removing AsIII out of the cell. 
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Figure 5.4: Growth inhibition by arsenite of E. coli D H 5 a harboring different plasmid constructs. 
Overnight cultures were diluted 50-fold into L B liquid medium containing increasing amounts of arsenite, 
incubated at 37°C for 5-7 hours. Growth rates were measured as absorbance at 600nm and indicated as 
percentage in comparison to 0 m M . The error bars represent S D (n=4). 
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5.4 Discussion 

The ArsA ATPase is the catalytic subunit of the ArsAB pump in E. coli that is 

responsible for extruding AsIII or Sblll from inside the cell, thereby conferring higher 

resistance to the host than ArsB alone. Either Sblll or AsIII stimulates ArsA ATPase 

activity (Bhattacharjee and Rosen, 2001). The bacterial ArsA ATPase as a portion of an 

arsenite pump has two nucleotide binding consensus sequences in the N and C terminal 

halves of the protein (Walmsley et. al., 1999). Activation is associated with the 

dimerization of the ArsA protein (Bhattacharjee et. al., 1995). The arsenite transport 

system in E. coli pR773 exhibits a dual mode of energy coupling depending on the 

subunit. In the presence of both ArsA and ArsB, they form ArsAB ion-translocating 

ATPase which is independent of the electrochemical proton gradient. While, in the 

absence of ArsA, the ArsB catalyzes extrusion of AsIII coupled to electrochemical 

energy, suggesting ArsB is a uniporter which extrudes the AsIII anion (Chen et. al., 1996; 

Rosen, 2002; Meng et. al., 2004). 

The CDB3 AsIII transmembrane pump protein is different from ArsB but shares 

greater homology to B. subtilis YqcL and S. cerevisiae ACR3 (Chapter 4). Experimental 

data suggests that not only CDB3 'ArsA' can interact with its own YqcL (Chapter 3, 

Figure 2.2) but can also interact with E. coli ArsB (Figure 5.4) in elevating arsenite 

resistance to the host indicating the function of the protein and its diversity. Much of the 

activity is noted when CDB3 YqcL is present, but in the absence of CDB3 YqcL the 

CDB3 ArsA interacted with the E. coli host chromosomal ArsB in removing AsIII out of 

the cell which was more effective than ArsB alone. This is interesting since CDB3 YqcL 

possess only 10 transmembrane domains with five cytoplasmic loops as potential regions 
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for interaction of ArsA, while E. coli ArsB has 12 transmembrane domains with CI, C3 

and C4 loops predicted to be possible candidates for ArsA interaction (Chapter 4, Figure 

4.5). To our knowledge this is the first preliminary experimental evidence that an ATPase 

is genetically and functionally associated with an YqcL group pump and it can also 

interact with an ArsB pump. 

Future experiments based on the preliminary finding presented in this Chapter 

will contribute towards understanding the binding ability of purified ArsA protein to 

ArsB and/or YqcL. Previous studies conducted by Tisa and Rosen, (1990) reveal 

difficulties in demonstrating the direct interaction of ArsA and ArsB proteins. These 

difficulties were attributed to poor expression of the arsB gene, rapid degradation of the 

mRNA in the arsB region of E. coli pR773 arsRDABC operon (Owolabi and Rosen, 

1990) and the low antigenicity of ArsB protein. Therefore, to combat these limitations, a 

more direct approach to confirm the interaction of these two proteins (CDB3 ArsA and E. 

coli ArsB and CDB3 YqcL-ArsA) would be worthwhile to conduct. Tisa and Rosen 

(1990) have effectively demonstrated the interaction of is. coli pR773 ArsA with ArsB by 

immunoblotting. A similar approach could be employed by expressing the ArsA protein 

and performing cellular localization studies (binding of purified ArsA protein to E. coli 

membrane) of CDB3 ArsA protein by immunoblotting using anti-ArsA antiserum with 

cells expressing arsA, arsB, arsAB and arsYB to detect the ArsA polypeptide. 
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6.1 Introduction 

Expression of the ars operon in E. coli plasmid R773 ars cluster arsRDABC is 

regulated by the first two genes, arsR and arsD which encode transacting repressors (Li 

et. al., 2001). Both ArsR and ArsD are 13 kDa homodimers, but share no sequence 

similarity. Expression of the ars operon is induced by arsenite and antimonite (Tsai et. 

al., 1997). Binding of arsenite or antimonite produces dissociation of ArsR from the 

operator site (Chapter 1). Increasing levels of the integral membrane ArsB protein may 

become toxic to the cells (Chen and Rosen, 1997) and ArsD a 120-residue repressor, 

regulates and controls the over expression of ArsB (Wu and Rosen, 1993). In E. coli 

R773 cells, ArsD binds to same operator site as ArsR but has a lower affinity than ArsR 

(Li et. al., 2001). Together ArsR and ArsD form a regulatory circuit that controls the 

levels of expression of the E. coli R773 ars cluster (Chen and Rosen, 1997). ArsD of 

pR773 has three vicinal cystiene pairs Cys 12-Cysl3, Cysl 12-Cysl 13 and Cysl 19-

Cysl20 (Li et. al., 2001). The role of these three vicinal cystiene pairs in metalloid 

sensing is detailed in Chapter 1. 

The deduced ArsD protein encoded by the CDB3 arsD gene is structurally 

different to the well characterized ArsD of E. coli R773 since it lacks the C-terminal 

cystiene residues Cysl 12-Cysl 13 and Cysl 19-Cys 120 (Figure 3.9). The ArsDs deduced 

from the newly genome sequenced B. cereus pBC 10987, Bacillus sp. mb24 and the 

characterized Archeal Halobacterium sp. pNRClOO ars cluster also lack the terminal two 

pairs of cystiene residues while all the other bacterial strains which contain the arsD gene 

(Chapter 3) have been found to contain all three pairs of cysteine residues. Previous 

experiments conducted by a former member of our lab, Luo Xi, demonstrated the 
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contribution of arsD in increasing resistance to the host when compared to only 3 genes 

arsRY(B)C (Chapter 3) further illustrating that arsD like arsR regulates and controls the 

expression of CDB3 ars cluster 1. 

This chapter reports my study attempting to elucidate the function of the CDB3 

ArsD repressor protein with emphasis on understanding the role of ArsD in metalloid 

sensing and regulating the expression of CDB3 ars cluster 1. Deletion mutagenesis of 

arsD and DNA-protein interaction studies involving the affinity binding to arsR and arsD 

promoters along with AsIII responsiveness were conducted. 
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6.2 Materials and Methods 

6.2.1 Bacterial strains and plasmids 

Bacterial strains and plasmids used in this study are listed in Table 6.1, with their 

relevant characteristics. E. coli strains were grown on LB agar or in LB liquid medium at 

37°C. When necessary, ampicillin was added at a concentration of 100 |lg/rnL. 

Table 6.1: Bacterial strains and plasmids used in the study of Chapter 6 

Strains and 
Plasmids 

E. coli JM109 

E. co/i BL21(DE3) 

E. coli AW3110 

E. coli DH5a 

Bacillus sp C D B 3 
pGEM7Zf(+) 

pAR27 

pCW12T-easy 

pZT 

pETlld 
pET151/GAPDH 

pSB21 

pSBl 

pSB6 

pSB38 

Genotype or description 

rec Al , end Al, gyrA96, thi, hsdRll (rfc-, m]_+), supEAA, 

re/Al, A(lac-proAB), [F\ rraD36, proAB, /acIqZAM15] 

hsdS gal (Xclts857 indl Sam7 nin5 /acUV5-T7gene/) 

K-12 FIN (rrriD-rrnE) Aarsr.cam 
(Cmr, the chromosomal arsRBC deleted) 

O80dlacZM15, recAl, endAl, gyrA96, thi-1, hsdR17 
(rk-,mk+), supE44, relAl, eoR, U(lacZYA-argF) U169 

Isolated from cattle dip-sites 
Cloning vector (Apr) 

A 7013 bp partial Saw3AI fragment containing CDB3 
arsRBCDATIP cloned into pGEM7Zf(+) at BamHl site 

PCR fragment containing the putative CDB3 promoter ParsD 
region and arsD ligated into pGEM-Teasy vector at EcoRl 1 
Xbal sites (Apr) 

CDB3 arsRBCDAT cloned in pGEM7Zf(+) 

5.8 kb T7 expression vector (Apr) 

A 1011 bp G A P D H fragment cloned into pET151 (5.7 kb) 
T7 expression vector (Apr) 

492 bp (ArsD6x(N)) PCR amplified arsD fragment cloned 
into pETl Id expression vector digested with Ncol and Notl 

441 bp (ArsD6x(C)) PCR amplified arsD fragment cloned 
into pETl Id expression vector digested with Ncol and Notl 

A 422 bp sequence covering partial arsC, the 
terminator/promoter structure and arsD deleted from 
pAR27 
A 105 bp sequence of the arsD deleted from pAR27 

Reference or source 

Promega 

Invitrogen 

Gift from 
Dr. B.P. Rosen. 
(Carlin et al., 1995) 

Stratagene, U S A 

(Chopra et. al., 2007) 

Promega 

Provided by X. Luo, 
2006 
Provided by C. Su, 
2004 

Provided by X. Luo, 
2006 
Novogen 

Provided by A. Cork 
(University of 
Wollongong) 

This study 

This study 

This study 

This study 
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6.2.2 Deletion mutagenesis of ars D 

An internal sequential deletion approach was undertaken to generate mutant arsD 

clones. Each deletion sample mix contained 0.5 p:L of Exo\H enzyme (200 u/pL- Progen) 

and samples of 2.5 pL each at the end of 5, 10 and 15 seconds were transferred into a 

eppendorf tube containing 2.4 units SI nuclease in 7.5 pL of IX SI buffer kept on ice. 

The tubes were then placed at room temperature for 30 minutes at the end of which 1 pL 

of SI stop buffer was added into each tube. The tubes were then heated at 70°C for 10 

min to inactivate the S1 nuclease. The tubes were transferred to room temperature and 1 

pL of Klenow mix (30 pL of Klenow buffer containing 5 u of Klenow fragment DNA 

polymerase - Progen) was added and the tubes were incubated for 3 min. This was 

followed by the addition of 1 pL of dNTP mix (0.125 mM) with 5 min incubation at 

37°C. The samples were then moved to room temperature and from each, 5 pL was taken 

and mixed with 15 pL of ligase mix (2 uX of T4 DNA ligase buffer + 1 pL of T4 DNA 

ligase + 12 pL of sterile d. H2O). After incubation for 2 hours at room temperature to 

facilitate ligation, the samples were transformed into E. coli AW3110 and spread onto LB 

agar plates containing 100 pg/mL of ampicillin and incubated at 37°C for up to 24 hours. 

Transformed colonies were picked and plasmid extraction was performed as detailed in 

section 5.2.2. The deletion mutants were verified by DNA sequencing. 

6.2.3 Arsenic resistance assays 

Assays were performed as described in sections 5.2.4, with the only difference 

being the use of AsV instead of AsIII. The resistance assays were performed in 

triplicates, and were repeated at least three times. 
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6.2.4 P C R amplification of the C D B 3 arsD gene 

For generating protein expression constructs, the arsD gene was PCR amplified 

from pCW12 with two sets of primers designed for N and C terminal fusions with six 

histidine tags. N-terminal fusion: forward primer-ArsD-6x(N) 5' ACCATGGCTCATCATCA 

CCATCACCATCTCGAGTCAAAGATGAAGAAGATAG3' consisting of two restriction 

enzyme sites Ncol and Xhol (underlined); reverse primer M13R 

5'CAGGAAACAGCTATGAC3'. C-terminal fusion: forward primer - D-NcoF 5'TACCATGG 

CAAAGATGAAGAAGATAGAA3' consisting of restriction enzyme site Ncol (underlined); 

reverse primer - ArsD-6x(C) 5' GGATCCCTAATGGTGATGGTGATGATGGAGCTCTTTTTTCA 

CGTTTAACTTTA3' consisting of two restriction enzyme sites BamHl and Xhol 

(underlined). The primers (synthesized by Sigma and delivered desiccated) were diluted 

with TE buffer to form stock solutions (200 pM), which were further diluted to give a 

working concentration of 20 pM. 

The reaction mix for each PCR amplification consisted of 1 unit of Taq DNA 

polymerase (Promega), 1 pL PCR buffer, 2 pL dNTP (2 mM), 1 pL of each primer (10 

pM), 1 or 2 |xL of DNA template (pCW12, 10 ng/pL), and nuclease-free water to a total 

of 10 pL. The PCR was performed with a GeneAmp PCR system 9600 (Perkin Elmer). 

The programme used for the amplification consisted of a preheating step (94°C for 3 

min.) followed by 30 cycles of 94°C for 30 sec, 50°C for 30 sec and 72°C for 2min before 

the samples were finally extended at 72°C for 10 min, and then held at 25°C. 5 p,L of the 

PCR products were loaded onto a 1.5% TAE agarose gel for checking the quality and 

quantity by compared with the PCR marker. 
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6.2.5 Plasmid construction and transformation of E. coli 

Both the PCR products and the expression vector pETlld were digested with 

appropriate enzymes. The restriction digestion was carried out typically in a 50 pL 

restriction solution containing 10 units of appropriate restriction enzymes, 5 p,L of 10X 

appropriate digestion buffer, 2 p,g of PCR product or plasmid DNA and H20 in an 

eppendorf tube. Digestion was carried out at 37°C for three hours to ensure complete 

digestion. The enzymes were inactivated by heating the samples at 70°C for 10 min. The 

samples were purified by partitioning against an equal volume of chloroform, followed 

by ethanol precipitation. The pellet was washed with 75% ethanol and dissolved in d. 

H2O. The purified sample was run on an agarose TAE gel to check the quality and 

quantity. After ligation the recombinant plasmids were transformed in E. coli BL21*DE3 

cells as described in Section 5.2.3. The transformants were verified by restriction enzyme 

digestion mapping. 

6.2.6 DNA sequencing 

In order to prepare DNA templates for sequencing, the DNA extracted was 

purified. Typically mini-scale prepared plasmid DNA (30 pJL) was diluted to 90 pL with 

water containing RNase A (20 pg) and incubated at 37°C for 20 mins. A chloroform 

extraction was then performed: one volume of chloroform was added and the solution 

vortexed before centrifugation (5 min at 13,000 rpm). The aqueous upper layer was 

transferred to another micro centrifuge tube. DNA was precipitated out by the addition of 

1/10 Volume of 3 M sodium acetate (pH 5.4) and 2.5 Volume of 95% ethanol, followed 

by cooling on ice for 20 min. The mixture was then centrifuged at room temperature (15 
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min at 13,000 rpm) and the pellet was washed with cold 7 5 % ethanol. After another 

centrifugation (5 min at 13,000 rpm) the pellet was thoroughly aspirated and dissolved in 

10 to 30 p.L of H2O. 1 p_L was run on agarose gel electrophoresis to check for quality and 

quantity. 

The cycle sequencing reaction and subsequent purification by ethanol 

precipitation of the sequencing products were followed as described in Section 2.2.3.3. 

6.2.7 Expression and purification of ArsD 

ArsD was purified from culture of strain E. coli BL21 (DE3) bearing pSB21. 

Cells were grown at 37°C overnight in 5 mL LB medium containing 0.1 mg/mL 

ampicillin. The cultures were then diluted 200 folds into 1 litre of fresh LB medium 

containing 0.1 mg/ml ampicillin, 1% C6H_206 (glucose) and further incubated at 37°C 

until ODeoonm reached 0.5-0.8. Production of ArsD was induced by the addition of IPTG 

at a final concentration of 0.1 mM for 3 hour. Induced cells were harvested by 

centrifugation at 5000 g at 4°C. The pelleted cells were suspended in 6 mL of Native 

binding buffer (250 mM NaH2P04, pH 8.0; 2.5M NaCl) and disrupted by addition of 

lysozyme (2 mg/mL) on ice for 30 mins. Unbroken cells and membranes were removed 

by centrifugation at 5000 g for 15 mins. The supernatant containing the ArsD was loaded 

onto a Ni-NTA column (Invitrogen) pre-equilibrated with the native binding buffer. The 

column was washed three times with 6 mL of native wash buffer (250 mM NaH2P04, pH 

8.0; 2.5 M NaCl; 3 M Imidazole, pH 6.0). Fractions of 1 mL were collected by addition 

of native elution buffer (50 mM NaH2P04, pH 8.0; 0.5 M NaCl; 3M Imidazole, pH 6.0) 

and analyzed by SDS-PAGE and fractions containing ArsD were pooled. The 
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concentration of purified ArsD was determined by Bicinchoninic acid assay (Smith et. 

al., 1985). 

6.2.8 Preparation of DNA fragments and DIG labelling 

147 bp fragment containing the arsR promoter region, a fragment of 70 bp 

containing arsD terminator/promoter regions and a fragment of 110 bp containing a non 

specific fragment was used as a negative control, were prepared from plasmid pZT using 

specific primers (Table 6.2). 

Table 6.2: Primers used and DNA probe sizes 

Primer 
Name 

Pro R-F 

As4-13 

D-NcoF 

As4-19 

As4-18 

As4-ll 

Primer Sequence 5'-3' 

TTCAGTTGAATATATAAGCG 

TATCTAGAGCCATATCTATACCTCCTT 

TACCATGGCAAAGATGAAGAAGATAGAA 

TATCTAGAGTCATTGCCTTTCACTT 

TGAGACTGCTATGAAAG 

GTCTAGACTGTTTCTGTGACATC 

Corresponding 
position of pZT 

219-238 bp 

366-351 bp 

2296-2313 bp 

2681-2666 bp 

5457-5473 bp 

5581-5566bp 

Upstream 
(Forward)/ 
Downstream 
(Reverse) 
Upstream 

Downstream 

Upstream 

Downstream 

Upstream 

Downstream 

After PCR, fragments were purified using a G-50 sephadex spin column 

(Sambrook et. al., 1989). For making probes the fragments were then 3' end labeled with 

DIG-ddUTP using the 3' end labeling kit with DIG-ddUTP (Roche). 

6.2.9 Gel mobility shift assay 

To detect DNA/protein binding, gel mobility shift assays were performed after 

reacting 20 pL of a solution containing 10 mM Tris-CI, pH 7.6, 80 mM KCI, 0.2 mM 

Na2EDTA, 0.2 mM DTT, 10% glycerol, DNA probe and various amounts of cell extracts. 

The binding mixtures were incubated on ice for 30 min. When required, arsenite or 

unlabeled DNA fragments were added individually to the binding mixture along with the 
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probe. Samples were loaded onto a 6% polyacrylamide gel and subjected to 

electrophoresis at 4°C at 120V for 1-2 hours with 45 mM Tris-Cl, 45 mM boric acid, and 

1 mM Na2EDTA, pH 8.5, as both gel and electrode buffers. Separated components were 

transferred onto a positively charged nylon membrane by electroblotting at 300 amps in 

0.5x TBE buffer for 45 min. Detection of DIG-labeled DNA-protein complexes with 

alkaline phosphatase-conjugated anti-DIG antibody and CDP-star chemiluminescent 

alkaline phosphatase substrate was performed according to manufacturers protocol 

(Roche). The chemiluminescent signals were exposed on to an X-ray film. 
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6.3 Results 

6.3.1 Functional involvement of the CDB3 arsD gene in arsenic resistance 

To study the in vivo function of arsD gene, exonuclease III was employed to 

achieve deletion mutagenesis of the gene in pAR27 carrying the CDB3 ars gene cluster 

arsRYCDATIP which had been digested with Cpol enzyme. As there is only one Cpol 

site located near the start of arsD coding region, a linear band corresponding to 10 kb 

was visualized on the 0.8% ethidium bromide stained agarose gel (Figure 6.1b). 

(a) 

pAR27 - t = ^ O—>U-r->. 1 
o 

5 

C>t=»=>-
T I P 

10kb 

(b) 

Figure 6.1: (a) Diagram to show position of single Cpol site, (b) Agarose gel (0.8%) electrophoresis of 

Cpol restriction enzyme digested plasmid pAR27. Lane-1: X/Hindlll DNA marker; Lane 2: 10 kb linear 

band of plasmid AR27 digested with Cpol restriction enzyme. Marker sizes are indicated in kb on the left. 

The exonuclease treatment was carried out at three time points (5,15 and 25 sec). 

After transformation most colonies were recovered on the 5 sec plate. Plasmids isolated 

from 37 colonies were subjected to Cpol restriction endonuclease digestion (Figure 6.2) 

to screen for Cpol site lost mutants. 
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Figure 6.2: Agarose gel (0.8%) electrophoresis of Cpol restriction enzyme digested plasmids. Lane-1 and 

21 are X/HindlH. D N A markers; Lane 20 is pAR27 (positive control). The other lanes are plasmids from 

colonies resulted from exonuclease III treatment. Marker sizes are indicated in kb on the left. 

The positive control pAR27 was completely digested with Cpol as a single 10 kb 

band (lane 20), while, most of the clones screened from transformation plates seemed to 

be deleted for the Cpol site (Figure 6.2). Five mutant clones were chosen for further 

confirmation by PCR using primers flanking the arsD gene to depict the sizes. PCR 

reaction was performed using primers As4-22/As4-19 (covering from the end of arsC to 

end of arsD) The PCR products amplified using two different sets of primers were loaded 

on to 1.5% agarose gel to confirm the size (Figure 6.3). As a positive control pAR27 was 

also used. 
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Figure 6.3: Agarose gel (1.5%) electrophoresis of PCR amplified products from arsD mutated clones and 
pAR27. (a) Expected P C R fragment sizes from all clones, (b) P C R amplified products using primers As4-

22/As4-19. Lane 1: X/Hindlll 100 bp ladder D N A marker; Lane 2-5: P C R products amplified from clones 

two mutant clones 6 and 38, AR27 (positive control) and negative control (no template) respectively. 
Marker sizes are indicated in kb on the left. 

The positive control pAR27 which had the intact arsD showed the anticipated 

fragment size (1120 bp) (Figure 6.3, Lane 4). No amplified product was observed in the 

negative control lane (Figure 6.3, Lane 5) ensuring no contamination. Clone 38 showed 
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slightly smaller fragment sizes (-1015 bp) compared to the positive control indicating 

only the disruption of arsD gene. The PCR products from clones 6 and 38 were subjected 

to sequencing to confirm the deletion using primers As4-19 and As4-22 (Figure 6.4). 
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Figure 6.4: Electropherogram images of sequencing of arsD mutant clones 6 (a) and 38 (b). For clone 6 
primer As4-22 (forward) and for clone 38 primer As4-19 (reverse) were used. 
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After obtaining the sequence data of the two clones, pair wise sequence alignment 

with wild-type arsD sequence from pAR27 was performed to depict the missing DNA 

sequence and consensus on protein sequence (Figure 6.5). 

AR27 
pSB38 

AR2 7 

pSB38 

AR27 

pSB38 

AR2 7 

pSB38 

AR2 7 

pSB38 

AR2 7 

pSB3 8 

AR2 7 

pSB38 

AR2 7 

pSB3 8 

5 
•TTGAAAA 
JTTGAAAA 

65 
GGAAGAAATC 

GGAAGAAATC 

125 
GGGTTTGCGG 
G V C G 
********** 
G V C G 

185 
TAAAGAATAA 
L K N 
********** 
L K N 

245 
CCAATAATGT 

15 
CTAAATATTT 
CTAAATATTT 

75 
AAAGATGAAG 

M K 
AAAGATGAAG 

M K 

135 
ACCGAGTGTT 

P S V 
********** 

P S V 

195 
AGGAATTGAT 
K G I D 
*GGAATTGAT 
K G I D 

255 
TGTTATCAGT 

A N N V V I S 
CCAATAATGT 
A N N V 

305 
CTTTGGTAGA 
T L V D 
CTTTGGTAGA 
T L V D 

365 
AACTAACAGA 
Q L T D 
AACTAACAGA 
Q L T D 

425 

TGTTATCAGT 
V I S 

315 
TGGAAAAGTA 

G K V 
TGGAAAAGTA 

G K V 

375 
TGTAACAGAA 

V T E 
TGTAACAGAA 

V T E 

ACGTGAAAAAATP 

N V K K * 
ACGTGAAAAAAT.-
N V K K * 

25 
GTAGCCGAGA 
GTAGCCGAGA 

85 
AAGATAGAAA 
K I E 

AAGATA**** 
K I E 

145 
GACCCAGAGT 
D P E 
********** 
D P E 

205 
GTGACACGTT 
V T R 
GTGACACGTT 
V T R 

265 
CAACTATTAA 
Q L L 

CAACTATTAA 
Q L L 

325 
GTAAAAGAAA 
V K E 
GTAAAAGAAA 
V K E 

385 
GAAGAGTTGA 
E E L 

GAAGAGTTGA 
E E L 

35 
ATCTTTTTCT 
ATCTTTTTCT 

95 
TTTTTGATCC 
I F D P 
********** 
I F D P 

155 
TAATTCGTGT 
L I R V 
********** 
L I R V 

215 
ATAATTTGGC 
Y N L A 
ATAATTTGGC 
Y N L A 

275 
CAGATAAAGG 

45 
CGGCTTCTTT 
CGGCTTCTTT 
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TGCAATGTGT 

A M C 
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A M C 

165 
ATCAGTTGCT 

S V A 
********** 

S V A 

225 
AAGTGAACCA 

S E P 
AAGTGAACCA 

S E P 

285 
ACCAGACGTA 

T D K G P D V 
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T D K G 

335 
AAAGTCACCT 
K S H L 
AAAGTCACCT 
K S H L 

395 
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S Q K P 
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S Q K P 

(a) 

ACCAGACGTA 
P D V 

345 
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GACAAATGAA 
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405 
AGTCGTACGT 

V V R 
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V V R 

55 
TGTAAAGAAG 
TGTAAAGAAG 

115 
TGTTCTACTG 
C S T 

********** 
C S T 

175 
GTTAACAACT 
V N N 
********** 
V N N 

235 
GATGCATTTG 
D A F 
GATGCATTTG 
D A F 

295 
TTGCCTGTAA 
L P V 

TTGCCTGTAA 
L P V 

355 
GAACTTACAC 
E L T 

GAACTTACAC 
E L T 

415 
TTAAAGTTAA 
L K L 

TTAAAGTTAA 
L K L 
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pAR27 
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pSB6 
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125 
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185 
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I | 
.... | .... | 

245 CTGGGGTTTG 
T G V 
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T G V 

305 
ACTTAAAGAA 
N L K 
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N L K 

365 
TTGCCAATAA 
F A N N 
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F A N N 

425 
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M 
l l 

.... | .... | 
255 CGGACCGAGT 

C G P S 
********** 
C G P S 
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TAAAGGAATT 
N K G I 
********** 
N K G I 
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TGTTGTTATC 
V V I 
********** 
V V I 
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AGATGGAAAA 
D G K 
********** 
D G K 
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AGATGTAACA 
T D V T 
AGATGTAACA 
T D V T 
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AAAA^B 
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A A A A | 

K * 

25 
TCATTGGGGA 
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85 
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********** 

145 
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********** 

205 
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K K I 
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K K I 

1 1 

.... | .... | 
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V D P 
********** 
V D P 

325 
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D V T 
********** 
D V T 

385 
AGTCAACTAT 
S Q L 
********** 
S Q L 

445 
GTAGTAAAAG 
V V K E 

********** 
V V K E 

....|....| 
505 

GAAGAAGAGT 
E E E 

GAAGAAGAGT 
E E E 

35 
TTTGATGATC 
TTTGATGATC 

95 
GAACGTATCA 
********** 

155 
AGAATCTTTT 
********** 

215 
AAATTTTTGA 
E I F D 

********** 
E I F D 

| 1 

.... | .... | 
275 AGTTAATTCG 

E L I 

********** 
E L I 

335 
GTTATAATTT 
R Y N L 
********** 
R Y N L 

395 
TAACAGATAA 
L T D K 
********** 
L T D K 

455 
AAAAAAGTCA 

K S H 
********** 

K S H 

515 
TGAGTCAAAA 
L S Q 
TGAGTCAAAA 
L S Q 

(b) 

...|....| . 
45 

CAGCTGGTCA 
CAGCTGGTCA 

.... | .... | 
105 

AAAAATTCGC 
********** 

165 
TCTCGGCTTC 
********** 

225 
TCCTGCAATG 

P A M 

********** 
P A M 

1 1 

.... | .... | 
285 TGTATCAGTT 

R V S V 
********** 
R V S V 

345 
GGCAAGTGAA 

A S E 

********** 
A S E 

405 
AGGACCAGAC 
G P D 
********** 
G P D 

465 
CCTGACAAAT 
L T N 

********** 
L T N 

525 
GCCAGTCGTA 
K P V V 
GCCAGTCGTA 
K P V V 

...|....| 
55 . 

AGAGTGGTCT 
AGAGTGGT** 

115 
TGAAACAGGA 
********** 

175 
TTTTGTAAAG 
********** 

....|....| 
235 

TGTTGTTCTA 

c c s 
********** 
c c s 

1 1 
.... j .... 1 

2 9 5 
GCTGTTAACA 
A V N 

********** 
A V N 

355 
CCAGATGCAT 
P D A 
********** 
P D A 

415 
GTATTGCCTG 
V L P 
********** 
V L P 

475 
GAAGAACTTA 
E E L 
********** 
E E L 

535 
CGTTTAAAGT 
R L K 

CGTTTAAAGT 
R L K 

Figure 6.5: Pairwise alignments of D N A and protein sequences of arsD mutant clones 38 (a) and 6 (b) 
with wild type pAR27. The deleted bases are indicated with an asterisk '*', amino acids deleted are 
indicated in grey, the start codon A T G is highlighted in yellow, stop codon T G A is highlighted in red. The 
arsD gene sequence is represented in blue color; the terminator/promoter sequence upstream of arsD is 
represented in black, arsC gene sequence is represented in green. 
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105 bp of arsD gene were deleted from pAR27 disrupting the O R F thereby 

inactivating the function of the ArsD protein in pSB38. 432 bp fragment covering part of 

arsC, the terminator/promoter structure and arsD was deleted from pAR27 thereby 

inactivating the function of arsC and arsD in pSB6. In pSB38 the arsD mutation and/or 

deletion does not cause frame shift that could result in premature termination of 

translation. The cystiene pair Cys 12-Cysl3 in ArsD was deleted in both the mutants 

potentially affecting the metalloid binding. 

The mutated constructs pSB6 and pSB38 were then transformed in E. coli 

AW3110 along with the parental plasmid pAR27 and the vector control pGEM7Zf(+). 

Cultures of these five strains were analysed for their ability to grow on increasing 

concentrations of arsenate (Figure 6.6). Compared to pAR27, E. coli strain harboring 

pSB38 showed a significant decrease in resistance to increasing concentrations of 

arsenate (T-test indicated the significant P-value < 0.001), while pSB6 which had a 

truncated arsC, deleted terminator/promoter region and disrupted arsD showed only 

marginally increased resistance above the control strain harboring the parental plasmid 

(T-test indicated the significant P-value < 0.001). These results suggest arsD gene is 

playing a significant role in arsenic resistance in the gene cluster. pAR27 arsD showed 

25-40% increase in resistance when compared to the mutated arsD in pSB38, thereby, 

demonstrating CDB3 arsD in pAR27 with the missing cystiene pair Cysl 12-Cysl 13 is 

still functional and is essential for the regulation and control of over expression of ArsB, 

which itself is toxic to the cells. The decrease in resistance could be due to reduced 

expression of genes located downstream of arsD {arsATIP). This can be further detected 

by performing mRNA analysis. 
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Figure 6.6: (a): arsD mutated construct maps (pSB38 and pSB6) along with the wild type pAR27. (b): 
Growth inhibition of E. coli AW3110 harboring plasmids pSB6 pSB38, pAR27 and pGEM3Zf (+) to 
sodium arsenate. Overnight cultures were diluted 50-fold into LB liquid medium containing increasing 
amounts of sodium arsenate, incubated at 37°C for 5 hours. The error bars represent SD (n=3). 
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6.3.2 Construction of N and C terminal ArsD constructs 

In order to understand the function/role of ArsD in metalloid sensing and 

regulation of C D B 3 ars gene cluster 1, a substantial amount of purified ArsD is needed. 

Therefore N- and C-terminal fusions of ArsD constructs with six histidine tags (to 

facilitate affinity purification) were designed as shown in Figure 6.7 and 6.8. 

Figure 6.7: Schematic illustration of N-terminal fusion construct of arsD with six histidine tag. 
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Figure 6.8: Schematic illustration of C-terminal fusion construct of arsD with six histidine tag. 

The arsD gene was amplified from pCW12-Teasy by P C R using primer pair 

ArsD6x(N)/M13-R for N-terminal fusion and D _Vcc-F/ArsD6x(C) for C-terminal fusion 

(Figure 6.9). Restriction enzyme digestion of PCR amplified arsD fragments (Figure 6.9) 

and vector pETl Id were performed to facilitate ligation. For N-terminal fusion both the 
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P C R product ArsD6x(N) and the expression vector pETl Id were digested with NcoUNotl 

and for C-terminal fusion with BamUl/Ncol. 

kb 1 2 3 4 5 6 7 

Figure 6.9: Agarose gel (2%) electrophoresis of restriction endonuclease digested PCR amplified arsD 

gene from pCW12-Teasy and expression vector pET-lld. Lane 1: A/MndIII+100 bp ladder D N A marker; 

Lane 2: PCR product of ArsD6x(N); Lane 3: P C R product of ArsD6x(C); Lane 4: PCR product of 
ArsD6x(N) digested with NcollNotl, Lane 5- P C R product of ArsD6x(C) digested with BamHUNcol, Lane 
6- pET-1 Id vector digested with NcoUNotl for N-terminal fusion and Lane 7: pET-1 Id vector digested with 
BamHUNcol for C-terminal fusion. Marker sizes are indicated in kb on the left. 

Upon successful digestion of vector (pETlld) and insert P C R products, ligation 

and transformation was performed. Transformants were screened by colony PCR (Figure 

6.10) to confirm the right insert using the primers flanking the arsD gene, 

ArsD6x(N)/As4-19 for N-terminal fusion and D-Nco F/ArsD6x(C) for C-terminal fusion. 

A negative control (no template) was employed in the reaction to ensure no 

contamination of the primers nor the PCR mix or the H2O used. The sizes of the 

amplified product were 425 bp [ArsD6x(N)] and 438 bp [ArsD6x(Q] as shown in Figure 

6.10. No band was detected in the negative control lane, ensuring all the procedures 

followed were accurate and free of any contamination. 
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Figure 6.10: Agarose gel (1.5%) electrophoresis of colony P C R products from transformants selected on 

LB/Apioo plates. Lane-1 is X/Hindlll+100 bp ladder D N A markers; Lanes 2 to 9 are clones selected from 

ArsD6x(N) transformants; Lanes 10 to 15 are clones selected from ArsD6x(C) transformants and lanes 16 
is negative control (no template D N A ) . Marker sizes are indicated in kb on the left. 

Plasmids were isolated and subjected to further restriction enzyme digestion and 

PCR verifications. 

kb 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Figure 6.11: Agarose gel (1.5%) electrophoresis of BamHUXbal, BamHUNcol, EcoRUNcol and 

EcoRUXbal restriction enzyme digested plasmids. Gel (a) ArsD6xN/C plasmids. Lane 1: ~k/Hindlll 100 bp 

ladder D N A marker; Lanes 2 to 4: Plasmids digested with BamHUNcol (ArsD6x(C)). Lane 5 to 9: Plasmids 
digested with EcoRl /Ncol (ArsD6x(N)). Lane 10 to 12: Plasmids digested with BamHUXbal (ArsD6x(C)). 
Lane: 13 to 14 Plasmids digested with EcoRl /Xbal. Lane 15: pETlld digested with Xbal, Lane 16: 

pETl Id digested with BamHl. Gel (b) ArsD6x(N) plasmids. Lane-1:1/Hindlll 100 bp ladder D N A marker; 

Lane 2 to 5: Plasmids digested with EcoRl /Xbal. Marker sizes are indicated in kb on the left. 
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Some combination of polylinker enzymes flanking the ArsD6xN/C were used in 

digestion as shown in Figure 6.11 to confirm the cloning at Ncol and BamHl site have not 

resulted in deletion of polylinker sequences due to absence of sequence data covering the 

Ncol and BamHl fusion sites. Three clones for each construct were finally verified to be 

correct in terms of restriction mapping and then subjected to DNA sequencing of the PCR 

product, since despite repeated efforts, sequencing of the plasmid was not achieved. A 

representative sequence for one of the pSB21 clones is presented in Figure 6.12 which 

shows no mismatches or mutations to the CDB 3 arsD gene together with the fused N-

terminal six histidine tag region. 
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Figure 6.12: Electropherogram of the PCR sequence product of ArsD6x(N) amplified from pSB21. Six 
histidine tag and the Xhol restriction enzyme site are shown with arrows. Primer As4-19 was used and was 
sequenced from 3' end. 
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Next, clones 1, 2 and 3 from the C-terminal fusion and clones 6, 21, 22 from the 

N-terminal fusion were transformed into E. coli/BL2l*{DE3) cells for expressing the 

recombinant fusion protein (refer to method section 6.2.7). 

Both pSBl and pSB21 were digested with HindllUXbal, PstUXbal and Cpol 

(Figure 6.13) which showed the predicted banding pattern with respect to each enzyme 

digestion. The purpose of performing these digestions was to confirm the exact size of 

the inserted DNA, thereby eliminating any artifacts (eg. Insertion of Nco-Not-Nco, Not-

Nco-Not stuffer fragments) which might result as a result of cloning. HindllllPstl showed 

a 0.9 kb vector band and 5.3 kb fragment covering ArsD6x(C)/(N) insert along with a 

part of the vector and PstUXbal showed a 4.5 kb vector band and 1.7 kb covering the 

insert and part of the vector (Figure 6.13a). Also single enzyme digestion was performed 

utilizing the internal Cpol site located at the start of arsD which revealed a single band at 

6.2 kb (Figure 6.13b); all the fragment sizes obtained from single and double restriction 

enzyme digestion were consistent with the restriction map and position. 
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(a) 

kb 1 2 3 

(b) 

Figure 6.13: Agarose gel (1.5%) electrophoresis of HindllUPstl, PstUXbal and Cpol restriction enzyme 

digested colonies. Gel (a)- Lane-1: X/Hindlll 100 bp ladder D N A marker; Lane 2: pSBl digested with 
HindllUPstl, Lane 3: pSBl digested with PstUXbal, Lane 4: pSB21 digested with HindllUPstl, Lane 5: 

pSB21 digested with PstUXbal. Gel (b)- Lane-1: X/Hindlll 100 bp ladder D N A marker; Lane 2: pSBl 

digested with Cpol, Lane 3: pSB21 digested with Cpol. Marker sizes are indicated in kb on the left. 

Apart from restriction enzyme digestion before heading to bulk protein 

expression, a final confirmation of the clones were done by PCR using the internal and 

external primers as shown in Figure 6.14. Upon successful amplification of the PCR 

product from each of the two constructs, 10 pL of each sample was loaded onto a 2% 

agarose gel and the fragment sizes obtained for each construct were correct with respect 

to primer position and length of the fragment (Figure 6.14). 
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Figure 6.14: (a) Restriction enzyme maps of pSBl and pSB21 showing the position of internal and 
external primers along with expected fragment sizes, (b) 2 % agarose gel image of PCR amplified products 

from pSB21 and pSBl. Lane 1: XlHindlll D N A marker, Lane 2: 200 bp ladder D N A marker, Lane 3-5: 

PCR product amplified from pSB21 using primers As4-6/19 (179 bp), ArsD6x(N)/As4-9 (212 bp) and 
ArsD6x(N)/As4-19 (421 bp), Lane 6-9: PCR product amplified from pSBl using primers D-/VcoF/As4-9 
(173 bp), ArsD6x(C)/As4-6 (213 bp) and ArsD6x(C)/D-/VcoF (406 bp). Marker sizes are indicated in kb on 

the left. 
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6.3.3 ArsD expression 

A single isolated colony picked from the plate and inoculated to 5 mL 

LB'AplOO liquid medium and incubated with shaking overnight 

Overnight culture diluted 110 times in 20 mL fresh sterile LB'A.p 100 

Liquid medium and incubated at37°C for 1 hour with shaking 

After 1 hour O.D- GQOnm recorded (0.7) and 10 mL of each culture 
dispensed equally into 2 sterile tubes labeled CONTROL and INDUCED 

CI*-3' 
BL:K_I3) 

CONTROL 

CN-3; 
BL:IO)EJ) 

ESD-CED 

0 1 m/vl P T G added to the Induced tubesonlyata final concentration of 1 m M 1100 pL in 10 mL) 

Both CONTROL and INDUCED tubes incubated at 37^ •/.•ith shaking for 3-6 hours 1 mL of sample collected at 3 hour 

At the end of 3 hour, cells were pelleted down and supernatant discarded and stored at -2Q°C for further analysis 

Figure 6.15: Flow chart illustrating the steps followed in expressing the ArsD6x(N)/(C) fusion protein in 
£.__•//BL21*(DE3) cells. 

As illustrated in the flow chart (Figure 6.15) and in the methods section 6.2.9, 

overnight culture of single colony harboring either the N or C His tag construct was 

diluted 1:20 times in fresh LB/Ap.oo broth containing 1% glucose and incubated at 37°C 

for 1 hour. When O.Deoonm reached -0.6 protein was expressed after adding IPTG and 

culturing for 3 more hours. For checking the protein expression, 1 mL of each sample 
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was spun down in a centrifuge, supernatant was discarded and pellet resuspended in 100 

uL of 0.7% saline. After cell lysis and centrifugation, aliquots of both soluble and 

insoluble fractions were subjected to SDS-PAGE. 

kDa 1 2 3456 78 

Figure 6.16: SDS-PAGE image of the expressed ArsD protein in £.c_7/BL21*(DE:0 cells. Commassive 
blue stained gel image of control and induced samples; Lane 1: Protein marker, Lane 2: pSB 1 Induced 
pellet (insoluble fraction); Lane 3: pSBl Induced supernatant (soluble fraction); Lane 4: pSB21 Induced 
pellet (insoluble fraction); Lane-5: pSB21 Induced supernatant (soluble fraction), Lane 6: pET151 induced 
supernatant (positive control), Lane 7: pSB21 control (un induced sample), Lane 8: pSBl control (un 
induced sample). Arrows indicate the position of ArsD6x(N)/(C) protein. 

The stained gel image as shown in Figure 6.16 demonstrated a successful protein 

induction and expression. A 14 kDa band corresponding to the mass of ArsD protein 

fused with six histidines at the N or C terminal was anticipated in the induced samples, 

however, the corresponding band as seen in Figure 6.16 was located between 15-20 kDa 

(Lane 2, 3, 4 and 5), this difference may have been due to some abnormal migration of 

protein bands in this gel (the exact molecular weight was visualized at 14 KDa after 

purification and further confirmed by Mass-spec). However, the 14 KDa band was not 
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apparent in the control samples showing expression of the ArsD6x(N)/(C) was under the 

tight control of T7 promoter. pETl 51-GAPDH/BL21*(DE3 Construct (kindly provided 

by Amanda Cork, University of Wollongong) is a Streptococcus pyogenes Ml serotype 

known to express a 39.7 kDa His-tagged protein was used as a positive control (Figure 

6.16, Lane-6). 

6.3.4 Purification of His tagged ArsD proteins 

PURIFICATION OF 6X-His T A G ArsD FUSION PROTEIN USING 

Ni-NTA Agarose C O L U M N U N D E R NATIVE CONDITIONS 

1; Add 6 m L of the lysate onto the prepared column Allowit 

to bind for 30-60 min with gentle agitation 

I 
2; Open the bottom cap and allow the flow through to run down 

Collect fractions in different test tubes 

I 
ash the column 3 times with 6 mL of Native wash buffer and 

collect the fractions in different test tubes 

. _ I 
4: Add 5 mL of Native elution buffer and elute 1 mL of the 

protein fractions from the column by gravity into 6 eppendorf 

tubes 

I 
1-Lysate Wasb-I '/v'a.h-ll Wash-Ill 

low 

5] SDS- P A G E analysis of the purified protein 

E1 E2 E3 E4 E5 E6 

Figure 6.17: Flow chart illustrating the various steps followed in purifying the recombinant ArsD protein 
using a N i - N T A agarose column under native conditions. 
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Bulk expression of the ArsD6x(N)/(C) were carried out and purification of the 

expressed proteins was achieved using a Ni-NTA agarose column. A schematic 

illustration of the steps followed is presented in Figure 6.17. The final eluted fractions 

each 1 mL was collected in eppendorf tubes and run on a 15% SDS-PAGE gel (Figure 

6.18). The fractions containing the purified protein were then pooled, followed by 

bicinchoninic acid assay (Smith et. al., 1985) to determine the concentration of protein. 

The concentration was calculated using a series of standard BSA proteins to be 450 

[Ag/mL. 
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Figure 6.18: S D S - P A G E images of the two purified ArsD6x(N)/(C) proteins expressed in E. coli 
BL21*(DE-0 cells. Lane 1: protein molecular weight markers; lane 2-10: eluted fractions. 
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Further confirmation of the N-terminal six histidine fused protein was done by 

mass-spectrometry to determine the correct mass and purity. This was a collaborative 

work carried out by Dr. Andrew Aquilina. From the mass-spec results obtained as shown 

in Figure 6.19, it was evident that the protein mass matched the theoretical prediction 

(14467 Da) exactly confirming the identity of the recombinant protein produced being the 

target ArsD6x(N). There was some contamination by lysozyme due to the use of 

lysozyme (2 mg/mL final concentration) to break the cell. Unfortunately lysozyme has a 

very similar mass (14305 Da) as the recombinant ArsD protein. In an attempt to eliminate 

lysozyme a second round purification of the expressed protein was carried out and the 

contamination was reduced. 

100 14467 

V Vv. 
0+—i-
14400 

_-___—_. 
,-_rS-;m_ss 

14500 14600 14700 

Figure 6.19: Mass spectrum of purified ArsD6x (N) protein. Purified recombinant protein was desalted 
with a ZipTip (Millipore) and eluted in 3 (xL of 8 0 % acetonitrile, 1 % formic. The solution was analyzed 
using nanoelectrospray ionization mass spectrometry on a Q-ToF Ultima (Waters) using standard 
conditions. The raw spectrum was transformed to a mass scale to reveal a major species at 14,467 Da. 
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6.3.5 DNA-Protein interaction studies 

To investigate the predicted repressor function of C D B 3 ArsD, gel mobility shift 

assays were carried out to test its specific binding to both the arsR promoter and putative 

arsD promoter. 

Gel shift assay with DIG-labeled DNA fragments 

DIG-11-ddUTP DNA fragments covering the two promoters of arsR and arsD 

along with a nonspecific region (Figure 20a) were first obtained by PCR. The obtained 

sizes for the three PCR amplified fragments matched the theoretical sizes (Figure 6.20b). 
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Figure 6.20: (a): Position of internal and external primers flanking the two promoters and a non specific 
D N A fragment along with their respective sizes, (b): Agarose gel (2%) electrophoresis of DIG-labeled P C R 
products. Lane 1: D N A marker; Lane 2: non-specific control fragment amplified using primers (As4-
18/11); Lane 3: arsD promoter fragment amplified using primers (As4-32/15) and Lane 4: arsR promoter 
fragment amplified using primers (proR-F/As4-13). 

Gel mobility shift assays were used to examine the DNA binding activity of 

ArsD. ArsD was shown to retard the migration of both arsR and arsD promoter 

fragments with DIG labels, no retardation of the labeled non-specific DNA fragment was 

detected (Figure 6.21a). Lysozyme did not have any binding (not presented). 

A further assay tested the effect of arsenite on the binding. Dissociation of the 

ArsD protein from both promoters R and D were observed after addition of 0.1 mM 
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sodium arsenite (Figure 6.21b). W h e n the reaction mixtures were mixed with cold 

unlabeled DNA fragments of promoter R or D respectively, the labeled binding 

disappeared, indicating the specific competition between the labeled and un labeled DNA 

fragments (Figure 6.21b). 
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Figure 6.21: Mobility shift assays of ArsD-DNA complex formation using DIG labeled D N A fragments. 
DIG labeled D N A (0.40 u,M) were mixed with 30 fig of purified ArsD protein; (a) Binding assay of 
promoter and non specific D N A fragments (control) with and without ArsD. The control D N A was 
amplified using primers (As4-18/11) located internally in arsl gene; (b): Effects of un labeled D N A 
fragments and sodium arsenite (0.1 m M ) on the binding. 
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6.4 Discussion 

ArsD is a novel regulatory protein and its distribution appears to be limited (Li et. 

al., 2001; Chapter 3). This 13 kDa protein has been shown to form homodimers to control 

the upper level of ars expression in E. coli R773 (Li et. al., 2001), preventing over-

expression of ArsB (Wu and Rosen, 1993b). This benefits the cells as when the level of 

ars operon transcription rises, the high concentration of the integral membrane ArsB 

protein becomes toxic to the cell and limits the growth. This is evident by the study 

presented in this Chapter where by inactivation of the CDB3 ArsD protein led to a 

decrease in the bacterial resistance to arsenate (Figure 6.6b) when compared with the 

cells harboring pAR27 producing the intact ArsD. This confirms that CDB3 ArsD is 

functionally involved in arsenic resistance. 

Apart from E. coli R773 study; this is the second evidence for the function of 

ArsD. ArsD in E. coli pR773 has three vicinal cysteine pairs, Cysl2 and Cysl3, Cysl 12 

and Cysl 13 and Cysl 19 and Cysl20, but in the CDB3 ArsD the later two pairs are absent 

(Chapter 3, Figure 3.9). Since these two C-terminal pairs of Cys have been reported 

essential for the E. coli ArsD to function as a regulator; the DNA binding activity of 

CDB3 ArsD in response to arsenic was investigated. 

Additionally, a symmetrical dyad sequence with 7 bp (ATTAAAT) in each 

segment is located upstream of the putative -35 element of the arsR promoter which may 

be a site for repressor recognition and binding. A similar sequence was also conserved in 

Bacillus subtilis skin element (Sato and Kobayashi, 1998) while the sequence 

TCATN7TTTG for repressor binding conserved in E. coli ars operons is quite different 

indicating the promoter/operator upstream of arsR in the CDB3 ars gene cluster is 
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conserved in Gram-positive ars clusters and exhibits no similarity to previously identified 

sequences from Gram-negative ars operons (Xu et. al., 1996). Apart from the obvious 5' 

end promoter located, this DNA-protein study also included the DNA fragment located in 

front of arsD because of my speculation that a transcription regulatory (terminator or 

promoter) existed in this region (Wang, 2001; section 3.1 and 7.4.1). 

Gel mobility shift assays have been widely used to examine DNA-protein binding 

properties. The assay typically involves the addition of protein to linear double stranded 

DNA fragments, separation of complexed and naked DNA by gel electrophoresis and 

visualization either by autoradiography, by staining with ethidium bromide or 

chemiluminescence detection is possible (Lane et. al, 1992). Assays were conducted 

using three DIG-labeled DNA fragments, a 147 bp 3' end labeled DNA fragment 

containing the CDB3 arsR promoter, a 70 bp 3' end labeled DNA fragment containing 

the CDB3 arsD promoter and a 110 bp 3' end labeled non-specific DNA fragment from 

CDB3 respectively, as target DNA. The recombinant CDB3 ArsD, was able to retard the 

migration of both arsR and arsD upstream fragments. No retardation was observed when 

the protein was incubated with the non-specific As4-18/ll fragment and neither when 

BSA and lysozyme were tested (result not presented), suggesting that the binding of 

ArsD to the arsR and arsD fragments were specific. Further study is needed using mass-

spec to quantitatively study the affinity of ArsD to both R and D promoters respectively. 

Intrinsic protein fluorescence can be used to examine the properties of individual Cys 

pairs (Cys 12-Cysl3) as similar experiments conducted by Chen and Rosen (1997), to 

study the effect of metalloid binding and the resulting dissociation of the repressor from 

the promoter due to changes in confirmation of the ArsD protein. 
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The E. coli R773 ArsD protein has been shown to be an inducer-independent 

repressor protein, and the derepression could be induced by higher concentration of 

sodium arsenite (100 uM) compared with that of ArsR (10 u.M) (Chen and Rosen, 1997). 

The arsenite inducible dissociation of CDB3 ArsD from arsR and arsD upstream regions 

was also tested and demonstrated to be true (Figure 6.21b). While, Li et. al. (2001) 

reported that mutation in either of the cysteine pairs Cys 12-Cys 13 and Cys 112-Cys 113 

of E. coli ArsD eliminates derepression by the metalloid. CDB3 ArsD possesses only the 

N-terminal pair of Cysl2-Cysl3, but has no C-terminal Cys pairs. Since the CDB3 ArsD 

protein has only 35% identity to the E. coli R773 ArsD, this difference may be due to 

their differences in tertiary structure and binding confirmation when associated with their 

respective DNA partners which also vary in sequence. These warrants further 

investigation. One possibility would be to perform protein modeling and analyzing the 

role of tertiary structure and DNA binding. Many programs are available to study the 

putative ligand interactions to proteins. One program available from EMBL-EBI is 

MSDsite (www.ebi.ac.uk/msdsite), its macromolecular structure database (MSD) 

retrieval system allows protein structure analysis including putative bound ligands and its 

active site information (Golovin et. al., 2005). 

Recently Lin et. al. (2006), have shown that E. coli ArsD can link ArsA to 

function as a chaperone in arsenic detoxification. Whether CDB3 ArsD has a similar 

function is yet to be examined. 
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7.1 Introduction 

Most bacterial ars gene clusters identified so far are organized as single operons 

(Chapter 1). Of all, the best characterized arsRDABC cluster present in E. coli R773 is 

transcribed as a single polycistronic mRNA with the two inducer-dependent trans-acting 

repressors ArsR and D homeostatically regulating the basal and upper levels of operon 

expression (Cai et. al., 1998; Li et. al., 2001). In comparison, the cloned CDB3 ars 

cluster 1 by our lab not only contains three more genes {arsTIP) but also exhibits a novel 

gene arrangement of the first five {arsRYCDA), where arsDA is located after arsYC 

instead of between arsR and arsYC. 

Apart from the front promoter and operator, some other sequence features have 

also been found which may confer a complicated regulation mechanism for the gene 

expression of this cluster. As mentioned previously (Chapter 6), sequence analysis has 

predicted a site for repressor binding upstream of arsR. 

Northern blot analysis was performed by a former member of our lab, Wang Q 

(2001), to determine whether there is a transcriptional terminator between arsC and arsD. 

The results showed that a 1.2 kb arsRY probe only detected a small RNA (1.9 kb) of 

about the arsRYC size instead of a large one corresponding to the whole cluster size 

indicating the possible presence of such a terminator. Another former member of our lab, 

Chenwei Su (2004), further performed reporter gene analysis. The results showed that at 

AsHI concentrations between 10 u.M and 1000 \xM the arsR 5' upstream region fused to 

lacZ exhibited an induced |3-galactosidase activity demonstrating an active promoter. 

While no such induced J3-galactosidase activity was observed by constructs harboring the 
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arsD 5' upstream region fused to lacZ. These meant that either the ParSD did not exist or 

the promoter did exist but could not be induced by arsenite at the tested concentrations. 

Therefore, this study aims to further investigate the regulatory mechanism of this 

ars gene cluster 1, attempting to reveal the transcription profile and examine the putative 

promoters. 

201 



Chapter 7: Transcriptional Regulation 

7.2 Materials and Methods 

7.2.1 Bacterial strains and plasmids 

Bacterial strains and plasmids used in this study are listed in Table 7.1, with their 

relevant characteristics. E. coli and C D B 3 {Bacillus sp.) strains were grown on L B agar 

or in L B liquid medium (Appendix 1). Ampicillin was added at a concentration of 100 

^g/rnL. Liquid cultures were shaken at 150-250 rpm in a shaking incubator (Bioline, 

Australia) at 37°C for E. coli and 30°C for C D B 3 . 

Table 7.1: Bacterial strains and plasmids used in the study of Chapter 7 

Bacterial Strains 
/ Plasmid 

E. coli AW3110 

E. coli JM109 

Bacillus sp. CDB 3 

pAR27 

pZXll 

pZX12 

pZX13 

pZX14 

pCW16 

pCW19 

Genotype or description 

K-12 FIN (miD-rrnE) Aars::cam 

(Cmr, the chromosomal arsRBC deleted) 

recAl , endAl, gyrA96, thi, hsdRll (%-, m\c+), supE44, 

relAl, A'lac-proAS), [F, ?raD36, proAB, /adqZAM15] 

Isolated from cattle dip-sites 

A 7013 bp partial Sau3Al fragment containing CDB3 
arsRBCDATIP cloned into pGEM7Zf(+) at BamHl site 

PCR fragment of LacZ gene from pUJ8 
fused to arsC of pZXl (Km1) 

PCR fragment of LacZ gene from pUJ8 
fused to trxB of pZX4 (Kmr) 

PCR fragment of LacZ gene from pUJ8 fused to trxB 
ofpZX10(Kmr) 

Smal- BamHl fragment containing arsRBCD and 
part of ars A removed from pZX12 (Kmr) 

EcoRl-Sacl fragment from pCW12, 
containing the putative promoter ParsD region, 
arsD and part of LacZ gene ligated into pUJ8 (Ampr) 
EcoRl-Xbal fragment containing the putative 
promoter ParsD region and arsD deleted from 
pCW16 (Ampr) 

Reference or Source 

Gift from Dr. B.P.Rosen 
(Carlin et. al., 1995) 

Promega 

Chopra et. al., 2007) 

Provided by X. Luo, 
2006 
Provided by Z. Xu 
(University of 
Wollongong) 

Provided by Z. Xu 
(University of 
Wollongong) 
Provided by Z. Xu 
(University of 
Wollongong) 
Provided by Z. Xu 
(University of 
Wollongong) 

Provided by C. Su, 2004 

Provided by C. Su, 2004 
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7.2.2 R N A extraction 

A single colony of CDB 3 was picked up from a LB agar plate and incubated in 5 

mL of LB medium containing Amp at 30°C overnight. 2.5 mL of the cells were added 

into 600 mL of LB medium and incubated for 5 hours with shaking until O.D.600 nm = 

0.5. The culture was then equally divided into six flasks and incubated at 30°C. The 

bacteria in one flask were the control without the induction of arsenite and the cells of the 

other five flasks were induced by 0.1, 1, 2, 5, and 10 mM of arsenite, respectively. The 

cells (100 mL) were centrifuged at 5,000 g for 7 min at 4°C in a Beckman ultracentrifuge. 

The pellet was suspended in 5 mL of NETS buffer (0.1 M NaCl, 10 mM Tris pH8, 1 mM 

EDTA, 1% SDS). 5 mL of phenol: chloroform: isoamyl alcohol mixture (25:24:1) was 

added and the mixture was vortexed and centrifuged again for 7 min. The supernatant 

was transferred to a new tube. 1/10 volume of sodium acetate (3 M, pH 5.4) and 2 

volumes of 95% ethanol were added into the tubes that were mixed well and stored at -

80°C for 30 min. After centrifugation at 10,000 g for 20 min at 4°C, the pellet was 

dissolved in 150 uL of sterile d. H2O. The quality and quantity of extracted RNA was 

examined on 1.5% agarose gel electrophoresis and by absorbance at 260nm. 

7.2.3 Preparation of DIG labeled DNA probes by PCR 

To prepare DNA probes for RNA blot hybridization, a PCR DNA labeling kit 

(Boehringer Mannheim) was used according to the manufacturers protocol. The PCR 

primers were designed based on the CDB3 ars DNA sequence and synthesized by Sigma. 

The primers used and the target PCR product sizes are listed in Table 7.2. The PCR 

reactions were performed on a Gene Amp PCR system 9600 (Perkin Elmer). A typical 

reaction mixture (50 uL) consisted of, 20 pg of DNA template (the same PCR product 
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without label), 1 uL of each primer (20 u M ) , 0.2 m M of DIG-dNTP mix (Roche) and 2.5 

units of Taq DNA polymerase in the manufacturers buffer. After an initial denaturation 

step consisting of 3 min at 95°C, 30 cycles of denaturation (95°C, 45 sec), annealing 

(54°C 30 sec) and extension (72°C, 2 min) were performed. The final step cooling to 

25°C completed the reaction. 

Table 7.2: Primers used and DNA probe sizes 

Primer 
Name 

As4-4 

As4-15 

As4-6 

As4-3 

As4-14 

CDB3 P-R 

Primer Sequence 5'-3' 

TTAACAAGAGTGTCACAG 

TATCTAGAGCCATCTTTGATTTCTTCC 

AGGACCAGACGTATTGC 

ATGACCCGTTGGCGCTG 

TAGGAACAGGACCAGC 

TTATACATTACAAACGTTTCAATAC 

Corresponding 
position of pAR27 

386-398 bp 

2300-2285 bp 

2502-2518 bp 

3137-3121 bp 

4483-4499 bp 

6159-6136 bp 

Upstream 
(Forward)/ 
Downstream 
(Reverse) 
Upstream 

Downstream 

Upstream 

Downstream 

Upstream 

Downstream 

To test the specificity of the D N A probes, Southern-blot analysis were performed. 

The genomic DNA isolated from CDB3 and plasmid AR27 were subjected to EcoRl and 

HindUl restriction enzyme digestion and subsequent DNA blotting and hybridization was 

performed as described in section 3.2.5. 

7.2.4 Northern-blot analysis 

Agarose gel (1.4% final concentration) was prepared in 1 x MOPS buffer (20 mM 

MOPS, 5 mM sodium acetate, 1 mM EDTA, pH 7.0). The mixture was heated in the 

microwave to melt agarose and then after cooling the mixture to about 65°C, 

formaldehyde (36% v/v) was added to a final concentration of 6% before pouring. The 

RNA samples (5-10 jig in 10 ^L) and RNA size markers (Promega), were each mixed 
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with 15 uL of formamide, 5.25 \\L of formaldehyde, 3 |jL of 10 x M O P S buffer and 1.5 

|iL of 1 mg/L ethidium bromide and then heated at 65 °C for 5 min followed by chilling 

on ice. The denatured samples with lOx loading dye (3 |iL) were loaded into the wells of 

the gel, which was then run at 60 V for 4 hours. After the electrophoresis, the 

formaldehyde gel was viewed under UV light and the bands of RNA markers were dotted 

with India ink. 

RNA was transferred from gel to a nylon membrane (Hybond™-N+, Amersham) 

by the capillary transfer method (Sambrook et. al., 1989) using 20 x SSC (175.3g NaCl 

and 88.2g sodium citrate in 1 L H2O) as transfer solution. After blotting overnight, the 

RNA on nylon membrane was UV cross-linked in a UV Stratalinker 1800 (Stratagene) 

for 4 x 120 sec. The membrane was then soaked in 50 mM NaOH for 10 min followed by 

neutralization in 2 x SSC for 1 min. The blotted membrane was used for hybridization 

immediately or kept between filter papers at room temperature for later use. 

The nylon membrane was placed in a hybridization bottle (with DNA side facing 

inward) containing pre-hybridization solution (1 mL/10 cm2, DIG-Easy-Hyb, Roche). 

The membrane was pre-hybridized at 45°C for 1 hour. The probe was heat-denatured in a 

boiling water bath for 10 min and chilled quickly in an ice bath to prevent re-annealing of 

the denatured strands. The denatured probe was diluted in a small volume of 

hybridization solution that was just enough to run over the membrane in the bottle during 

rotation and was added after the pre-hybridization solution in the bottle was poured out. 

After at least 14 hours hybridization, the membrane was washed in 2 x SSC twice at 

room temperature, 15 min for each time. Then, the membrane was washed in 0.2 x SSC 
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containing 0.1% S D S twice at 68°C, 15 min per wash. The DIG label detection kit 

(Roche) was also used to illuminate the labeled RNA on blots (Section 3.2.5). 

7.2.5 (.-Galactosidase assay 

Reporter gene analysis was carried out using E. coli strains harbouring several 

lacZ fusion plasmids constructed by former members of our laboratory, Z. Xu and C. Su 

(Su, 2004). For each strain to be assayed, a single colony was taken from a LB plate and 

inoculated into LB liquid medium (with appropriate antibiotic) and incubated with 

shaking overnight at 37°C. The overnight cultures were diluted 100 times with fresh LB 

medium with appropriate antibiotic and incubated until the cultures reached logarithmic 

growth phase (O.D.600 = 0.28-0.70). The cultures were then distributed into tubes, and 

divided into several groups: one group was a control with no arsenite, while the other 

groups were induced by different concentrations of arsenite. After incubation for an 

additional 1-2 hours, the cultures were placed on ice for 20 min to prevent further growth. 

The cell density was measured with a spectrophotometer (O.D.6oonm) and then 0.1 mL of 

culture was mixed in a tube with 0.9 mL of Z buffer, 60 (iL of chloroform and 30 |iL of 

0.1% SDS solution followed by vortexing for 10 seconds. After placing the tubes in a 

28°C water bath for 5 min, the reaction was started by adding 0.2 mL of 4 mg/mL ONPG 

(_>-nitrophenyl-(3-D-galactopyranoside) to each tube and shaking the tubes for a few 

seconds. The tubes were incubated at 28°C until sufficient yellow color was observed. 

The reaction was stopped by adding 0.5 mL of a 1 M Na2C03 solution and total assay 

time was recorded for each sample, the tubes were centrifuged at 4000 g for 5 min. 

Finally, the absorbance of each assay tube at both 420 nm and 550 nm was measured by 

using UV-spectrophotometer. The "Miller Units" of (3-galactosidase activity was 
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calculated (Miller, 1972). The P-galactosidase assays were performed in triplicate in each 

experiment, and all the experiments were carried out at least four times. A schematic 

illustration of the various steps followed is presented in Appendix 7. 
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7.3 Results 

7.3.1 RNA extraction 

Total RNA extracted from Bacillus sp. CDB3 cells was first examined to check 

the quality and quantity. The results (Figure 7.1) on normal agarose gel showed that the 

quality of the RNA sample was satisfactory for Northern blot analysis. 

m cn cn cn cn cn 
CQ CQ CQ CQ CQ CQ 

Figure 7.1: Ethidium bromide stained 1.5% agarose gel of total R N A preparations. Total R N A prepared 
from C D B 3 cells were treated for 10 min with arsenite at different concentrations as indicated before 

harvesting for RNA extraction. 

The extracted RNA samples were then subjected to 1.4% denaturing 

formaldehyde gel electrophoresis for Northern hybridization. A typical gel image is 

shown in Figure 7.2. Several gels were run and further blotted onto a positively charged 

nylon membrane for later hybridization using three different probes. 
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Figure 7.2: Image of an ethidium bromide stained 1.4% denaturing formaldehyde gel of total R N A 
extracted from Bacillus sp. C D B 3. Lane 1: no arsenite control, Lanes 2 to 4: 0.1, 1 and 10 m M arsenite 
induced samples. R N A marker sizes are indicated with arrow on left. 

7.3.2 Probe preparation 

Three probes were selected for RNA hybridization: a 1.9 kb DNA fragment 

covering part of arsRYC, a 0.6 kb PCR DNA fragment covering the arsDA and a 1.7 kb 

PCR DNA fragment covering the arsT and arsP amplified using a DIG-UTP labeling 

PCR kit (Figure 7.3). These probes were designed to detect either a RNA transcript Of 7 

kb if the CDB3 ars gene cluster is transcribed together as a single transcript and/or 

shorter RNA transcripts to the predicted transcription stop between arsC and arsD (see 

above) and some other regulatory mechanisms that exist. The relative position of each of 

the three probes and sizes of the predicted mRNA transcript are also shown in Figure 7.3. 
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Figure 7.3: Agarose gel (2%) electrophoresis image of PCR amplified DIG labeled D N A fragments, (a): 
Lane 1: D N A marker; Lane 2: probe 1 (As4-4/15) showing a 1.9 kb D N A fragment covering arsRYC and 
Lane 3: probe 3 (As4-14/CDB3 P-R) showing 1.7 kb D N A fragment covering arsTIP. (b): Lane 1: D N A 
marker; Lane 2: probe 2 (As4-6/3) showing 0.636 kb D N A fragment covering arsD and part of arsA. The 
respective sizes are indicated by arrows, (c, d, e) Structure of ars cluster and the relative positions of each 
of the three probes used with the predicted sizes are indicated, the length of the m R N A transcript are 
indicated by arrows. 
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The specificity of each of the three probes was confirmed by Southern blot 

hybridization on CDB3 genomic DNA (Probe 1 and 2) and plasmid AR27 (probe 3) 

digested with EcoRl and HindlH restriction enzymes (Figure 7.4). The DNA restriction 

map and expected hybridization band sizes by each probe are illustrated in Figure 7.5. 

(d) (e) (f) 

Figure 7.4: Southern blot analysis of the specificity of the three D N A probes, (a, b, c) Ethidium bromide 
stained 0.8 % T A E agarose gel image showing C D B 3 chromosomal D N A digested with EcoRl and Hindlll 
(Lane 2, 3 (a, b); (c) Plasmid AR27 digested with EcoRl and Hindlll. Marker sizes in kb are indicated with 
arrow on left (Lane 1 a, b, and Lane 3-c). (d, e) X-ray film showing specific bands corresponding to C D B 3 
ars gene cluster 1 after hybridization with probes 1 (As4-4/15), probe 2 (As4-6/3) and (f) X-ray film 
showing specific bands corresponding to A R 2 7 hybridized with probe 3 (CDB3 14/P-R) respectively. 
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Figure 7.5: Restriction enzyme map of C D B 3 ars gene cluster 1. The relative positions of the probes and 
the corresponding fragment sizes expected is shown by arrows. The arrows denoted in red refers to 
fragments that will not hybridize, while arrows denoted in black are the expected fragment sizes after 
hybridization with respective probes. The box represents the vector pGEM7Zf(+). 
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7.3.3 mRNA analysis 

When three similar RNA blots were hybridized with three probes, (Figure 7.2), a 

strong band of around 7 kb was detected on each blot. This was about the size of the 

whole cluster and remarkably induced by the addition of arsenite to the culture medium 

as evidenced by the absence or very low hybridization signals in the no arsenite control 

lanes. 

Some smaller RNA bands also appeared hybridized by the probes as indicated by 

arrows in Figure 7.6. They were either alternative transcripts or degradation products. A 

band at about 1.9 kb hybridized to probe 1 was particularly interesting since it matched 

the size of arsRYC. 
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Figure 7.6: Northern blot analysis of CDB3 ars RNA blots hybridized with three DNA probes, (a): Probe 1 
(As4-4/15). (b): Probe 2 (As4-6/3) and (c): Probe 3 (As4-14/CDB3 P-R). Hybridization signals were 
detected on the X-ray film exposed for 1 hour. The sizes of the transcripts are marked with arrows. 
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7.3.4 Reporter gene assay 

To examine if other promoters are present in the ars gene cluster reporter gene 

assays were carried out with different lacZ fusion constructs (Figure 7.7) at arsenite 

concentrations higher than previously used. 

Figure 7.7: The insert contained in translational fusion constructs of pZXll, pZX12, pZX13, pZX14, 
p C W I 6 and pCW19. The putative promoters are shown by small arrows. The D N A sequences and amino 
acid sequences of the joint regions of the fusion proteins are indicated. The pZXl 1 contains intact arsR and 
arsY genes, and a truncated arsC gene, in which the lacZ coding region was fused in frame to the 67th 

codon of arsC. The pZX12 contains intact arsRYCDA genes, pZX13 contains a truncated arsC and intact 
arsDA genes, and pZX14 only contains part of the arsA gene. In these three plasmids, pZX12, pZX13 and 
pZX14, the lacZ coding region was fused, in frame, to the 165th codon of arsT. p C W 1 6 contains intact 
arsD gene, the non-coding regions were indicated in red, the lacZ coding region were indicated in blue, 
while the blue A T G showed the initial code of arsA. Restriction mapping confirmed the four plasmids and 

were transformed into E. coli JM109, to measure their growth and the |3-galactosidase activities. [From C 
Su (2004)]. 
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Figure 7.8a shows the percentage growth of E. coli JM109 lines transformed with 

different constructs. They were similar except that the pZXll and pZX12 possessing 

cells showed higher arsenite resistance because of yqcL function. The negative control 

(pCW 19) cells did not show significant (3-galactosidase activities with or without arsenite 

induction as expected. The activities of (.-galactosidase of all the five test constructs were 

low in the absence of arsenite (T-test indicated the significant P-value < 0.006). With the 

addition of 2 mM or 5 mM AsIII, a small increase in the activity of (.-galactosidase in the 

E. coli cells bearing pZXll was observed (Figure 7.8b). Maximal expression was 

previously noted by Su, (2004), with 0.01 to 0.1 mM of arsenite. This indicated that the 

over expression of ArsB under the strong promoter R {ParsR) resulted in mRNA 

degradation. 

However, activities increased dramatically with the addition of high 

concentrations of arsenite (Figure 7.8b). The induced activities shown by pZX14 and 

pCW16 suggested that promoter activities did exist in the upstream regions of both arsD 

and arsT (T-test indicated the significant P-value < 0.003). 
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Figure 7.8: (a) Cell densities of the E. coli JM109 bearing different gene fusion plasmids (pZXl 1, pZX12, 

pZX13, pZX14, pCW16 and pCW19) and (b) Activities of P-galactosidase in the E. coli JM109 carrying 
different gene fusion plasmids (pZXll, pZX12, pZX13, pZX14, pCW16 and pCW19) treated with 
different concentrations of arsenite for 1 hour. All assays were carried out in triplicate and repeated four 
times. 
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1A Discussion 

7.4.1 C D B 3 ars cluster 1 can be transcribed as a single m R N A 

Three specific probes were generated and they all detected a large RNA of about 

7 kb on Northern blots suggesting all the eight genes in the CDB3 ars cluster 1 can be 

expressed as single polycistronic transcript. This, to our knowledge, is the largest ars 

operon ever reported. 

The work presented here also confirms that inducibilty of expression may be 

regulated at the transcriptional level. A 7 bp (ATTAAAT) inverted repeat located 

upstream of the putative -35 element of the arsR promoter (Figure 7.9) may be the site 

for repressor recognition and binding (Sato and Kobayashi, 1998). A 9 bp 

(AGCCGAGAA) inverted repeat is also present upstream of arsD which may act as a 

regulatory element. The putative contact points upstream of arsR and arsD are shown in 

Figure 7.9. 
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Figure 7.9: The putative contact points of arsR and arsD promoters. 
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There were some smaller R N A bands that hybridized to the probes. The 1.9 kb 

RNA detected by probe 1 matches the size of arsRYC supporting the prediction of a RNA 

terminator site located downstream of arsC. However, all these detected small RNA 

molecules might have been degradation products of the large 7 kb transcript. RNA 

transcript degradation was also observed in E. coli R773 ars cluster in which the arsB 

region of the polycistronic transcript decayed more rapidly than the arsRA and arsC as a 

result of a secondary structure at the 3' termini (Owolabi and Rosen, 1990). 

From the Northern results it was not clear if any other promoter apart from the 

arsR is present. Putative transcription regulatory elements found located between arsC 

and arsD shows a 9 bp inverted repeat that can function as a transcription regulatory site 

or as a terminator site. Figure 7.10 represents the prediction of a potential mRNA 

secondary structure in the intergenic region between arsC and arsD. 

Repeat 1 

40 

r" ^S_*\ ..T-TTW \ A 

f\_ Repeat 2 

dE • - 1 5 . % [initially -18.41 proD seq 

Figure 7.10: Sequence and prediction of a potential m R N A secondary structure in the intergenic region 
between arsC and arsD. The putative ribosome binding sequence (SD) is marked with triangles. The free 
energy formation of the indicated secondary structure is -15.96 kcal mol"1 as estimated by R N A Mst (Jung 
et. al., 2006). 
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The inverted repeat can be a regulatory site that is bound by regulator to inhibit 

the RNA polymerase to start transcription of ars genes. However, this 9 bp inverted 

repeat followed by T-rich region suggested that it could alternatively function as a 

termination site (Wang, 2001). When the transcription proceeds to the end of arsC, the 

secondary structure of mRNA could form a stem-loop to stop the transcription (Figure 

7.10). It is interesting to find out which or both functions this inverted repeat exerts in 

vivo. Therefore to recheck, a reporter gene method was performed using high arsenite 

concentrations. 

In prokaryotes, genes belonging to the same operon are transcribed as a single 

mRNA molecule. RNA polymerase binds to the promoter and synthesizes RNA chain 

until it reaches a transcriptional terminator. Some terminators rely on the presence of the 

Rho protein, whereas others function independently of Rho (Hoon et. al., 2005). Such 

Rho independent terminators consist of an inverted repeat followed by a stretch of 

thymine residues, which is seen in intergenic region between arsC and arsD of the CDB3 

ars cluster. Hoon et. al., (2005) have suggested that unlike in E. coli, the Rho protein is 

dispensable in B. subtilis, which may have a limited role for Rho-dependent termination 

in this organism and possibly in other Firmicutes. 

7.4.2 Sub operons may exist 

Downstream fusion of the reporter gene lacZ coding for (.-galactosidase to the 

promoter region of a structural gene is a frequently used technique to study the 

expression of the gene (Thomas, 2002). Previously, this method was used by C. Su. 

(2004) of our lab to determine whether other promoter(s) also exist in the CDB3 ars 

cluster, but results were not positive. As presented in Chapter 6 and this chapter, it is 
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reasonable to assume that a promoter in front of arsD is present. Therefore, the reporter 

gene assay method was employed again in my study to reexamine the hypothesis. This 

time, higher arsenite concentrations were used since it was assumed that the putative 

arsD promoter is activated at higher doses of inducers. 

E. coli JM109 instead of AW3110 was chosen as a suitable host for performing (3-

galactosidase assay, based on two aspects. Firstly, the lac-proAB is deleted from the 

chromosome of E. coli JM109, thus leading to no background expression of LacZ 

compared to AW3110. Secondly, the arsRBC operon located on the chromosome of E. 

coli JM109 renders moderate resistance to arsenic, as a result cells could survive in 

certain concentrations of AsIII which were required for testing the ArsIII induction in my 

study. 

The results (Figure 7.8b) showed that, when lacZ was under the control of 

putative ParsD promoter (pCW16, and pZX13), the activities of (.-galactosidase in the 

cells bearing these plasmids gradually increased in response to arsenite at high 

concentrations. Together with the ArsD binding feature (Chapter 6), our results clearly 

demonstrated the promoter activity of arsD upstream sequence which is induced by 

arsenite at high concentrations. 

Another reporter gene plasmid, pZX14, was initially designed as a negative 

control in the assay (Figure 7.8b). Surprisingly, the induced (3-galactosidase activities 

were also detected with this construct at high arsenite doses, suggesting that another 

possible sub promoter in this ars gene cluster 1 also exists. However, bioinformatic 

analysis using available tools for promoter prediction could not reveal any known 

promoter elements. While the existence of a promoter in front of each arsR and arsD was 
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evident by gel mobility shift assay (Chapter 6), further analysis is necessary to examine 

the binding activity of arsT upstream region. 
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Arsenic is widely distributed as a pollutant. The need to develop low cost and 

friendly technologies for remediation of arsenic contaminated soils and water has 

stimulated interest in studies on arsenic resistant organisms. 

Bioremediation/phytoremediation could be a solution to the contamination 

problem at these sites as an alternative to currently existing physio-chemical methods. 

Certain bacteria and plants are capable of removing arsenic from their surroundings and 

could therefore be used (Takeuchi et. al., 2006). Soil contamination by arsenic and other 

pollutants represents a major environmental threat in Australia. Little is known about the 

identities of organisms and their interaction with plants growing on these sites co-

contaminated with arsenic/DDT. 

In addition to anthropogenic sources, arsenic occurs in soils in some regions 

naturally from weathering of arsenic-rich mineral deposits. Metabolism of inorganic 

arsenic to methylated forms by living organisms adds a range of organic arsenic 

compounds to many soil environments (Cullen and Reimer, 1989). Much of the extensive 

arsenic metabolism of bacteria and fungi (Cullen and Reimer, 1989) is associated with 

minimizing the concentration of arsenic within the cells, by arsenic-exporting 

mechanisms and by improving the specificity of phosphate uptake (Cervantes et. al., 

1994). Arsenic is also utilised in metabolism as a terminal electron acceptor in 

dissimilatory arsenate respiration or as an electron donor in chemoautotrophic arsenite 

oxidation. The arsC gene, which codes for an arsenate reductase, transforming arsenate 

into arsenite, is essential for resistance by extruding arsenate from the cell (Jackson et. 

al., 2003). Dhankher et. al. (2002) have generated Arabidopsis plants that overexpresses 

an E. coli arsenate reductase ArsC, reducing AsV to AsIII using glutathione as electron 
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donor. W h e n A. thaliana plants were transformed with arsC with an additional second 

transgene encoded by E. coli y-Glutamyl cysteine synthetase (y-ECS) under a constitutive 

actin (ACT2) promoter, the A. thaliana plant exhibited more tolerance to AsV than the 

wild type (Dhankher et. al., 2002). Additionally, Ute, 2005 reported that the expression of 

ArsC in plants also increases Cd (cadmium) tolerance and accumulation suggesting that 

arsC gene may be an ideal candidate for arsenic hyperaccumulation in plants. 

The possibility of using arsenic-accumulating plants to extract arsenic from soil 

for remediation of contaminated land areas such as dip sites has attracted attention. The 

capability of the fern Pteris vittata to accumulate arsenic to high concentrations in its 

fronds has been of particular interest (Ma et. al., 2001): this capability is at least partly 

shared by some grasses such as Agrostis tenuis (Porter and Peterson, 1977). The 

mechanism of accumulation is poorly understood, but is mediated by rhizosphere micro 

organisms (Walter and Wenzel, 2002; Liu et. al., 2005). The micro organisms in soils 

from sites with long-term arsenic contamination may be particularly active in mediating 

the effect of arsenic on the plants growing on those sites. 

The thesis presented is the first instance to critically examine some bacterial 

strains capable of resisting high concentrations of arsenic at the dip sites. Other work by 

our group (Chopra et. al., 2007), has illustrated that the interaction of rhizosphere 

microbes with plants can increase uptake of arsenic, which shows the importance of 

understanding plant-soil microbial interactions for developing future plant engineering 

strategies with bacterial ars genes. This phytoremediation-based approach utilizing 

hyperaccumulating plants to remove arsenic from soil at dip sites will be extremely 

beneficial as one of the mechanisms to eradicate arsenic. 
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Bacterial strains from cattle dip sites have provided valuable resources for 

research and potential application. As a result of harsh conditions at the sites and the use 

of so many toxicants over a long period of time, organisms that survived there might have 

evolved distinctive resistance mechanisms. The five isolated rhizosphere bacterial strains 

showed a range of resistance to arsenate and arsenite (Section 2.3.8). 

After bacterial identification, further work carried out in this thesis was to study 

the gene function and mechanism of arsenic resistance of bacterial strain CDB3 isolated 

from the dip-sites; two clusters already identified makes this strain distinctive from all 

other bacterial strains characterized so far in this regard. The arsenical resistance cluster 1 

cloned from Bacillus sp. CDB3 displays a number of novel features including its largest 

gene number of all the known ars operons, the unique organization of the common arsR, 

B(Y), C, D and A genes, the coupling of an ATPase with YqcL it encodes, the addition of 

three more genes arsTIP with arsIP being first time identified in an ars operon, and 

finally, the yet-to-be fully elucidated complicated regulatory mechanism. 

Compared to other characterized bacterial ars clusters, CDB3 ars gene cluster 1 

appears to have a complicated yet novel regulatory mechanism for expression. It may be 

expressed as a single polycistronic transcript as well as two or even three small 

transcripts. Apart from the upfront main promoter which exists in all the other ars 

operons, at least one other promoter (or sub-promoter) is present. The second repressor, 

ArsD, has been demonstrated to bind not only to the main promoter but also to another 

site in second promoter. While much bioinformatic and experimental evidence is yet to 

be obtained to elucidate the mechanism of regulation, a hypothetical model can be 

proposed at this stage (Figure 8.1). ArsR is the main repressor which regulates the 
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expression of the operon at low arsenic concentrations and ArsD controls the upper level 

of expression as well as the latter three genes ars TIP. At low concentration of arsenite, 

arsRYC is dominantly expressed and it is sufficient to resist the low-medium 

concentrations of arsenic. RNA polymerase will release when it is halted by ArsD. When 

the concentration of arsenite further increases, the ArsD repressor is released from the 

DNA as a result transcription resumes, probably from two positions. A surprisingly 

interesting result from the reporter gene analysis pointed to a third possible promoter in 

front of arsT, although no obvious promoter sequence features are identified. 
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Figure 8.1: Proposed model for the regulation of C D B 3 ars gene cluster 1. (a) In normal circumstances, a 
low level of ArsR is produced in the absence of inducers and binds to the front operator/promoter site of the 
ars operon to repress the transcription. At low concentrations of arsenite, ArsR binds to arsenite and 
changes the conformation of ArsR which then dissociates from the D N A . R N A polymerase binds to the 
promoter, resulting in transcription of the ars cluster. With the R N A terminator in front of arsD, the first 
three genes arsRYC are more abundantly expressed, (b) W h e n the concentration of ArsD increases 
sufficiently, ArsD binds to the operator/promoter region at two positions upstream of ArsR/D and inhibits 
the transcription. At high concentrations of arsenite, ArsD binds to arsenite and dissociates from the D N A . 
R N A polymerase binds to the promoter and transcription starts again, (c) Possible transcripts of the C D B 3 
ars cluster 1 expression. (1): Short-transcript covering the arsRYC; (2): short-transcript covering the 
arsDA; (3): short-transcript covering the arsTIP; and (4): a single polycistronic transcript covering all eight 
genes. The involvement of possible arsT promoter is also illustrated. 
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M u c h work is still left to be carried out to further study this novel ars cluster. At 

the same time the other CDB bacteria also await to be characterized to reveal their 

mystery for being able to survive in the highly toxic arsenic contaminated environment. 

This research will lead us to new insights into the cell physiology of bacteria in 

combating arsenic toxicity stress and also in the development of novel remediation 

technologies. 
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APPENDICES 



APPENDIX 1: BACTERIAL MEDIA 

L B Broth Medium (1 litre): 
Bacto-tryptone 
Yeast extract 
NaCl 
pH7.5 

LB Agar Medium(l litre): 
Bacto-tryptone 
Yeast extract 
NaCl 
Agar 
pH7.5 

SOB Medium (1 litre): 
Tryptone 
Yeast extract 
NaCl (1 M ) 
KC1 (1 M) 
Autoclave and add MgS04 

SOC Medium (100 ml): 
SOB medium 
Glucose 

2YT Medium (1 litre): 
Bacto-tryptone 
Yeast extract 
NaCl 
pH7.0 

10 g 
5g 
10 g 

10 g 
5g 
10 g 
15 g 

20 g 

5g 
10 mL 
2.5 mL 
10 mM 

100 mL 
20 mM 

16 g 
10 g 
5g 



APPENDIX 2: BUFFERS AND SOLUTIONS 

0.8% TAE/TBE agarose gel + ethidium bromide (100 mL): 
Agarose 0.8 g 
IX TAE/TBE 100 m L 
EB (1 mg/mL) 15 \xL 

Loading dye (10 mL): 
Bromophenol blue 0.025 g 
Xylene cyanol FF 0.025 g 
Ficoll 1.5 g 

NETS buffer (1 litre): 
NaCl 0.1 M 
Tris-HCl (pH 8.0) 10 m M 
EDTA (pH 8.0) 1 m M 
SDS 1% (W/V) 
Before use, add p-Mercaptoethanol to 0.1% (V/V) 

TAEbuffer 50X(l litre): 
Tris base 242 g 
Glacial acetic acid 57.1 m L 
E D T A (0.5M, pH 8.0) 100 m L 
pH 7.0-7.5 

TBE buffer 1X(1 litre): 
Tris base 10.8 g 
Boric acid 5.5 g 
E D T A (0.5 M, pH 8.0) 4 m L 
pH 7.0-7.5 

Z buffer (1 litre): 
Na2HP04.7H20 60 m M 
NaH2P04.H20 40 m M 
KC1 10 mM 
MgS04. 7H20 1 mM 
Adjust pH to 7.0 
Before use, add P-Mercaptoethanol to 50 m M 

10 X MOPS (3-[N-Morpholine] propane sulfonic acid) (1 litre): 

0.2 M MOPS 46.2 g 
0.05 M sodium acetate 6.8 g 
0.01 M E D T A 3.27 g 
pH to 7.0 
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Binding Buffer (Gel Shift Assay): 

Tris-Cl (pH 7.6) 10 mM 
KC1 80 mM 
Na2EDTA 0.2 mM 
DTT 0.2 mM 
Glycerol 10 % 

6% Non-denaturing acrylamide gel (TBE gel) (10 mL): 

H20 7.3 mL 
40% Acrylamide/bis 1.5 mL 
5xTBE 0.6 mL 
10% APS 0.234 mL 
TEMED 0.006 mL 
80% Glycerol 0.360 mL 

Protein gel loading buffer: 

125 mM Tris-Cl (pH 6.8) 
5% SDS 
25% glycerol 
0.25 Bromophenol Blue 
The above mixture is 2.5X stored at room temperature. 
Mix with IM DTT at 4:1 ratio, which then must be refrigerated. 

Mix this with sample 1:1 ratio. 

SDS-PAGE gel 15% (10 mL): 

Separating gel (5 mL): 
H20 1.1 mL 
30% Acrylamide/bis 2.5 mL 
1.5 M Tris (pH 8.8) 1.3 mL 
10% SDS 0.05 mL 
10% APS 0.05 mL 
TEMED 0.002 mL 

Stacking gel (5 mL): 
H20 2.8 mL 

30% Acrylamide/bis 0.83 mL 
0.5 M Tris (pH 6.8) 1.26 mL 
10% SDS 0.05 mL 
10% APS 0.05 mL 
TEMED 0.005 mL 
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S D S - P A G E Protein staining solution: 

Comassive brilliant blue stain (1 litre): 
Comassive Blue R-250 0.2% 
Methanol 40% 
Glacial Acetic Acid 10% 
H20 50% 

2g 
400 mL 
100 mL 
500 mL 

Rapid de-stain (1 litre): 
Methanol 
Glacial Acetic Acid 

H20 

Final de-stain (1 litre): 
Glacial Acetic Acid 
Glycerol 
H20 

40% 
10% 
50% 

10% 
4% 
86% 

400 mL 
100 mL 
500 mL 

100 mL 
40 mL 
860 mL 

S D S - P A G E running buffer (1 litre): 
5x lx 

25mM Tris 
250mM Glycine (pH-8.3) 
0.1% SDS 
D-H20 

15.1 g 
94 g 
50 mL (10%w/v) 

950 mL 

3.028 g 
18.8 g 
10mL(10%w/v) 
990 mL 

Ni - N T A Purification 

Buffer stock solution A (10 x) (llitre): 
200 m M Sodium Phosphate (monobasic) 27.6 g 

(NaH2P04) 
5 M Nacl 292.9 g 
Deionized H 2 0 1000 m L 

Buffer stock solution B (10 x) (llitre): 
200 m M Sodium Phosphate (dibasic) 28.4 g 

(NaH2P04) 
5 M Nacl 292.9 g 
Deionized H 2 0 1000 m L 
Note: Store solutions at Room Temperature. 
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5 x Native purification buffer: 
(250 m M NaH2P04, pH 8.0; 2.5 M Nacl) 

Sodium Phosphate (monobasic) 7 g 
NaCl 29.2 g 
H 2 0 200 m L 
Mix well and adjust thepH to 8.0 with NaOH and store at R.T 

3 M Imidazole pH 6.0: 
(3 M Imidazole; 500 m M Nacl; 20 m M Sodium phosphate buffer, pH 6.0) 

Imidazole 20.6 g 
Stock solution A (10 x) 8.77 m L 
Stock solution B (10 x) 1.23 m L 
Deionized H 2 0 100 m L 
Mix well and adjust thepH to 6.0 with HCl or NaOH and store at R.T 

Native purification buffers: 

1 x Native purification buffer (100 mL): 
5 x Native Purification buffer 20 m L 
Sterile d.H20 80 m L 
Mix well and adjust thepH to 8.0 

Native binding buffer: 
*Use 30ml of lx native Purification buffer as the Native Binding Buffer* 

Native wash buffer: 
1 x Native purification buffer 50 m L 

3 M Imidazole, pH 6.0 335 |iL 

Mix well and adjust thepH to 8.0 

Native elution buffer (15 mL): 
1 x Native Purification buffer 13.75 m L 
3 M Imidazole, pH 6.0 1.25 m L 

Mix well and adjust thepH to 8.0 
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A P P E N D I X 3: Multiple sequence alignments of the 16S rDNA sequence of 
CDBI, CDB2, CDB3, C D B 4 and CDB5 with their related bacterial species. The 26 
related species were chosen according to their pairwise alignment score and identity. 
Multiple alignments with related species were performed using ClustalW. 

21 
0.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB2 
B.melitens 
B.canis 
0.anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB 5 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 
CDB3 
CDB4 
B.mycoides 
Bacterium Te27R 
B.anthracis 
B.thuringinesis 
B.cereus G8639 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A.sulfonivorans 
A.polychromogenes 

31 41 51 
AGTTTGATCCTGGCTCAGAACGAACGC 

AACGAACGC 
AACGAACGC 

CTCAGAACGAACGC 
TCAGAACGAACGC 

AGTTTGATCCTGGCTCAGAACGAACGC 
ACGAACGC 

AACGAACGC 
TGGCGGGCGGTAATACGTAGCA 

GGCTTACACATGC 
CCTAACACAT-GCA 

AGTTTGATCCTGGCTCAGATTGAACGCTGGCGGCAGGCCTAACACAT-GCA 
GATGAACGCTGGCGGCGTGCCTAATACAT-GCA 

ACAGGGAGCCGA GCA 
TAATACAT-GCA 

TTAGAKTTTGATCATGGCTCAGGATGAACGCTGGCGGCGTGCTTAATACAT-GCA 
TTATTGGAGAGTTTGATCCTGGCTCAGGATGAACGCTGGCGGCGTGCCTAATACAT-GCA 

CTGGCTCAGGATGAACGCTGGCGGCGTGCCTAATACAT - GCA 
TTATTGGAGAGTTTGATCCTGGCTCAGGATGAACGCTGGCGGCGTGCCTAATACAT-GCA 

ATATAGCCGACAGCTCACCGTA- -GCA 
CCTGGCTCAGGATGAACGCTGGCGGCGTGCTTAACACAT - GCA 

GATGAACGCTGGCGGCGTGCTTAACACAT-GCA 
GATCCTGGCTCAGGATGAACGCTGGCGGCGTGCTTAACACAT-GCA 

GGCGGCGTGCTTAACACAT-GCA 
GATCCTGGCTCAGGATGAACGCTGGCGGCGTGCTTAACACAT-GCA 

O.grignonense 
Ochrobactrum sp LMG20 564 
Ochrobactrum sp 
CDB2 
B.melitens 
B.canis 
O.antiiropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 
CDB 3 
CDB4 
B.mycoides 
Bacterium Te27R 
B.anthracis 
B.thuringinesis 
B. cereus G8639 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A.sulfonivorans 
A. polychromogenes 

0.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB 2 
B.melitens 
B.canis 
0.anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB 5 
Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 
CDB3 
CDB4 

61 71 81 91 101 111 
TGGCGGCAGGCTTAACACATGCAAGTCGAGCGCCTCGCAAGAGGAGCGGCAGACGGGTGA 
TGGCGGCAGGCTTAACACATGCAAGTCGAGCGCCCCGCAAGGGGAGCGGCAGACGGGTGA 
TGGCGGCAGGCTTAACACATGCAAGTCGAGCGCCCCGCAAG-GGAGCGGCAGACGGGTGA 

GGTAGCCGG-TAAGCGGCAGACGGGTGA 
TGGCGGCAGGCTTAACACATGCAAGTCGAGCGCCCCGCAAGGGGAGCGGCAGACGGGTGA 
TGGCGGCAGGCTTAACACATGCAAGTCGAGCGCCCCGCAAGGGGAGCGGCAGACGGGTGA 
TGGCGGCAGGCTTAACACATGCAAGTCGAGCGCCCCGCAAGGGGAGCGGCAGACGGGTGA 
TGGCGGCAGGCTTAACACATGCAAGTCGAGCGCTC-GCAACGGGAGTGGCAGACGGGTGA 
TGGCGGCAGGCTTAACACATGCAAGTCGAGCGCCCCGCAAGGGGAGCGGCAGACGGGTGA 
AGTCGAGCGG--TAGCACAGGGGAG-CTTGCTCCCTGGGTGACGAGCGGCGGACGGGTGA 
AGTCGAGCGG--TAGCACAGGGGAG-CTTGCTCCCTGGGTGACGAGCGGCGGACGGGTGA 

A2 JM AGTCGAGCGG- -TAGCACAGAI«mW-NNNNNNNNTCGGGTGACGAGCGGCGGACGGGTGA 
AGTCGAACGG--TAGCACAGAG-AG-CTTGCTCTC-GGGTGACGAGTGGCGGACGGGTGA 
AGTCGAGCG AATGGGTTGAGAGCTTGCTCTC-AAGAAGTTAGCGGCGGACGGGTGA 
AG- - CAGCG AA- -GGATAAGAGCTTGCTCTT-ATGAAGTTAGCGGCGGACGGGTGA 
AGTCGAGCG AATGGATTAAGAGCTTGCTCTT-ATGAAGTTAGCGGCGGACGGGTGA 
AGTCGAGCG AATGGATTAAGAGCTTGCTCTT-ATGAAGTTAGCGGCGGACGGGTGA 
AGTCGAGCG AATGGATTAAGAGCTTGCTCTT-ATGAAGTTAGCGGCGGACGGGTGA 
AGTCGAGCG AATGGATTAAGAGCTTGCTCTT-ATGAAGTTAGCGGCGGACGGGTGA 
AGTCGAGCG AATGGATTGAGAGCTTGCTCTC-AAGAAGTTAGCGGCGGACGGGTGA 
AGTCGAACG AT - - GATCC - CAGCTTGCTGG - - - GG - GATTAGTGGCGAACGGGTGA 
AGTCGANCG AT- -GATCC-CAGCTTNCTGG- - -GG-GATTAGTGGCGAACGGGTGA 
AGTCGAACG AT- -GATCC-CAGCTTGCTGG- - -GG-GATTAGTGGCGAACGGGTGA 
AGTCGAACG AT- -GATCC-CAGCTTGCTGG- - -GG-GATTAGTGGCGAACGGGTGA 
AGTCGAACG AT- -GAACCTCACTTGTGGGG- - -GG-GATTAGTGGCGAACGGGTGA 
AGTCGAACG AT- -GAAGGGGAGCTTGCTCC-- -TG-GATTAGTGGCGAACGGGTGA 

121 131 141 151 161 171 

GTAACGCGTGGG-AATCTACCTTTTGCTACGGAATAACTCAGGGAAACTTGTGCTAATAC 
GTAACGCGTGGG-AATCTACCTTTTGCTACGGAATAACTCAGGGAAACTTGTGCTAATAC 
GTAACGCGTGGG-AATCTACCTTTTGCTACGGAATAACTCAGGGAAACTTGTGCTAATAC 
GTAACGCGTGGG-AATCTACCTTTTGCTACGGAATAACTCAGGGAAACTTGTGCTAATAC 
GTAACGCGTGGG-AACGTACCATTTGCTACGGAATAACTCAGGGAAACTTGTGCTAATAC 
GTAACGCGTGGG-AACGTACCATTTGCTACGGAATAACTCAGGGAAACTTGTGCTAATAC 
GTAACGCGTGGG-AACGTACCTTTTGCTACGGAATAACTCAGGGAAACTTGTGCTAATAC 
GTAACGCGTGGG-AATCTACCCTTTTCTACGGAATAACGCATGGAAACTTGTGCTAATAC 
GTAACGCGTGGG - AATCTACCCTTTTCTACGGAATAACGCAGGGAAACTTGTGCTAATAC 
GTAATGTCTGGG-AAACTGCCTGATGGAGGGGGATAACTACTGGAAACGGTAGCTAATAC 
GTAATGTCTGGG-AAACTGCCTGATGGAGGGGGATAACTACTGGAAACGGTAGCTAATAC 

A2JM GTAATGTCTGGG-AAACTGCCTGATGGAGGGGGATAACTACTGGAAACGGTAGCTAATAC 
GTAATGTCTGGG-AAACTGCCCGATGGAGGGGGATAACTACTGGAAACGGTAGCTAATAC 
GTAACACGTGGGTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATAC 
GTAACACGTGGGTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATAC 
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B.mycoides 
Bacterium Te27R 
B. anthracis 
B.thuringinesis 
B.cereus G8639 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A.sulfonivorans 
A.polychromogenes 

0.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB 2 
B.melitens 
B.canis 
0. anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 
CDB3 
CDB4 
B.mycoides 
Bacterium Te27R 
B. anthracis 
B. thuringinesis 
B.cereus G863 9 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A. sulfonivorans 
A. polychromogenes 

GTAACACGTGGGTAACCTACCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATAC 
GTAACACGTGGGTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATAC 
GTAACACGTGGGTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATAC 
GTAACACGTGGGTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATAC 
GTAACACGTGGGTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATAC 
GTAACACGTGAGTAACCTGCCCTTGACTCTGGGATAAGCCTGGGAAACTGGGTCTAATAC 
GTAACACGTGAGTAACCTGCCCTTGACTCTGGGATAACCCTGGGAAACTGGGTCTAATAC 
GTAACACGTGAGTAACCTGCCCTTGACTCTGGGATAAGCCTGGGAAACTGGGTCTAATAC 
GTAACACGTGAGTAACCTGCCCTTGACTCTGGGATAAGCCTGGGAAACTGGGTCTAATAC 
GTAACACGTGAGTAACCTGCCCTTGACTCTGGGATAAGCCTGGGAAACTGGGTCTAATAC 
GTAACACGTGAGTAACCTGCCCTTAACTCTGGGATAAGCCTGGGAAACTGGGTCTAATAC 
181 191 201 211 221 231 
CGTATGT GCCCTTTTGGGGAAAGATT TATCGGCAAAG 
CGTATGT GCCCTTCGGGGGAAAGATT TATCGGCAAAG 
CGTATGT GCCCTTCGGGGGAAAGATT TATCGGCAAAG 
CGTATGT GCCCTTCGGGGGAAAGATT - TATCGGCAAAG 
CGTATGT GCCCTTCGGGGGAAAGATT TATCGGCAAAT 
CGTATGT GCCCTTCGGGGGAAAGATT TATCGGCAAAT 
CGTATGT GCCCTTCGGGGGAAAGATT TATCGGCAAAG 
CGTATGA GCCCTTCGGGGGAAAGATT TATCGGGAAAG 
CGTATGA GCCCTTCGGGGGAAAGATT TATCGGGAAAG 
CGCATAACGTCGCAAGACCAAAGAGGGGGACCTTCGGGC CTCTTGCCATCA 
CGCATAACGTCGCAAGACCAAAGAGGGGGACCTTCGGGC CTCTTGCCATCA 

A2 JM CGCATAACGTCTTCGGACCAAAGAGGGGGACCTTCGGGC CTCTTGCCATCA 
CGCATAATGTCGCAAGACCAAAGTGGGGGACCTTCGGGC CTCACACCATCG 
CGGATAATATTTTGAACTGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATG 
CGGATAATATTTTGAACTGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATG 
CGGATGATATTTTGAACTGCATAGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATG 
CGGATAACATTTTGAACYGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATG 
CGGATAACATTTTGAACCGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATG 
CGGATAACATTTTGAACYGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATG 
CGGATAAYATTTTGAACTGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATG 
CGGATATGACTCCTCATCGCATGGTGGGG-GGTGGAAA GCTTT TGTG-GTTTTG 
CGGATATGACTCCTCATCGCATGGTGGGG-GGTGGAAA GCTTT TGTG-GTTTTG 
CGGATACGACCATTCCACGCATGTGGTGGTGGTGGAAA GCTTT TGTG-GTTTTG 
CGGATACGACCATCTGGCGCATGTCATGGTGGTGGAAA GCTTT TGTG-GTTTTG 
CGGATATGACGCCTCATCGCATGGTGGGG-GGTGGAAA- - -GTTTT- - -TGTG-GTTTTG 
CGGATATGACTCCTCATCGCATGGTGGGG-GGTGGAAA GCTTT ATTGTGTTTTG 

0.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB2 
B.melitens 
B. canis 
0.anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 
CDB 3 
CDB4 
B.mycoides 
Bacterium Te27R 
B.anthracis 
B.thuringinesis 
B.cereus G863 9 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A.sulfonivorans 
A.polychromogenes 

241 251 261 271 281 291 
GATGAGCCCGCGTTGGATTAGCTAGTTGGTAGGGTAATGGCCTACCAAGGCGACGATCCA 
GATGAGCCCGCGTTGGATTAGCTAGTTGGTGAGGTAAAGGCTCACCAAGGCGACGATCCA 
GATGAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCCACCAAGGCGACGATCCA 
GATGAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCCACCAAGGCGACGATCCA 
GATCGGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCTCACCAAGGCGACGATCCA 
GATCGGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCTCACCAAGGCGACGATCCA 
GATCGGCCCGCGTTGGATTAGCTAGTTGGTGAGGTAAAGGCTCACCAAGGCGACGATCCA 
GATGAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCA 
GATGAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCA 
GATGTGCCCAGATGGGATTAGCTAGTAGGTGGGGTAATGGCTCACCTAGGCGACGATCCC 
GATGTGCCCAGATGGGATTAGCTAGTAGGTGGGGTAATGGCTCACCTAGGCGACGATCCC 

A2JM GATGTGCCCAGATGGGATTAGCTAGTAGGTGAGGTAATGGCTCACCTAGGCGACGATCCC 
GATGTGCCCAGATGGGATTAGCTAGTTGGTGAGGTAATGGCTCACCAAGGCGACGATCCC 
GATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCG 
GATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCG 
GATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCGACGATGCG 
GATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCG 
GATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCG 
GATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCG 
GATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCG 
GATGGACTCGCGGCCTATCAGCTTGTTGGTGGGGTAATGGCCTACCAAGGCGACGACGGG 
GATGGACTCGCGGCCTATCAGCTTGTTGGTGGGGTAATGGCCTACCAAGGCGACGACGGG 
GATGGACTCGCGGCCTATCAGCTTGTTGGTGGGGTAATGGCCTACCAAGGCGACGACGGG 
GATGGACTCGCGGCCTATCAGCTTGTTGGTGGGGTAATGGCCTACCAAGGCGACGACGGG 
GATGGACTCGCGGCCTATCAGCTTGTTGGTGAGGTAATGGCTCACCAAGGCGACGACGGG 
GATGGACTCGCGGCCTATCAGCTTGTTGGTGAGGTAATGGCTTACCAAGGCGACGACGGG 

0.grignonense 
Ochrobactrum sp LMG205S4 
Ochrobactrum sp 
CDB2 
B.melitens 
B.canis 
0.anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB 5 
Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 

301 311 321 331 341 351 
TAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG 
TAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG 
TAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG 
TAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG 
TAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG 
TAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG 
TAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG 
TAGCTGGTCTGAGAGGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCCTACG 
TAGCTGGTCTGAGAGGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCCTACG 
TAGCTGGTCTGAGAGGATGACCAGCCACACTGGAACTGAGACACGGTCCAGACTCCTACG 
TAGCTGGTCTGAGAGGATGACCAGCCACACTGGAACTGAGACACGGTCCAGACTCCTACG 

A2JM TAGCTGGTCTGAGAGGATGACCAGCCACACTGGAACTGAGACACGGTCCAGACTCCTACG 
TAGCTGGTCTGAGAGGATGACCAGCCACACTGGAACTGAGACACGGTCCAGACTCCTACG 
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CDB 3 
CDB4 
B.mycoides 
Bacterium Te27R 
B.anthracis 
B.thuringinesis 
B.cereus G8639 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A.sulfonivorans 
A.polychromogenes 

TAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG 
TAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG 
TAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGATTCCTACG 
TAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG 
TAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG 
TAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG 
TAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG 
TAGCCGGCCTGAGAGGGTGACCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG 
TAGCCGGCCTGAGAGGGTGACCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG 
TAGCCGGCCTGAGAGGGTGACCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG 
TAGCCGGCCTGAGAGGGTGACCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG 
TAGCCGGCCTGAGAGGGTGACCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG 
TAGCCGGCCTGAGAGGGTGACCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG 

0.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB2 
B.melitens 
B.canis 
0.anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB 5 
Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 
CDB3 
CDB4 
B.mycoides 
Bacterium Te27R 
B. anthracis 
B. thuringinesis 
B.cereus G8639 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A. sulfonivorans 
A. polychromogenes 

361 371 381 391 401 411 
GGAGGCAGCAGTGGGGAATATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTG 
GGAGGCAGCAGTGGGGAATATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTG 
GGAGGCAGCAGTGGGGAATATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTG 
GGAGGCAGCAGTGGGGAATATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTG 
GGAGGCAGCAGTGGGGAATATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTG 
GGAGGCAGCAGTGGGGAATATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTG 
GGAGGCAGCAGTGGGGAATATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTG 
GGAGGCAGCAGTGGGGAATATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTG 
GGAGGCAGCAGTGGGGAATATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTG 
GGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTG 
GGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTG 

A2JM GGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTG 
GGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTG 
GGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTG 
GGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTG 
GGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTG 
3GAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTG 
GGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTG 
GGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTG 
GGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTG 
GGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCGACGCCGCGTG 
GGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCGACGCCGCGTG 
GGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCGACGCCGCGTG 
GGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCGACGCCGCGTG 
GGAGGCAGCAGTGGGGAATATTGCACAATGGGCGAAAGCCTGATGCAGCGACGCCGCGTG 
GGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCGACGCCGCGTG 

0.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB 2 
B.melitens 
B.canis 
0.anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 
CDB3 
CDB4 
B.mycoides 
Bacterium Te27R 
B.anthracis 
B. thuringinesis 
B.cereus G863 9 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A. sulfonivorans 
A.polychromogenes 

421 431 441 451 461 471 
AGTGATGAAGGCCCTAGGGTTGTAAAGCTCTTTCACCGGTGAAGA TA 
AGTGATGAAGGTCTTAGGATTGTAAAGCTCTTTCACCGGTGAAGA TA 
AGTGATGAAGGCCCTAGGGTTGTAAAGCTCTTTCACCGGTGAAGA TA 
AGTGATGAAGGCCCTAGGGTTGTAAAGCTCTTTCACCGGTGAAGA TA 
AGTGATGAAGGCCCTAGGGTTGTAAAGCTCTTTCACCGGTGAAGA TA 
AGTGATGAAGGCCCTAGGGTTGTAAAGCTCTTTCACCGGTGAAGA TA 
AGTGATGAAGGCCCTAGGGTTGTAAAGCTCTTTCACCGGTGAAGA TA 
AGTGATGAAGGCCCTAGGGTTGTAAAGCTCTTTCACCGGTGAAGA TA 
AGTGATGAAGGCCCTAGGGTTGTAAAGCTCTTTCACCGGTGAAGA TA 
TGTGAAGAAGGCCTTCGGGTTGTAAAGCACTTTCAGCGAGGAGGAAGGTG-GTGAACTTA 
TGTGAAGAAGGCCTTCGGGTTGTAAAGCACTTTCAGCGAGGAGGAAGGTG - GTGAGCTTA 

A2JM TGTGAAGAAGGCCTTCGGGTTGTAAAGCACTTTCAGCGGGGAGGAAGGCG-GTGAGATTA 
TATGAAGAAGGCCTTCGGGTTGTAAAGTACTTTCAGCGAGGAGGAAGGCA-TTAAGGTTA 
AGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGA 
AGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGA 
AGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGA 
AGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGA 
AGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGA 
AGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGA 
AGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGA 
AGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCAGTAGGGAAGAA GC G-
AGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCAGTAGGGAAGAA GC G-
AGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCAGTAGGGAAGAA GC G-
AGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCAGTAGGGAAGAA GC CG 
AGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCAGTAGGGAAGAA GC G-
AGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCAGTAGGGAAGAA GC G-

0.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB 2 
B.melitens 
B.canis 
0. anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB 5 

481 491 501 511 521 531 
AT GACGGTAACCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGC 
AT GACGGTAACCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGC 
AT GACGGTAACCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGC 
AT GACGGTAACCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGC 
AT GACGGTAACCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGC 
AX GACGGTAACCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGC 
AT GACGGTAACCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGC 
AT GACGGTAACCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGC 
AT GACGGTAACCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGC 
ATACGCTCATCAATTGACGTTACTCGCAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGC 
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Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 
CDB 3 
CDB4 
B.mycoides 
Bacterium Te2 7R 
B.anthracis 
B.thuringinesis 
B,cereus G863 9 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A.sulfonivorans 
A.polychromogenes 

ATACGCTCATCAATTGACGTTACTCGCAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGC 
A2JM ATACTCTCACCGATTGACGTTACCCGCAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGC 

ATAACCTTAGTGATTGACGTTATTCGCAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGC 
ATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGC 
ATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGC 
ATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGC 
ATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGC 
ATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGC 
ATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGC 
ATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGC 
-TAAG TGACGGTACCTGCAGAAGAAGCGCCGGCTAACTACGTGCCAGCAGC 
-TAAG TGACGGTACCTGCAGAAGAAGCGCCGGCTAACTACGTGCCAGCAGC 
-AAAG TGACGGTACCTGCAGAAGAAGCGCCGGCTAACTACGTGCCAGCAGC 
TAAGG TGACGGTACCTGCAGAAGAAGCGCCGGCTAACTACGTGCCAGCAGC 
-AAAG TGACGGTACCTGCAGAAGAAGCGCCGGCTAACTACGTGCCAGCAGC 
-AAAG TGACGGTACCTGCAGAAGAAGCGCCGGCTAACTACGTGCCAGCAGC 

0.grignonense 
Ochrobactrum sp LMG20S64 
Ochrobactrum sp 
CDB 2 
B.melitens 
B.canis 
0.anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 
CDB 3 
CDB4 
B.mycoides 
Bacterium Te27R 
B. anthracis 
B.thuringinesis 
B.cereus G8639 
CDBI 
A.histidinolovorans 
Arthrobacter sp 
A. ilicis 
A.sulfonivorans 
A.polychromogenes 

541 551 561 571 581 591 
CGCGGTAATACGAAGGGGGCTAGCGTTGTTCGGATTTACTGGGCGTAAAGCGCACGTAGG 
CGCGGTAATACGAAGGGGGCTAGCGTTGTTCGGATTTACTGGGCGTAAAGCGCACGTAGG 
CGCGGTAATACGAAGGGGGCTAGCGTTGTTCGGATTTACTGGGCGTAAAGCGCACGTAGG 
CGCGGTAATACGAAGGGGGCTAGCGTTGTTCGGATTTACTGGGCGTAAAGCGCACGTAGG 
CGCGGTAATACGAAGGGGGCTAGCGTTGTTCGGATTTACTGGGCGTAAAGCGCACGTAGG 
CGCGGTAATACGAAGGGGGCTAGCGTTGTTCGGATTTACTGGGCGTAAAGCGCACGTAGG 
CGCGGTAATACGAAGGGGGCTAGCGTTGTTCGGATTTACTGGGCGTAAAGCGCACGTAGG 
CGCGGTAATACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGG 
CGCGGTAATACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGG 
CGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGG 
CGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGG 
CGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATGACTGGGCGTAAAGCGCACGCAGG 
CGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGG 
CGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGG 
CGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGG 
CGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGG 
CGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGG 
CGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGG 
CGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGG 
CGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGG 
CGCGGTAATACGTAGGGCGCAAGCGTTATCCGGAATTATTGGGCGTAAAGAGCTCGTAGG 
CGCGGTAATACGTAGGGCGCAAGCGTTATCCGGAATTATTGGGCGTAAAGAGCTCGTAGG 
CGCGGTAATACGTAGGGCGCAAGCGTTATCCGGAATTATTGGGCGTAAAGAGCTCGTAGG 
CGCGGTAATACGTAGGGCGCAAGCGTTATCCGGAATTATTGGGCGTAAAGAGCTCGTAGG 
CGCGGTAATACGTAGGGCGCAAGCGTTATCCGGAATTATTGGGCGTAAAGAGCTCGTAGG 
CGCGGTAATACGTAGGGCGCAAGCGTTATCCGGAATTATTGGGCGTAAAGAGCTCGTAGG 

0.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB2 
B.melitens 
B.canis 
0.anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 
CDB3 
CDB4 
B.mycoides 
Bacterium Te27R 
B.anthracis 
B.thuringinesis 
B.cereus G8639 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A. sulfonivorans 
A.polychromogenes 

601 611 621 631 641 651 
CGGACTTTTAAGTCAGGGGTGAAATCCCGGGGCTCAACCCCGGAACTGCCTTTGATACTG 
CGGACTTTTAAGTCAGGGGTGAAATCCCGGGGCTCAACCCCGGAACTGCCTTTGATACTG 
CGGACTTTTAAGTCAGGGGTGAAATCCCAGAGCTCAACTCTGGAACTGCCTTTGATACTG 
CGGACTTTTAAGTCAGGGGTGAAATCCCAGAGCTCAACTCCGGAACTGCCTTTGATACTG 
CGGACTTTTAAGTCAGGGGTGAAATCCCGGGGCTCAACCCCGGAACTGCCTTTGATACTG 
CGGACTTTTAAGTCAGGGGTGAAATCCCGGGGCTCAACCCCGGAACTGCCTTTGATACTG 
CGGACTTTTAAGTCAGGGGTGAAATCCCGGGGCTCAACCCCGGAACTGCCTTTGATACTG 
CGGACATTTAAGTCAGGGGTGAAATCCCAGAGCTCAACTCTGGAACTGCCTTTGATACTG 
CGGACATTTAAGTCAGGGGTGAAATCCCGGGGCTCAACCCCGGAACTGCCTTTGATACTG 
CGGTTTGTTAAGTCAGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATTTGAAACTG 
CGGTTTGTTAAGTCAGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATTTGAAACTG 
CGGTTTGTTAAGTCAGATGTGAAATCCCCGAGCTTAACTTGGGAACTGCATTTGAAACTG 
CGGTCTGTCAAGTCGGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATTCGAAACTG 
TGGTTTCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTG 
TGGTTTCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTG 
TGGTTTCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTG 
TGGTTTCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTG 
TGGTTTCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTG 
TGGTTTCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTG 
TGGTTTCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTG 
CGGTTTGTCGCGTCTGCTGTGAAAGACCGGGGCTCAACTCCGGTTCTGCAGTGGGTACGG 
CGGTTTGTCGCGTCTTCTGTGAAAGACCGGGGCTCAACTCCGGTTCTCCAGTGGGTACGG 
CGGTTTGTCGCGTCTGCTGTGAAAGACCGGGGCTCAACTCCGGTTCTGCAGTGGGTACGG 
CGGTTTGTCGCGTCTGCTGTGAAAGACCGGGGCTCAACTCCGGTTCTGCAGTGGGTACGG 
CGGTTTGTCGCGTCTGCCGTGAAAGTCCGGGGCTCAACTCCGGATCTGCGGTGGGTACGG 
CGGTTTGTCGCGTCTGCCGTGAAAGTCCGGGGCTCAACTCCGGATCTGCGGTGGGTACGG 

O.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB 2 
B.melitens 
B.canis 
0. anthropi 

661 671 681 691 701 711 
GAAGTCTTGAGTATGGTAGAGGTGAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGAT 
GAAGTCTTGAGTATGGTAGAGGTGAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGAT 
GAAGTCTTGAGTATGGTAGAGGTGAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGAT 
GAAGTCTTGAGTATGGTAGAGGTGAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGAT 
GAAGTCTTGAGTATGGTAGAGGTGAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGAT 
GAAGTCTTGAGTATGGTAGAGGTGAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGAT 
GAAGTCTTGAGTATGGTAGAGGTGAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGAT 
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Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 
CDB3 
CDB4 
B.mycoides 
Bacterium Te27R 
B.anthracis 
B.thuringinesis 
B.cereus G8639 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A. sul f on i vorans 
A.polychromogenes 

GGTGTCTAGAGTATGGAAGAGGTGAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGAT 
GGTGTCTAGAGTCCGGAAGAGGTGAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGAT 
GCAAGCTAGAGTCTCGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGAG 
GCAAGCTAGAGTCTCGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGAG 

A2JM GCAAGCTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGAG 
GCAGGCTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGAG 
GGAGACTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAG 
GGAGACTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAG 
GGAGACTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAG 
GGAGACTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAG 
GGAGACTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAG 
GGAGACTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAG 
GGAGACTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAG 
GCAGACTAGAGTGCAGTAGGGGAGACTGGAATTCCTGGTGTAGCGGTGAAATGCGCAGAT 
GCAGACTAGAGTGCAGTAGGGGAGACTGGAATTCCTGGTGTAGCGGTGAAATGCGCAGAT 
GCAGACTAGAGTGCAGTAGGGGAGACTGGAATTCCTGGTGTAGCGGTGAAATGCGCAGAT 
GCAGACTAGAGTGCAGCAGGGGAGACTGGAATTCCTGGTGTAGCGGCGAAATGCGCAGAT 
GCAGACTAGAGTGATGTAGGGGAGACTGGAATTCCTGGTGTAGCGGTGAAATGCGCAGAT 
GCAGACTAGAGTGATGTAGGGGAGACTGGAATTCCTGGTGTAGCGGTGAAATGCGCAGAT 

0.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB2 
B.melitens 
B.canis 
0. anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB 5 
Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 
CDB3 
CDB4 
B.mycoides 
Bacterium Te27R 
B.anthracis 
B.thuringinesis 
B.cereus G863 9 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A.sulfonivorans 
A.polychromogenes 

721 731 741 751 761 771 
ATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTGGACCATTACTGACGCTGAGGTGCG 
ATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTGGACCATTACTGACGCTGAGGTGCG 
ATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTGGACCATTACTGACGCTGAGGTGCG 
ATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTGGACCATTACTGACGCTGAGGTGCG 
ATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTGGACCATTACTGACGCTGAGGTGCG 
ATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTGGACCATTACTGACGCTGAGGTGCG 
ATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTGGACCATTACTGACGCTGAGGTGCG 
ATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTGGTCCATTACTGACGCTGAGGTGCG 
ATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTGGTCCGGTACTGACGCTGAGGTGCG 
ATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACGAAGACTGACGCTCAGGTGCG 
ATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACGAAGACTGACGCTCAGGTGCG 

A2JM ATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGACGCTCAGGTGCG 
ATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGACGCTCAGGTGCG 
ATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCG 
ATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCG 
ATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCG 
ATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCG 
ATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCG 
ATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCG 
ATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCG 
ATCAGGAGGAACACCGATGGCGAAGGCAGGTCTCTGGGCTGTAACTGACGCTGAGGAGCG 
ATCAGGAGGAACACCCATGGCGAAGGCAGGTCTCTGGGCTGTAACTGACGCTGAGGAGCG 
ATCAGGAGGAACACCGATGGCGAAGGCAGGTCTCTGGGCTGTAACTGACGCTGAGGAGCG 
ATCAGGAGGAACACCCATGGCGAAGGCAGGTCTCTGGGCTGTAACTGACGCTGAGGAGCG 
ATCAGGAGGAACACCGATGGCGAAGGCAGGTCTCTGGGCATTAACTGACGCTGAGGAGCG 
ATCAGGAGGAACACCGATGGCGAAGGCAGGTCTCTGGGCATTAACTGACGCTGAGGAGCG 

0.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB2 
B.melitens 
B.canis 
0.anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB 5 
Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 
CDB3 
CDB4 
B.mycoides 
Bacterium Te27R 
B.anthracis 
B.thuringinesis 
B.cereus G863 9 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A.sulfonivorans 
A.polychromogenes 

781 791 801 811 821 831 
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATG 
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATG 
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATG 
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATG 
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATG 
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATG 
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATG 
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATG 
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATG 
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCTGTAAACGATGTCGA 
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCTGTAAACGATGTCGA 

A2 JM AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCTGTAAACGATGTCGA 
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGTCTA 
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTG 
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTG 
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTG 
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTG 
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTG 
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTG 
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTG 
AAAGCATGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCATGCCGTAAACGTTGGGCA 
AAAGCATGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCATGCCGTAAACGTTGGGCA 
AAAGCATGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCATGCCGTAAACGTTGGGCA 
AAAGCTAGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCATGCCGTAAACGTTGGGCA 
AAAGCATGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCATGCCGTAAACGTTGGGCA 
AAAGCATGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCATGCCGTAAACGTTGGGCA 

0.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB2 

841 851 861 871 881 891 
TTAGCCG-TCGGGGAGTTT-ACTCTT-CGGTGGCGCAGCTAA-CGCATTAAACATTCCGC 
TTAGCCG- TCGGGGAGTTT-ACTCTT-CGGTGGCGCAGCTAA- CGCATTAAACATTCCGC 
TTAGCCG - TCGGGGTGTTT- ACACTT - CGGTGGCGCANNTAA- CGCATTAAACATTCCGC 
TTAGCCG-TCGGGGTGTTT-ACACTTACGGTGGCGCAGCTAATCGCAT.AAACATTCCGC 
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B.melitens 
B.canis 
O.anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 
CDB3 
CDB4 
B.mycoides 
Bacterium Te27R 
B.anthracis 
B.thuringinesis 
B.cereus G8639 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A.sulfonivorans 
A.polychromogenes 

TTAGCCG - TCGGGGTGTTT - ACACTT - CGGTGGCGCAGCTAA • 
TTAGCCG - TCGGGGTGTTT - ACACTT - CGGTGGCGCAGCTAA-
TTAGCCG - TTGGGGAGTTT - ACTCTT - CGGTGGCGCAGCTAA • 
TTAGCCG-TCGGGCAGTTT-ACTGTT-CGGTGGCGCAGCTAA-
TTAGCCG- TCGGGCAGTTT - ACTGTT - CGGTGGCGCAGCTAA-
TTTGGAGGTTGTGCCCTTG - AGGCGT - GGCTTCCGGAGCTAA-
TTTGGAGGTTGTGCCCTTG-AGGCGT-GGCTTCCGGAGCTAA-

A2JM TTTGGAGGTTGTGCCCTTG-AGGCGT-GGCTTCCGGAGCTAA 
TTTGGAGGTTGTTCCCTTG-AGGAGT - GGCTTCCGGAGCTAA 
CTAAGTGTTAGAGGGTTTCCGCCCTTTA-GTGCTGAAGTTAA-
CTAAGTGTTAGAGGGTTTCCGCCCTTTA-GTGCTGAAGTTAA 
CTAAGTGTTAGAGGGTTTCCGCCCTTTA-GTGCTGAAGTTAA 
CTAAGTGTTAGAGGGTTTCCGCCCTTTA - GTGCTGAAGTTAA 
CTAAGTGTTAGAGGGTTTCCGCCCTTTA-GTGCTGAAGTTAA 
CTAAGTGTTAGAGGGTTTCCGCCCTTTA-GTGCTGAAGTTAA 
CTAAGTGTTAGAGGGTTTCCGCCCTTTA-GTGCTGAAGTTAA 
CTAGGTGTGGGGGACATTCCACGTTTTCCGCGCCGTAGCTAA 
CTAGGTGTGGGGGACATTCCACGTTTTCCGCGCCGTAGCTAA 
CTAGGTGTGGGGGACATTCCACGTTTTCCGCGCCGTAGCTAA 
CTAGGTGTGGGGGACATTCCACGTTTTCCGCGCCGTAGCTAA 
CTAGGTGTGGGGGACATTCCACGTTTTCCGCGCCGTAGCTAA 
CTAGGTGTGGGGGACATTCCACGTTTTCCGCGCCGTAGCTAA 

CGCATTAAACATTCCGC 
CGCATTAAACATTCCGC 
CGCATTAAACATTCCGC 
CGCATTAAACATTCCGC 
CGCATTAAACATTCCGC 
CGCGTTAAATCGACCGC 
CGCGTTAAATCGACCGC 
CGCGTTAAATCGACCGC 
CGCGTTAAATAGACCGC 
CGCATTAAGCACTCCGC 
CGCATTAAGCACTCCGC 
CGCATTAAGCACTCCGC 
CGCATTAAGCACTCCGC 
CGCATTAAGCACTCCGC 
CGCATTAAGCACTCCGC 
• CGCATTAAGCACTCCGC 
•CGCATTAAGTGCCCCGC 
•CGCATTAAGTGCCCCGC 
• CGCATTAAGTGCCCCGC 
•CGCATTAAGTGCCCCGC 
•CGCATTAAGTGCCCCGC 
• CGCATTAAGTGCCCCGC 

0.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB 2 
B.melitens 
B.canis 
O.anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 
CDB 3 
CDB4 
B.mycoides 
Bacterium Te27R 
B.anthracis 
B.thuringinesis 
B.cereus G863 9 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A.sulfonivorans 
A. polychromogenes 

901 911 921 931 941 951 
CTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGT- CGGCCGCAAGGTTAAA- CTCAAATGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGG 

A2JM CTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGCCGCAAGGCTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGCCGCAAGGCTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGCCGCAAGGCTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGCCGCAAGGCTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGCCGCAAGGCTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 
CTGGGGAGTACGGCCGCAAGGCTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG 

0.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB2 
B.melitens 
B.canis 
0.anthropi 
Sinorhizobium sp TBS-711 
Sinorhizobium fredii 
CDB 5 
Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 
CDB3 
CDB4 
B.mycoides 
Bacterium Te27R 
B.anthracis 
B.thuringinesis 
B.cereus G8639 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A.sulfonivorans 
A.polychromogenes 

961 971 981 991 1001 1011 
TGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGAGATACCGG 
TGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATACCGG 
TGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATACCGG 
TGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATACCGG 
TGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATCCCGG 
TGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATCCCGG 
TGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATACCGG 
TGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATCCCGA 
TGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATCCCGA 
TGGAGCATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTACTCTTGACATCCAGA 
TGGAGCATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTACTCTTGACATCCAGA 

A2 JM TGGAGCATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTACTCTTGACATCCAGA 
TGGAGCATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTACTCTTGACATCCAGA 
TGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCT 
TGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCT 
TGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCT 
TGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCT 
TGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCT 
TGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCT 
TGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCT 
CGGAGCATGCGGATTAATTCGATGCAACGCGAAGAACCTTACCAAGGCTTGACATGAACC 
CGGAGCATGCGGATTAATTCGATGCAACGCGAAGAACCTTACCAAGGCTTGACATGAACC 
CGGAGCATGCGGATTAATTCGATGCAACGCGAAGAACCTTACCAAGGCTTGACATGAACC 
CGGAGCATGCGGATTAATTCGATGCAACGCGAAGAACCTTACCAAGGCTTGACATGAACC 
CGGAGCATGCGGATTAATTCGATGCAACGCGAAGAACCTTACCAAGGCTTGACATGGACT 
CGGAGCATGCGGATTAATTCGATGCAACGCGAAGAACCTTACCAAGGCTTGACATGAACC 
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0.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB2 
B.melitens 
B.canis 
0.anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB 5 
Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 
CDB 3 
CDB4 
B.mycoides 
Bacterium Te27R 
B.anthracis 
B.thuringinesis 
B.cereus G863 9 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A.sulfonivorans 
A. polychromogenes 

1021 1031 1041 1051 1061 1071 
TCGCGGACACAG - AGATG - TGTCTTTCAGTTCGGCTGGAC - CGGATACAGGTGCTGCATG 
TCGCGGACACAG-AGATG-TGTCTTTCAGTTCGGCTGGAC-CGGATACAGGTGCTGCATG 
TCGCGGACACAG -AGATG- TGTCTTTCAGTTCGGCTGGAC- CGGATACAGGTGCTGCATG 
TCGCGGACACAG-AGATG-TGTCTTTCAGTTCGGCTGGAC-CGGATACAGGTGCTGCATG 
TCGCGGTTAGTGGAGACACTATCCTTCAGTTAGGCTGGAC - CGGAGACAGGTGCTGCATG 
TCGCGGTTAGTGGAGACACTATCCTTCAGTTAGGCTGGAC - CGGAGACAGGTGCTGCATG 
TCGCGGACACAG-AGATG-TGTCTTTCAGTTCGGCTGGAC-CGGATACAGGTGCTGCATG 
TCGCGGATTACAGAGATGTGATCCTTCAGTTCGGCTGGAT - CGGAGACAGGTGCTGCATG 
TCGCGGATACGAGAGATCGTATCCTTCAGTTCGGCTGGAT - CGGAGACAGGTGCTGCATG 
GAACTTAG- CAG - AGATGCTTTGGTGCC - TTCGG - - GAACTCTGAGACAGGTGCTGCATG 
GAACTTAG - CAG-AGATGCTTTGGTGCC - TTCGG - - GAACTCTGAGACAGGTGCTGCATG 

A2JM GAACTTAG-CAG-AGATGCTTTGGTGCC-TTCGG- -GAACTCTGAGACAGGTGCTGCATG 
GAACTTAG - CAG - AGATGCTTTGGTGCC - TTCGG - - GAACTCTGAGACAGGTGCTGCATG 
GAAAAC-C-CTAGAGATAGG- GCTTCTCCTTCGG- - GAGCAGAGTGACAGGTGGTGCATG 
GAAAAC - C - CTAGAGATAGG- GCTTCTCCTTCGG- - GAGCAGAGTGACAGGTGGTGCATG 
GAAAAC-T-CTAGAGATAGA-GCTTCTCCTTCGG- -GAGCAGAGTGACAGGTGGTGCATG 
GACAAC-C-CTAGAGATAGG-GCTTCTCCTTCGG--GAGCAGAGTGACAGGTGGTGCATG 
GACAAC- C - CTAGAGATAGG - GCTTCTCCTTCGG- - GAGCAGAGTGACAGGTGGTGCATG 
GAAAAC -C - CTAGAGATAGG - GCTTCTCCTTCGG - - GAGCAGAGTGACAGGTGGTGCATG 
GAAAAC- C - CTAGAGATAGG - GCTTCTCCTTCGG - - GAGCAGAGTGACAGGTGGTGCATG 
GGAAAGAC-CTGGAAACAGGTGCCCC-GCTTGCG- -G- -TCGGTTTACAGGTGGTGCATG 
GGAAAGAC- CTGGAAACAGGTGCCCC-GCTTGCG- -G- -TCGGTTTACAGGTGGTGCATG 
GGTAATAC-CTGGAAACAGGTGCCCC-GCTTGCG- -G- -TCGGTTTACAGGTGGTGCATG 
GGTAATAC-CTGGAAACAGGTGCCCC-GCTTGTG- -G- -TCGGTTTACAGGTGGTGCATG 
GGAAATAC-CTGGAAACAGGTGCCCCCGCTTGCG- -G- -CCGGTTCACAGGTGGTGCATG 
GGTAATAC-CTGGAGACAGGTGCCCC-GCTTGCG- -G- -TCGGTTTACAGGTGGTGCATG 

0.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB2 
B.melitens 
B.canis 
O. anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 
CDB3 
CDB4 
B.mycoides 
Bacterium Te27R 
B.anthracis 
B.thuringinesis 
B.cereus G8639 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A.sulfonivorans 
A.polychromogenes 

1081 1091 1101 1111 1121 1131 
GCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCG 
GCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCG 
GCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCG 
GCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCG 
GCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCG 
GCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCG 
GCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCG 
GCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCG 
GCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCG 
GCTGTCGTCAGCTCGTGTTGTGAAATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTA 
GCTGTCGTCAGCTCGTGTTGTGAAATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTA 

A2JM GCTGTCGTCAGCTCGTGTTGTGAAATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTA 
GCTGTCGTCAGCTCGTGTTGTGAAATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTA 
GTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTG 
GTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTG 
GTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTG 
GTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTG 
GTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTG 
GTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTG 
GTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTG 
GTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCG 
GTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCG 
GTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCG 
GTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCG 
GTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCG 
GTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCG 

0.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB2 
B.melitens 
B.canis 
0. anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM 
Kluyvera ascorbata 
CDB 3 
CDB4 
B.mycoides 
Bacterium Te27R 
B.anthracis 
B.thuringinesis 
B.cereus G8639 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 

1141 1151 
CCTTTAGTTGCCATCA-
CCTTTAGTTGCCATCA- -
CCTTTAGTTGCCATCA-
CCTTTAGTTGCCATCA-

1161 1171 1181 1191 
TTTAGTTGGGCACTCTAAAGGGACTGCCAGTGATAAGCTG-G 
TTTAGTTGGGCACTCTAAAGGGACTGCCAGTGATAAGCTG - G 
TTTAGTTGGGCACTCTAAAGGGACTGCCAGTGATAAGCTG - G 
TTTAGTTGGGCACTCTAAAGGGACTGCCAGTGATAAGCTG - G 

CCCTTAGTTGCCAGCA - - TTCAGTTGGGCACTCTAAGGGGACTGCCGGTGATAAGCCGAG 
CCCTTAGTTGCCAGCA- - TTCAGTTGGGCACTCTAAGGGGACTGCCGGTGATAAGCCGAG 
CCCTTAGTTGCCAGCA--TTTAGTTGGGCACTCTAAGGGGACTGCCGGTGATAAGCCGAG 
CCCTTAGTTGCCAGCA--TTTAGTTGGGCACTCTAAGGGGACTGCCGGTGATAAGCCGAG 
CCCTTAGTTGCCAGCA - - TTTAGTTGGGCACTCTAAGGGGACTGCCGGTGATAAGCCGAG 
TCCTTTGTTGCCAGCGG _ TTCGGCCGGGAACTCAAAGGAGACTGCCAGTGATAAACTG - G 
TCCTTTGTTGCCAGCGG- TTCGGCCGGGAACTCAAAGGAGACTGCCAGTGATAAACTG - G 
TCCTTTGTTGCCAGCGG - TTCGGCCGGGAACTCAAAGGAGACTGCCAGTGATAAACTG - G 
TCCTTTGTTGCCAGCGG - TTCGGCCGGGAACTCAAAGGAGACTGCCAGTGATAAACTG - G 
ATCTTAGTTGCCATCA- - TTAAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCG -G 
ATCTTAGTTGCCATCA- - TTAAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCG - G 
ATCTTAGTTGCCATCA- -TTAAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCG-G 
ATCTTAGTTGCCATCA--TTAAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCG-G 
ATCTTAGTTGCCATCA- - TTWAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCG-G 
ATCTTAGTTGCCATCA- -TTAAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCG-G 
ATCTTAGTTGCCATCA- -TTAAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCG-G 
TTCTATGTTGCCAGCG-GTTCGGCCGGGGACTCATAGGAGACTGCCGGGGTCAACTCG-G 
TT CTATGTTGCCAGCG-GTTCGGCCGGGGACTCATAGGAGACTGCCGGGGTCAACTCG - G 
TTCTATGTTGCCAGCG-GTTCGGCCGGGGACTCATAGGAGACTGCCGGGGTCAACTCG-G 
TTCTATGTTGCCAGCG-GTTCGGCCGGGGACTCATAGGAGACTGCCGGGGTCAACTCG-G 
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A.sulfonivorans 
A.polychromogenes 

0.grignonense 
Ochrobactrum sp LMG2 0564 
Ochrobactrum sp 
CDB 2 
B.melitens 
B.canis 
0.anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB 5 
Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 
CDB3 
CDB4 
B.mycoides 
Bacterium Te27R 
B. anthracis 
B.thuringinesis 
B.cereus G863 9 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A.sulfonivorans 
A.polychromogenes 

TTCTATGTTGCCAGCGCGTGATGGCGGGGACTCATAGGAGACTGCCGGGGTCAACTCG-G 
TTCTATGTTGCCAGCACGTGATGGTGGGGACTCATAGGAGACTGCCGGGGTCAACTCG-G 

1201 1211 1221 1231 1241 1251 
AGGAAGGTGGGGATGACGTCAAGTCC-TCATGGCCCTTACGGGCTGGGCTACACACGTGC 
AGGAAGGTGGGGATGACGTCAAGTCC - TCATGGCCCTTACGGGCTGGGCTACACACGTGC 
AGGAAGGTGGGGATGACGTCAAGTCC - TCATTGCCNTTACGGGCTGGGCTACACACGTGC 
AGGAAGGTGGGGATGACGTCAAGTCCCTCATGGCCCTTACGGGCTGGGCTACACACGTGC 
AGGAAGGTGGGGATGACGTCAAGTCC - TCATGGCCCTTACGGGCTGGGCTACACACGTGC 
AGGAAGGTGGGGATGACGTCAAGTCC-TCATGGCCCTTACGGGCTGGGCTACACACGTGC 
AGGAAGGTGGGGATGACGTCAAGTCC - TCATGGCCCTTACGGGCTGGGCTACACACGTGC 
AGGAAGGTGGGGATGACGTCAAGTCC - TCATGGCCCTTACGGGCTGGGCTACACACGTGC 
AGGAAGGTGGGGATGACGTCAAGTCC-TCATGGCCCTTACGGGCTGGGCTACACACGTGC 
AGGAAGGTGGGGATGACGTCAAGTCA-TCATGGCCCTTACGAGTAGGGCTACACACGTGC 
AGGAAGGTGGGGATGACGTCAAGTCA-TCATGGCCCTTACGAGTAGGGCTACACACGTGC 

A2JM AGGAAGGTGGGGATGACGTCAAGTCA-TCATGGCCCTTACGAGTAGGGCTACACACGTGC 
AGGAAGGTGGGGATGACGTCAAGTCA-TCATGGCCCTTACGAGTAGGGCTACACACGTGC 
AGGAAGGTGGGGATGACGTCAAATCAT - CATGCCCCTTATGACCTGGGCTACACACGTGC 
AGGAAGGTGGGGATGACGTCAAATCAT-CATGCCCCTTATGACCTGGGCTACACACGTGC 
AGGAAGGTGGGGATGACGTCAAATCAT-CATGCCCCTTATGACCTGGGCTACACACGTGC 
AGGAAGGTGGGGATGACGTCAAATCAT-CATGCCCCTTATGACCTGGGCTACACACGTGC 
AGGAAGGTGGGGATGACGTCAAATCAT - CATGCCCCTTATGACCTGGGCTACACACGTGC 
AGGAAGGTGGGGATGACGTCAAATCAT-CATGCCCCTTATGACCTGGGCTACACACGTGC 
AGGAAGGTGGGGATGACGTCAAATCAT-CATGCCCCTTATGACCTGGGCTACACACGTGC 
AGGAAGGTGGGGACGACGTCAAATCATACATGCCCCTTATGTCTTGGGCTTCACGCATGC 
AGGAAGGTGGGGACGACGTCAAATCAT - CATGCCCCTTATGTCTTGGGCTTCACGCATGC 
AGGAAGGTGGGGACGACGTCAAATCAT-CATGCCCCTTATGTCTTGGGCTTCACGCATGC 
AGGAAGGTGGGGACGACGTCAAATCAT - CATGCCCCTTATGTCTTGGGCTTCACGCATGC 
AGGAAGGTGGGGACGACGTCAAATCAT - CATGCCCCTTATGTCTTGGGCTTCACGCATGC 
AGGAAGGTGGGGACGACGTCAAATCAT-CATGCCCCTTATGTCTTGGGCTTCACGCATGC 

0.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB2 
B.melitens 
B.canis 
0.anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 
CDB3 
CDB4 
B.mycoides 
Bacterium Te27R 
B.anthracis 
B.thuringinesis 
B.cereus G8639 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A.sulfonivorans 
A.polychromogenes 

0.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB2 
B.melitens 
B.canis 
0.anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB 5 
Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 
CDB3 
CDB4 
B.mycoides 
Bacterium Te27R 
B.anthracis 
B.thuringinesis 
B.cereus G8639 
CDBI 

1261 1271 1281 1291 1301 1311 
TACAATGGTGGTGACAGTGGGCAGCAAGCACGCGAGTGTGAGCTAATCTCCAAAAGC - CA 
TACAATGGTGGTGACAGTGGGCAGCAAGCACGCGAGTGTGAGCTAATCTCCAAAAGC-CA 
TACAATGGTGGTGACAGTGGGCAGCAAGCACGCGAGTGTGAGCTAATCTCCAAAAGC - CA 
TACAATGGTGGTGACAGTGGGCAGCAAGCACGCGAGTGTGAGCTAATCTCCAAAAGC - CA 
TACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGC - CA 
TACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGC - CA 
TACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGC - CA 
TACAATGGTGGTGACAGTGGGCAGCGAGACCGCGAGGTCGAGCTAATCTCCAAAAGC - CA 
TACAATGGTGGTGACAGTGGGCAGCGAGACCGCGAGGTCGAGCTAATCTCCAAAAGC - CA 
TACAATGGCGTATACAAAGAGAAGCGACCTCGCGAGAGCAAGCGGACCTCATAAAGTACG 
TACAATGGCGTATACAAAGAGAAGCGACCTCGCGAGAGCAAGCGGACCTCATAAAGTACG 

A2JM TACAATGGCGTATACAAAGAGAAGCGACCTCGCGAGAGCAAGCGGACCTCATAAAGTACG 
TACAATGGCATATACAAAGAGAAGCGACCTCGCGAGAGCAAGCGGACCTCATAAAGTATG 
TACAATGGACGGTACAAAGAGCTGCAAGACCGCGAGGTGGAGCTAATCTCATAAAACCGT 
TACAATGGACGGTACAAAGAGCTGCAAGACCGCGAGGTGGAGCTAATCTCATAAAACCGT 
TACAATGGACGGTACAAAGAGCTGCAAGACCGCGAGGTGGAGCTAATCTCATAAAACCGT 
TACAATGGACGGTACAAAGAGCTGCAAGACCGCGAGGTGGAGCTAATCTCATAAAACCGT 
TACAATGGACGGTACAAAGAGCTGCAAGACCGCGAGGTGGAGCTAATCTCATAAAACCGT 
TACAATGGACGGTACAAAGAGCTGCAAGACCGCGAGGTGGAGCTAATCTCATAAAACCGT 
TACAATGGACGGTACAAAGAGCTGCAAGACCGCGAGGTGGAGCTAATCTCATAAAACCGT 
TACAATGGCCGGTACAAAGGGTTGCGATACTGTGAGGTGGAGCTAATCCCAAAAAGCCGG 
TACAATGGCCGGTACAAAGGGTTGCGATACTGTGAGGTGGAGCTAATCCCAAAAAGCCGG 
TACAATGGCCGGTACAAAGGGTTGCGATACTGTGAGGTGGAGCTAATCCCAAAAAGCCGG 
TACAATGGCCGGTACAAAGGGTTGCGATACTGTGAGGTGGAGCTAATCCCAAAAAGCCGG 
TACAATGGCCGGTACAAAGGGTTGCGATACTGTGAGGTGGAGCTAATCCCAAAAAGCCGG 
TACAATGGCCGGTACAAAGGGTTGCGATACTGTGAGGTGGAGCTAATCCCAAAAAGCCGG 

1321 1331 1341 1351 1361 1371 
TCTCAGTTCGGATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGC 
TCTCAGTTCGGATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGC 
TCTCAGTTCGGATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGC 
TCTCAGTTCGGATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGC 
TCTCAGTTCGGATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGC 
TCTCAGTTCGGATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGC 
TCTCAGTTCGGATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGC 
TCTCAGTTCGGATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGC 
TCTCAGTTCGGATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGC 
TCGTAGTCCGGATTGGAGTCTGCAACTCGACTCCATGAAGTCGGAATCGCTAGTAATCGT 
TCGTAGTCCGGATTGGAGTCTGCAACTCGACTCCATGAAGTCGGAATCGCTAGTAATCGT 

A2JM TCGTAGTCCGGATTGGAGTCTGCAACTCGACTCCATGAAGTCGGAATCGCTAGTAATCGT 
TCGTAGTCCGGATTGGAGTCTGCAACTCGACTCCATGAAGTCGGAATCGCTAGTAATCGT 
TCTCAGTTCGGATTGTAGGCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGC 
TCTCAGTTCGGATTGTAGGCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGC 
TCTCAGTTCGGATTGTAGGCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGC 
TCTCAGTTCGGATTGTAGGCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGC 
TCTCAGTTCGGATTGTAGGCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGC 
TCTCAGTTCGGATTGTAGGCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGC 
TCTCAGTTCGGATTGTAGGCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGC 
TCTCAGTTCGGATTGGGGTCTGCAACTCGACCCCATGAAGTCGGAGTCGCTAGTAATCGC 
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A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A.sulfonivorans 
A.polychromogenes 

0.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB 2 
B.melitens 
B.canis 
O.anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 
CDB3 
CDB4 
B.mycoides 
Bacterium Te27R 
B. anthracis 
B.thuringinesis 
B.cereus G863 9 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A.sulfonivorans 
A.polychromogenes 

TCTCAGTTCGGATTGGGGTCTGCAACTCGACCCCATGAAGTCGGAGTCGCTAGTAATCGC 
TCTCAGTTCGGATTGGGGTCTGCAACTCGACCCCATGAAGTCGGAGTCGCTAGTAATCGC 
TCTCAGTTCGGATTGGGGTCTGCAACTCGACCCCATGAAGTCGGAGTCGCTAGTAATCGC 
TCTCAGTTCGGATTGGGGTCTGCAACTCGACCCCATGAAGTCGGAGTCGCTAGTAATCGC 
TCTCAGTTCGGATTGGGGTCTGCAACTCGACCCCATGAAGTCGGAGTCGCTAGTAATCGC 

1381 1391 1401 1411 1421 1431 
GGATCAGCAT-GCCGCGGTGAATACGTT-CCCGGGCCTTGTACACACCGCCCGTCACACC 
GGATCAGCAT-GCCGCGGTGAATACGTT-CCCGGGCCTTGTACACACCGCCCGTCACACC 
GGATCAGCAT-GCCGCGGTGAATACGTT-CCCGGGCCTTGTACACACCGCCCGTCACACC 
GGATCAGCAT - GCCGCGGTGAATACGTT - CCCGGGCCTTGTACACACCGCCCGTCACACC 
GGATCAGCAT-GCCGCGGTGAATACGTT-CCCGGGCCTTGTACACACCGCCCGTCACACC 
GGATCAGCAT-GCCGCGGTGAATACGTT-CCCGGGCCTTGTACACACCGCCCGTCACACC 
GGATCAGCAT - GCCGCGGTGAATACGTT - CCCGGGCCTTGTACACACCGCCCGTCACACC 
AGATCAGCAT - GCTGCGGTGAATACGTT - CCCGGGCCTTGTACACACCGCCCGTCACACC 
AGATCAGCAT-GCTGCGGTGAATACGTT-CCCGGGCCTTGTACACACCGCCCGTCACACC 
AGATCAGAAT-GCTACGGTGAATACGTT-CCCGGGCCTTGTACACACCGCCCGTCACACC 
AGATCAGAAT - GCTACGGTGAATACGTT - CCCGGGCCTTGTACACACCGCCCGTCACACC 

A2JM AGATCAGAAT-GCTACGGTGAATACGTT-CCCGGGCCTTGTACACACCGCCCGTCACACC 
AGATCAGAAT-GCTACGGTGAATACGTT-CCCGGGCCTTGTACACACCGCCCGTCACACC 
GGATCAGCAT - GCCGCGGTGAATACGTT - CCCGGGCCTTGTACACACCGCCCGTCACACC 
GGATCAGCAT-GCCGCGGTGAATACGTT-CCCGGGCCTTGTACACACCGCCCGTCACACC 
GGATCAGCAT-GCCGCGGTGAATACGTT-CCCGGGCCTTGTACACACCGCCCGTCACACC 
GGATCAGCAT- GCCGCGGTGAATACGTT- CCCGGGCCTTGTACACACCGCCCGTCACACC 
GGATCAGCAT-GCCGCGGTGAATACGTT-CCCGGGCCTTGTACACACCGCCCGTCACACC 
GGATCAGCAT-GCCGCGGTGAATACGTT-CCCGGGCCTTGTACACACCGCCCGTCACACC 
GGATCAGCAT-GCCGCGGTGAATACGTT-CCCGGGCCTTGTACACACCGCCCGTCACACC 
AGATCAGCAACGCTGCGGTGAATACGTTACCCGGGCCTTGTACACACCGCCCGTCAAGTC 
AGATCAGCAACGCTGCGGTGAATACGTT - CCCGGGCCTTGTACACACCGCCCGTCAAGTC 
AGATCAGCAACGCTGCGGTGAATACGTT-CCCGGGCCTTGTACACACCGCCCGTCAAGTC 
AGATCAGCAACGCTGCGGTGAATACGTT-CCCGGGCCTTGTACACACCGCCCGTCAAGTC 
AGATCAGCAACGCTGCGGTGAATACGTT-CCCGGGCCTTGTACACACCGCCCGTCAAGTC 
AGATCAGCAACGCTGCGGTGAATACGTT-CCCGGGCCTTGTACACACCGCCCGTCAAGTC 

0.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB2 
B.melitens 
B.canis 
0.anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 
CDB3 
CDB4 
B.mycoides 
Bacterium Te27R 
B. anthracis 
B.thuringinesis 
B.cereus G863 9 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A.sulfonivorans 
A.polychromogenes 
0.grignonense 
Ochrobactrum sp LMG20564 
Ochrobactrum sp 
CDB2 
B.melitens 
B.canis 
0.anthropi 
Sinorhizobium sp TB8-711 
Sinorhizobium fredii 
CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium 
Kluyvera ascorbata 
CDB3 
CDB4 
B.mycoides 
Bacterium Te27R 
B.anthracis 

1441 1451 1461 1471 1481 1491 
ATGGGAGTTGGTTCTGCCCGAAGGC ACTGTGCTAACC-GTA 
ATGGGAGTTGGTTCTGCCCGAAGGC ACTGTGCTAACC- -GTAAGGAG-GCAGGTGAC 
ATGGGAGTTGGTTCTGCCCGAAGGC ACTGTGCTAACC- -GTAAGGAG-GCAGGTGAC 
ATGGGAGTTGGTTCTGCCCGAAGGCTTGAGAGTTTGATTC--CT--GGCT-CCGGATGAG 
ATGGGAGTTGGTTTTACCCGAAGGC GCTGTGCTAACC- -GCAAGGAG-GCAGGCGAC 
ATGGGAGTTGGTTTTACCCGAAGGC GCTGTGCTAACC- -GCAAGGAG-GCAGGCGAC 
ATGGGAGTTGGTTTTACCCGAAGGC- - -GCTGTGCTAACC- -GCAAGGAG-GCAGGCGAC 
ATGGGAGTTGGTTCTACCCGAAGGT- - -AGTGCGCTAACC- -GCAAGTAG-TCAGCTAAC 
ATGGGAGTTGGTTCTACCCGAAGGT- - -AGTGCGCTAACC- -GCAAGGAG-GCAGCTAAC 
ATGGGAGTGGGTTGCAAAAGAAGTA- - -GGTAGCTTAACC- -TTCGGGAG-GGCGTTTAG 
ATGGGAGTGGGTTGCAAAAGAAGTA- - -GGTAGCTTAACC- -TTCGGGAG-GGCGCTACC 

A2 JM ATGGGAGTGGGTTGCAAAAGAAGTA GGTAGCTTAACC- -TTCGGGAG-GGCGCTTAC 
ATGGGAGTGGGTTGCAAAAGAAGTA- - -GGTAGCTTAACC- -TTCGGGAG-GGCGCTTAC 
ACGAGAGTTTGTAACACCCGAAGTC GGTGGGGTAACCT-TTATGGAG-CCAGCCGCC 
ACGAGAGTTTGTAACACCCGAAGTC GGTGGGGTACC TATGGAG-CCAGCC 
ACGAGAGTTTGTAACACCCGAAGTC GGTGGGGTAACCT-TTATGGAG-CCAGCCGCC 
ACGAGAGTTTGTAACACCCGAAGTC GGTGGGGTAACCT-TTTTGGAG-CCAGCCCCC 
ACGAGAGTTTGTAACACCCGAAGTC GGTGGGGTAACCT-TTTTGGAG-CCAGCCGCC 
ACGAGAGTTTGTAACACCCGAAGTC GGTGGGGTAACCT-TTTTGGAG-CCAGCCGCC 
ACGAGAGTTTGTAACACCCGAAGTC GGTGGGGTAACCT-TTATGGAG-CCAGCCGCC 
ACGAAAGTTGGTAACACCCGAAGCC GGTAGCCTAACCC-TTGTGGGG-GGAGC- -TT 
ACGAAAGTTGGTAACACCCGAAGCC GGTGGCCTAACCC-TTGTGGGG-GGAGCCGTC 
ACGAAAGTTGGTAACACCCGAAGCC GGTGGCCTAACCC - TTGTGGGG - GGAGCCGTC 
ACGAAAGTTGGTAACACCCGAAGCC GGTGGCCTAACCC-TTGTGGGG-GGAGCCGTC 
ACGAAAGTTGGTAACACCCGAAGCC GGTGGCCTAACCCCTTATGGGGAGGAGCTGTC 
ACGAAAGTTGGTAACACCCGAAGCC GGTGGCCTAACCCCTTGTGGGAGGGAGCTGTC 

1501 1511 1521 1531 1541 1551 
CACGGTAGGGTCAGCGACTGGGGTGAAGTCGTAACAAGGTAGCCGTAGGGGAACCTGCGG 

CACGGTAGGGTCAGCGACTGGGGTGAAGTCGTAACAAGGTAGCCGTAGGGGAAC - TGC - -

CACGGTAGGGTCAGCGACTGGGGTG 
CACGGTAGGKTCAGCGACTGGGGTGAAGTCGC 
CACGGTAGGGTCAGCGACTGGGGTGAAG 
CACGGTAGGGTCAGCGACTGGGGTGAAGTCGTAACAAGGTAGCCGTAGGGGAACCTGCGG 
CACGGTAGGGTCAGCGACTGGGGTGAAGTCGTAACAAGGTAGCCGTAGGGGAACC 
A- -TTTATTATACTGCTCCGCTGA 
A--CTT 

A2JM CACTTTGTGATTCATGACTGGGGTGAAGTCGTAACAAGGTAACCGTAGGGGAACCTGCGG 
CACTTTGTGATTCATGACTGGGGTGAAGTCGTAACAAGGTAACCGTAGGGGAACCTGCGG 
TYYGTTG- - ACAGATGATTGGGG 

TAAGGTGGGACAGATGATTGGGGTGAAGTCGTAACAAGGTATCCGT 
TAAGGTGGGACAGATGATTGGGGTGAAGTCGTAACAAGGGCCA 
TAAGGTGGGACAGATGATTGGGGTGAAGTCGTAACAAGGTAGCCGTATCGGAAGGTGCGG 
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B. thuringinesi s TAAGGTGGGACAGATGATTGGGGTGAAGTCGTAACAAGGTAGCCGTATCGGAAGGTGCGG 
B.cereus G8639 TAAGGTGGGACAGATGATTGGGGTGAAGTCGTAACAAGGTAGCCGTATCGGAAGGTGCGG 
CDBI AGATATAGAGCCGGAACGACCGAC 
A.histidinilovorans GAAGGTGGGACCGGCGATTGGGACTAAGTCGTAACAAGGTAGCCGTACCGGAAG 
Arthrobacter sp GAAGGTGGGACCGGCGATTGGGACT 
A. ilicis GAAGGTGGGACCGGCGATTGGGACTAAGTCGTAACAAGGTAGCCGTACCGGAAG 
A. sulfoni vorans GAAGGTGGGACTGGCGATTGGGACTAAGTCGTAACAAGGTAGCCGT 
A. polychromogenes GAAGGTGGGACTGGCGATTGGGACTAAGTCGTAACAAG 

1561 1571 1581 1591 1601 1611 
0.grignonense 
Ochrobactrum sp LMG20564 TTG 
Ochrobactrum sp 
CDB2 
B.melitens 
B.canis 
0. anthropi 
Sinorhi zobi um sp TB8 - 711 CTGGATCACCTCCTTAAGCTTGGATCCCG 
Sinorhizobium fredii 
CDB5 
Serratia marcescens 
Enterobacteriaceae bacterium A2JM CTGGATCACCTCCT 
Kluyvera ascorbata CTGGATCACCTCCTTAAGCTTGGATCC 
CDB3 
CDB4 
B.mycoides 
Bacterium Te27R 
B.anthracis CTGGATCACCTCCTTTCT 
B.thuringinesis CTGGAT 
B. cereus G8639 CTGGATCACCTCCTTTCT 
CDBI 
A.histidinilovorans 
Arthrobacter sp 
A. ilicis 
A. sulfonivorans 
A.polychromogenes 
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A P P E N D I X 4: Nucleotide and protein sequences of the ars gene cluster 1 
arsRYCDATIP from CDB3. Start and stop codons are indicated. Shine-Dalgarno 
(SD) sequences are printed in bold, highlighted and underlined. The putative 
promoter sequences for R N A polymerase are printed in bold, underlined and 
identified as -10 and -35. 

-10 -35 
ATTTCAAGJGGGAGJ-AAAATTAAATi-GAATa-MTTAATGAATATTACGrTTAATrTT 
I S R G R E N * 1 ' I H L M N I T F N F 
TACTC-lACJ-ATAAGrATATG^rTATtEAAITATGAAAJGaASGmTAGA-iTGGAMAA 
Y S T Y K Y M L M Q L * K G G I D M E K 

ACGGTTATJ_AATTJ_CAAGAGTGTCffiAGTTATTAAAa;TACTX3GAGA_lAAACmGG 
T V I E L T R V S Q L L K L L G D K T R 
-TAACAATJGTATClATTCTCAAACAJ-GTGAGrGTTG'IGTATG'IGAATTKTTGAffiTA 
L T I V S I L K Q R E C C V C E L L E V 
TTTGATATGAGTCA—rCTTCTATrAGlCAGCA'ICTTAGaiAATTMAGGAITTAGG'ITTA 
F D M S Q P S I S Q H L R K L K D L G L 

GTACAAGAJGAGCG»GAGGTCAGTGGVrTTATrATTCTrTAAATCAAGCAAGTGATTTA 
V Q E E R R G Q W I Y Y S L N Q A S D L 
TACACAATTTTAGAA_iTGTTrTAGC_:ATGTACCAGA_:AAACA_lGAAMTTAAA_Ui 
Y T I L E D V L A H V P D Q T E K I K Q 
ATTGAGAASVGCAAICCTAC-CTCCGGrGTGGTTGTTAarAAATASTCAGAAAGGGSAGI 
I E K S N P T L R C G C 'f * 

B 
3AGAAGG__!AGCAJCACGGa3AAAABACGTCXTCTTlCCTAGSrCGATATCTAA_:CT 

M S N T G K K H L S F L D R Y L T L 
TTGGATTTTTCTTGCEATGGOAGTAGaiATTGGAGTTGGZTATCrmTCCCCtGGATTrGT 
W I F L A M A V G I G V G Y L S P G F V 
TGAGGGAAIGAATAG:TTACMGTAGG_\CAACITCIATCCCACTrGCGATrGGATTAAT 
E G M N S L Q V G T T B I P L A I G L I 
TTTAATGAlGTACCCACCACTrGCGAMGTTCQCTACGAAGAAA—SGGGCG^GTTTTrAA 
L M M Y P P L A K V R Y E E M G R V F K 
AGATGTAA»GTATlGATATmTCACI_GTGCAAAACT(_;ATTATrGGACCTGTATTAAT 
D V K V L I L S L V Q N W I I G P V L M 
GTTCGCCTT-GCTGTTATATTCCTGCCAGATAffiCCAGfflTATATGGTGGaTTAATCAT 
F A L A V I F L P D K P E Y M V G L I M 
GATTGGCC-lGCTCGrTGTATrGCAAICGTTAICGTTTffiAACGA^CTAGOAAAAGGrGA 
I G L A R C I A M V I V W N D L A K G D 

TACGGAGTJ-GCGG»G_ATTAGTTGCTTTTAXriCTGTATTCCMATGTTATTTTTCTC 
T E Y A A G L V A F N S V F Q M L F F S 

AGTATACGCrTATGTGTTTGTAACAGTCATTCOiGAATaJCTAGGAATTGMGGAGCrGT 
V Y A Y V F V T V I P E W L G I E G A V 
TGTAGATATTACAATGGCAGiGGTTGCAAAATa_n'CTTrATTT2CTTAGGAATTCC_TT 
V D I T M A E V A K S V F I Y L G I P F 
TATTGCAGGWlTGT__lCACGrTTTAICTTTG_lAAAAC3iAAAG_:CGAGfflTGGTArGA 
I A G M L T R F I F V K T K G R E W Y E 

AAAAGTACITATACCAAAGAlrAGTCCAATCAO\TTAAICGCAT_!TTATTrACAAlrGT 
K V L I P K I S P I T L I A L L F T I V 
TGTGATGTTCTCAT__J__KAGAGGTCATTGTrAGCGmCCATTTGATGTTGTACGrAT 
V M F S L K G E V I V S V P F D V V R I 
TGCAATTCO_'TACTCATTTSrTTTGTAATCAIGTTTTTrGTCT_rrTCT.KrATGGS_lA 
A I P L L I Y F V I M F F V S F Y M G K 
AAAAGTGGGTGCAAGTTATGG3GTATCAACAACATTAGOiTTTAG\GCTGGrAGTAATAA 
K V G A S Y G V S T T L A F T A G S N N 
TTTTGAATTAGCAATCGCTGTAGCTGmGGGGmTTTGG^TTCA3TCTG<3rGCAG<_TT 
F E L A I A V A V G V F G I Q S G A A F 
TGCAGO_!TrATCGGACCTTmGTTGA3GTACCAGTAA_»TTGCTCTCGTAAATGTAGC 
A A V I G P L V E V P V M I A L V N V A 

ACTCTGGTTCCAGCGTAAATiCTTTCMACACAACCAAAATAAATATTCATAAAAAaGGT 
L W F Q R K Y F Q T Q P K -

c 
3GAATTAT CATGGA AAACAA AAAAAC AATTTA CTTCTT ATGCAC AGGAAA CTCTTG TCGT 

M E N K K T I Y F L C T G N S C R 
AGCCAAAT GGCAGA AGCTTG GGGCAA AAAATA TTTAGG TGACAA ATGGAA TGTACT TTCT 

S Q M A E A W G K K Y L G D K W N V L S 
GCTGGTAT TGAAGC GCATGG AGTAAA TCCCAA TGCAAT TAAAGC AATGAA CGAAGT AGAC 

A G I E A H G V N P N A I K A M N E V D 
ATTGATATCACAGATCAAACATCTGTTACCATTGACCGTGACATTTTAGATAAGGCGGAT 

I D I T D Q T S V T I D R D I L D K A D 
CTTGTTGT AACACT TTGTGG TCACGC AAATGA TGTATG TCCAAC AACGCC ACCACA TGTA 
L V V T L C G H A N D V C P T T P P H V 

AAACGAGT TCATTG GGGATT TGATGA.TCCAGC TGGTCA AGAGIG GTCTGT ATTCCA AAAA 
K R V H W G F D D P A G Q E W S V F Q K 

GTTCGTGATGAGATTGGCGAACGTAT CAAAAA ATTCGC TGAAAC AGGAGA ATAATT GAAA 
V R D E I G E R I K K F A E T G E • 

-^0 *• *: " 
ACTAAATA TTTGTA GCCGAG AATCfT TTTCTC GGCTTC TTTTGT AAAGAA GGGAAG AAAT 

D 
CAAAGATB%AGAAG ATAGAA ATTTTT GATCCT GCAATG TGTTGT TCTACT GGGGTT TGCG 

M K K I E I F D P A M C C S T G V C G 
GACCGAGT GTTGAC CCAGAG TTAATT CGTGTA TCAGTT GCTGTT AACAAC TTAAAG AATA 

P S V D P E L I R V S V A V N H L K N K 

AAGGAATT GATGTG ACACGT TATAAT TTGGCA AGTGAA CCAGAT GCATTT GCCAAT AATG 
G I D V T R Y N L A S E P D A F A N N V 

TTGTTATC AGTCAA CTATTA ACAGAT AAAGGA CCAGAC GTATTG CCTGTA ACTTTG GTAG 
V I S Q L L T D K G P D V L P V T L V D 

ATGGAAAA GTAGTA AAAGAA AAAAGT CACCTG ACAAAT GAAGAA CTTACA CAACTA ACAG 

G K V V K E K S H L T N E E L T Q L T D 
ATGTAACA GAAGAA GAGTTG AGTCAA AAGCCA GTCGTA CGTTTA AAGTTA AACGTG AAAA 

V T E E E L S B K P V V R L K L N V K K 

AATAGAGA AAGAAGTGAAAG GCAATG ACAAAC TTATAT AACCCA AACACA ATAGCA TTCA 
* M T N L Y N P N T I A F T 

CACCATTT TTGTTC TTTACT GGTAAA GGCGGA GTAGGC AAAACA TCTACT GCATGT GCAA 
P F L F F T G K G G V G K T S T A C A T 

CGGCTATT ACATTA GCTGAT ATGGGG AAACAA GTCTTA TTAATA AGTACT GACCCA GCTT 
A I T L A D M G K Q V L L I S T D P A S 

CTAATTTA CAAGAT GTTTTC GAAATA GAACTT ACAAAT AAACCG AAAGAA ATTCCA AGTG 

N L Q D V F E I E L T N K P K E I P S V 
TACCAAAT CTACAA GTAGCA AACTTA GATCCT GAAACA GCAGCC TATGAA TATAAA GAAC 

P N L Q V A N L D P E T A A Y E Y K E R 
GTGTTGTT GGTCCA TACCGT GGAAAG CTTCCT GATGCT GTTATT GCAACG ATGGAA GAGC 

V V G P Y R G K L P D A V I A T M E E Q 
AATTGTCT GGAGCT TGCACA GTAGAA ATGGCC GCATTT GATGAA TTTTCT ACGTTA CTTA 

L S G A C T V E M A A F D E F S T L L T 

CAAATAAA GAATTA ACATCG AAATTT SATCAC ATTATA TTTGAT ACAGCa CCAACA GGTC 
N K E L T S K F D H I I F D T A P T G H 

ATACGTTA CGTCTT CTTCAA CTTCCT ACGGCT TGGAGT GGTTTC CTGGAA GAAAGT ACTC 
T L R L L Q L P T A W S G F L E E S T H 

ATGGAGCT TCTTGT TTGGGA CCATTA 5CAGGG CTTGGA GATAAA AAAGAG TTATAT AGTC 

G A S C L G P L A G L G D K K E L Y S Q 
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AAACGGTT CAGGCA CTATCT AATCCG AACCAA ACAATG TTATTG CTTGTG ACACGT CCTG 
T V Q A L S N P N Q T M L L L V T R P D 

ATAGTTCA CCGTTG CAAGAA GCAGGG CGTGCA GCCAAA GAATTA AAAGAA ATTGGA GTTA 
S S P L Q E A G R A A K E L K E I G V N 

ACAATCAA TATTTG CTTATA AATGGT GTTTTA ACGAAT TATGTG CAAAAT GATGCT ATTT 
N Q Y L L I N G V L T N Y V a N D A I S 

CTAAAGCT TTGTTT ACGAGA CAAGTA CGTGCA TTAGAA AACATG TCAGAA GAGCTA AAAG 
K A L F T R Q V R A L E N M S E E L K G 

GTCTTCCA GCTTAT GAACTT CCATTAGTGCCA TTTAAT GTTACT GGAATA GAGAAT ATGA 
L P A Y E L P L V P F N V T G I E N M R 

3AAAGTTG GTTCGG CCAATT GAAAGT CTCTCA ATTTTA GATGAG ATACAA GAAGAA ATTG 
K L V R P I E S L S I L D E I Q E E I A 

CTATACCT CCTCTG CAAAAC TTGATT GCAGAT CTTTCT GAGACA GGAAAA AGAGTT ATTT 
I P P L Q N - I A D L S E T G K R V I F 

TTACAATG GGAAAA GGTGGA GTAGGA AAAACA ACTGTA GCTTCA GCCATT GCAGTT GGTC 
T M G K G G V G K T T V A S A I A V G L 

TTGCTGAA AAAGGG CATCGT GTACAT TTAACT ACGACG GATCCA GCAGCA CATATT GATT 
A S K G H R V H L T T T D P A A H I D Y 

ATGTTATG CATGGG GAACAA GGGAAT ATTACG ATAAGT CGAATT GATCCA AAAGTA GAAG 
V M H G E Q G N I T I S R I D P K V E V 

TTGAAAAC TATCGT AAGGAA GTTATA GAGCAA GCAAAA GATACG GTTGAC GAAGAA GGTT 
E N Y R K E V I E Q A K D T V D E E G L 

TAGCGTAT TTAGAA GAAGAT TTACGT TCTCCT TGTACA GAAGAA ATCGCA GTTTTC CGAG 
A Y L E E D L R S P C T E E I A V F R A 

CTTTAGCG GATATT GTTGAA ATAGCA AATGAT GAAATT GTAGTT ATTGAT ACAGCG CCAA 
L A D I V E I A N D E I V V I D T A P T 

CGGGTCAT ACGTTA TTGTTG TTGGAT GCGGCA CAAACG TATCAT AAGGAA ATTGCA CGTT 
G H T L L L L D A A Q T Y H K E I A R S 

rTTCCGGT GAAGTA CCACAG TCTGTG AAGAAC TTATTA CCACGT TTGCGT AATCCG GAAG 
S G E V P Q S V K N L L P R L R N P E E 

AAACAAGT GTTGTA ATTGTA ACGCTT GCAGAA GCGACA CCAGTT CATGAA GCAAGC CGTC 
T S V V I V T L A E A T P V H E A S R L 

IACAAGGA GACTTA AAACGT GCAGAA ATTCAT CCGAAA TGGTGG GTAATT AATCAA AGCT 
_ G D L K R A E I H P K W W V I N Q S F 

TTTATGCA ACGCAT ACGATA GACCCA GTACTA AAGGGA CGATCA CAATCT GAAGTC CCAT 
Y A T H T I D P V L K G R S Q S E V P W 

GGATTCAA GAAGTT CAAAAA GAATCA CAACAT AATTGT GTAATT ATTCCT TGGCAA TCAG 
I Q E V Q K E S Q H N C V I I P W Q S E 

AAGATGTT ATTGGA TATGAG AAACTA AAAGAA TTGACA GTTCAA TAATTG TTCATT AGGA 
D V I G Y E K L K E L T V Q * 

T 
G3TATTCA CTATSC ATAAAG TCGTTA TTTTAG GAACAG GACCAG CCGGAT TAACAG CAGC 

M H K V V I L G T G P A G L T A A 
TATCTACT TAGCAC GTGCGA ATATGA ATCCAC TTATTA TTGAAG GAACTC AGCCAG GTGG 
I Y L A R A N M N P L I I E G T Q P G G 

ACAATTAA CTACAA CAACGG AAGTAG AGAATT TCCCAG GGTTCC CTGATG GTATTA TGGG 
Q L T T T T E V E N F P G F P D G I M G 

AC CA3AGC TAATGG AAAATA TGAGGA AACAAG CAGGAC GATTTG GTGCGG AGTTTA AAAA 
P E L M E N M R K Q A G R F G A E F K N 

rGGTTGGG TAGAAA AAGTGG ATGTAT CTCAGC GACCAT TTAAAATTACTG TAACTG GAAT 
G W V E K V D V S Q R P F K I T V T G M 

GGGAGAGATAGAAG CGGAAG CTATTA TTGTTT CTACAG GTGCTT CTGCTA AACTGC TAGG 
G E I E A E A I I V S T G A S A K L L G 

GATTCCAG GAGAGA AAGAAC AGATGG GTCGTG GAGTAG GAACTT GTGCAA CATGTG ATGG 
I P G E K E Q M G R G V G T C A T C D G 

ATTCTTCT ATCGTG GTAAAA AAGTCA TTGTAG TTGGTG GTGGAG ACTCTG CAATGG AAGA 
F F Y R G K K V I V V G G G D S A M E E 

AGCAAACT TCCTAA CAAAGT TTGCAA CAGAAG TTCATA TTGTAC ATCGTA GAGATG AACT 
A N F L T K F A T E V H I V H R R D E L 

ACGTGCAT CTAAAATTATGC AAGATC GTGCAA AAGCAA ACGAGA AAATTA CTTGGG GATT 
R A S K I M Q D R A K A N E K I T W G L 

AAATAAGA CACCGA TAGAAG TAATAG CAGATG QGAAAG TTACAG GTCTAA AAGTGA AAGA 
N K T P I E V I A D G K V T G L K V K D 

TAACGAAA CCGGTG AAGAAG AAATAA TTGAAA CGGACG GTATTT TCATTG CGATTG GCCA 
N E T G E E E I I E T D G I F I A I G H 

TCGTCCAA ATACAG AATTTT TAAATG GTCAAG TAGAGA TAGATG AAGCTG GTTATA TTGT 
R P N T E F L N G Q V E I D E A G Y I V 

TGTAAAAC CAGGCA CAACAG AAACAA ATATAC CAGGAG TATTTG CATGTG GTGATG TGCA 
V K P G T T E T N I P G V F A C G D V Q 

AGACCATA AGTATC GTCAGG CAATTA CGGCTG CAGGAA CTGGTT GTATGG CTGCAT TGGA 
D H K Y R Q A I T A A G T G C M A A L D 

TTCTGAAC GCTTCT TAGAAA ATCATG CTGTGC ATGATT GGAGTC AATCTT TATAAA ACGG 
E E R F L E N H A V H D W S Q S L * 

I 
GGCjAAGTT AAAATG AATATT ACAGAT AAAGCA AAAGAG TTTATT GAGACT GCTATG AAAG 

M N I T D K A K E F I E T A H K E 
AAAACGGT GTTTCA ACATTA CGTTTT ACATTT GATGGT GCTGGA TGCTGT GGCCCT AGTT 

N G V S T L R F T F D G A G C C G P S ^ 
ACGGTATT AATTTA GGTGAA GCACAA GAAAAT GATGTC ACAGAA ACAGTA AACGGT ATTC 

G I N L G E A Q E N D V T E T V N G I Q 
AAGTTGCT ATGGAT CCAAAG GTAGCT GAAATT GTAAAT ACACTA ACACTA GACTAT GTAG 

V A M D P K V A E I V N T L T L D Y V E 
AAGATCAA CAAGGT GCAGGT CTTGTT ATCAGT GGTGGA TCTAAC TGCTGC TAAATT ATAA 

D Q Q G A G L V I S G G S N C C ,» 

P 
ACTAAAGG AGACTA ACAAAC ATGACG AACTAT CACGAA CTTGTA AAAGGA AAAGTA TATA 

• R R L T N M T N Y H E . V K G K V Y I 
TTGGTGGA GTAGAC GCTATA CAAGAC GCAGTA AAAAAG CATGGA GTTACA GAAGTG TTTG 

G G V D A I Q D A V K K H G V T E V F D 
ACTTACGT TCTGGAGGACAA GAACCA GAAGGA TTTCCAGTTGAA GCTAAG CGACAT GCTT 

L R S G G Q E P E G F P V E A K R H A Y 
ACCCAATT GTAGAA GGTGTA GAAGGG GAAGAT GAATCT GTTAAA AATGCA ATTGGA GCCG 

P I V E G V E G E D E S V K N A I G A V 
TT AAAGAA GCTGTA GAGCGA GGGGAA AAAGTA TTTTTC CATTGC TCTGGT GGACGA AATC 

K E A V E R G E K V F F H C S G G R N P . 
3TACAGGT ACGGTT GCAACC GGATTA TTAGTA GAATTA GGGCAC GCATCT AACGTA GAAG 

T G T V A T G L L V E L G H A S N V E E 
AAGCGGAA CAAAAA GTAAAA GAAATA CGTTCA ATCATT AATATC AAaCCA GAAaTG AAGC 

A E Q K V K E I R S I I N I K P E M K Q 
AAGTATTG AAACGT TTGTAT GTATAA TTTGTC TaAGTC TCAAAA ACATAT GTTTTT GAGA 

V L K R L Y V .« 
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A P P E N D I X 5: Multiple sequence alignment of the arsenite membrane 
transporter proteins belonging to _.. coli type ArsB and 3rd sub-group. 

Appendix 5.1: Multiple sequence alignments of ArsB- like proteins from different 
strains compared with related species acquired from Genbank through blastx. The 
16 related species were chosen according to their pairwise alignment score and 
identity. Alignments were made using the ClustalW program (Thompson et. al., 
1994). Protein sequences are indicated by species name. Amino acid residues 
highlighted in yellow refers to identical conserved residues shared. Asterisk "*" 
refers to strains harboring Na+/H+ antiporter and related AsIII Permeases. 

1 11 21 31 41 51 
Y. pseudotuberculosis MLLAGAIFILTI 
Y. enterocolitica pVYe227 MLLAGAIFILTI 
S. marsecens R478 MLLAGAIFLFTL 
B. coli R773 MLLAGAIFILTI 
S. typhi R64 ^MLLAGAIFILTI 
E.coli INc R46 MLLAGAIFVLTI 
Y. pestis C092 MLLAGSIFVLTL 
R. palustris CGA009 MLIALAIFVATI 
B. halodurans MSS--VIVASLIFLFTL 
B. japonicum USDA110 MEPCRRRGRQRRRHRLSQPNEPTKPQGLNVPSDAIWAWSIIVAAT 
Bradyrhirhizobium sp BTAil* MSLHDP WLAYAIIIPAT 
R. palustris CGA009* MPSSMLSHDP- --VLTWSIVALAT 
B. vietnamiensis G4 MNSI FLSWGIAAVAT 
B. fungorum LB400* MRARCARRAASRRAARTAVSRPTCRSHRDEARVDALQPPGMPMNSA PFAWSIAALAT 
R. eutropha JMP134 MSSVSA VLIWAIAALTT 
R. metallidurans CH34 MPAYAT PLIWSVAALST 
61 71 81 91 101 111 
Y. pseudotuberculosis VLVIWQPKGLGIGWSAMLGAGLALLTGWHVSDIPWWQIVWNATATFIAIIIISLLLDE 
Y. enterocolitica pVYe227 VLVIWQPKGLGIGWSAMLGAGLALLTGWHVSDIPWWQIVWNATATFIAIIIISLLLDE 
S. marsecens R478 VLVIWQPRGLGIGWSASLGAILALLTGWHLGDIPWWQIVWNATATFIAVIIISLLLDE 
E. coli R773 VLVIWQPKGLGIGWSATLGAVLALASGVIHIADIPWWNIVWNATATFIAVIIISLLLDE 
S. typhi R64 VLVIWQPKGLGIGWSATLGAVLALASGVIHIADIPWWNIVWNATATFIAVIIISLLLDE 
E. coli INc R46 VLVIWQPKGLGIGWSATLGAVLALISGWHIGDIPWWNIVWNATATFIAVIIISLLLDE 
Y. pestis C092 ILAIWQPRGLSIGWSASICAALALVSGVIHVGDIPWWNIVWNATATFIAVIIISLLLDE 
R. palustris CGA009 ALVIWQPKGLGIGWSALGGAAIALLVGWSLSDVPWWGIVWNATATFVAIIIVSLLLDE 
B. halodurans VLVIWQPRGLSIGWSATIGAVLALLAGVVDFADVQAVTGIVWNATLTFVAIIIISLILDE 
B. japonicum DSDA110 AGVIIRPFRLPEAIWAVIGAGALVLLGLLPWQDALLGIGKGVDVYLFLIGMMLIAELARL 
Bradyrhirhizobium sp BTAil* AGVIIRPFRLPEAVWAVAGAILLVALGLITTTDALAGIRKGLDVYLFLIGMMLIAELARR 
R. palustris CGA009* AGVIIRPMRWPEAVWAVAGAVALVALGLLSWQDALAGVRNGIDVYLFLIGMMLIAELAQR 
B. vietnamiensis G4 AGVITRPFKWPEAVWAVAGAVLLVSLGLLPVHLAIEAIGKGTDVYLFLFGMMLLSEVARR 
S. fungorum LB400* AGVIVRPFGWPEAIWAVAGAVLLVALGLLPADAALAAVAKGGDVYPFLTGMMLLSEVARR 
R. eutropha JMP134 AGVLLRPFRLSEAFWAVAGAVLLCVGGLLAVPDALAAVMRGLDVYLFLAGMMVSSELARK 
R. metallidurans CH34 AGVLFRPFRLPEPFWAMAGALVLCVAGLLPWRDALQAVARGNDVYLFLAGMILISELARK 
121 131 141 151 161 171 
Y. pseudotuberculosis SGFFEWAALHVARWGNGHGRRLFTYIILLGAAVAALFANDGAALILTPIVIAMLLALGFG 
Y. enterocolitica pVYe227 SGFFEWAALHVARWGNGHGRRLFTYIILLGAAVAALFANDGAALILTPIVIAMLLALGFG 
S. marsecens R478 SGFFEWAALHVARWGNGRGRLLFTWIVLLGAMVAALFANDGAALILTPIVIAMLLALGFS 
E. coli R773 SGFFEWAALHVSRWGNGRGRLLFTYIVLLGAAVAALFANDGAALILTPIVIAMLLALGFS 
S. typhi R64 SGFFEWAALHVSRWGNGRGRLLFTYIVLLGAAVAALFANDGAALILTPIVIAMLLALGFS 
E. COli INc R46 SGFFEWAALHVSRWGNGRGRLLFTYIVLLGAAVAALFANDGAALILTPIVIAMLLALGFS 
Y. pestis C092 SGFFEWAALHVSRWGNGRGRLLFTWIVLLGAAVAALFANDGAALILTPIVIAMLLALGFS 
R. palustris CGA009 AGFFEWAALHVARWGGGHGRRLFVLIVLLGAAVSALFANDGAALILTPIVIAMLRALGYK 
B. halodurans IGFFEWSALHMARVANGSGIKMFLYITLLGAIVAALFANDGAALILTPIVLAMVRALKFK 
B. japonicum USDA110 EGLFDYLAALAVEYADGSPQRLFLLIYLVGTLVTVLLSNDATAIVLTPAVYAATRAAGAK 
Bradyrhirhizobium sp BTAil* EGLFDYLAAYAVEHARGSPQLLFLLVYWGTLVTVLLSNDATAIVLTPAVYAATRAAGAS 
R. palustris CGA009* EGLFDYLAAYAVEHARGSPQRLFLLVYAVGVLVTVLLSNDATAIVLTPAVYAATRAAGAA 
B. vietnamiensis G4 EGLFDWVAVLAVNHAQGSPRKLFLLVYLVGWITAFLSNDATAWLTPAVFAAARKAKTD 
B. fungorum LB400* EGLFDWVAAHWNGARGSPRRLFALVYLVGTVTTVFLSNDATAWLTPAVFAAARRAKTD 
R. eutropha JMP134 TGLFDHVAALAVRRAGGSARALFLLVYGFGTLVTAFMSNDATAWLTPAVLAATRAAKVQ 
R. metallidurans CH34 TGLFDHVAALAVRAARGSARKLFALVYGFGIAVTAFMSNDATAWLTPAVIAATRAARVK 
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Y. pseudotuberculosis 
Y. enterocolitica pVYe227 
S. marsecens R4 7 8 
E. coli R773 
S. typhi R64 
E. coli INc R46 
Y. pestis C092 
R. palustris CGA009 
B. halodurans 
B. japonicum USDA110 
Bradyrhirhizobium sp BTAil* 
R. palustris CGA009* 
B. vietnamiensis G4 
B. fungorum LB400* 
R. eutropha JMP134 
R. metallidurans CH34 

181 191 201 211 221 231 
RGATLAFVMAAGFIADTASLPLIVSNLVNIVSADFFNLGFTEYAAVMVPVNLVAVIATLA 

RGATLAFVMAAGFIADTASLPLIVSNLVNIVSADFFNLGFTEYAAVMVPVNLVAVIATLA 
RGATLAFIMAAGFIADTASLPLIVSNLVNIVSADFFKLGFSEYAAVMVPVNLAAIAATLV 
KSTTLAFVMAAGFISDTASLPLIVSNLVNIVSADFFKLGFTEYASVMVPVDIAAIIATLV 
KSTTLAFVMAAGFIADTASLPLIVSNLVNIVSADFFKLGFTEYASVMVPVDIAAIVATLV 
KGTTLAFVMAAGFIADTASLPLIVSNLVNIVSADFFGLGFTEYASVMVPVDIAAIIATLV 
KRTTLAFVMAAGFIADTASLPLIVSNLVNIVSADFFRLGFTEYASVMLPVDIAAIAATLG 
DKATLAFVMAAGFIADTASLPLIVSNLVNIVSADFFRIGFADYASVMVPVDLASIAATLV 
EAMVLPFVMASGFIADTTSLPLIVSNLVNIVSADFFNIGFVEYATRMWPNLFALAASIV 
---PLPYLFVCAFIANAASFVLPISNPANLWFGARMPHLTEWLRLFALPSAASILLTYV 

- - - PLPYLYVCAFIANAASFVLPI SNPANLWFGARMPHLTEWLRQFTLPSITAIALTYA 
---PLPYLFVCAFIANAASFVLPISNPANLWFGEHMPHLGGWLQQFTLPSLAAILATYL 

---PLPLLFVCAFIANAASFVLPISNPANIVLYGNHTPALGAWLLRFTLPSLLSIIATYV 

- - -PLPLLYVCAFVANAASFVLPISNPANLVLYGAHMPALGTWLARFALPSIASIACTYA 
N--PLPHLFACAFIANAASFVLPISNPANLVIFGTRMPPLAGWLAHFALPSLVAVVTTLA 
H--PLPYLYACAFIANAASFLLPISNPANLVLFGDRMPPLTSWLARFTLPSVVAIAMTFI 

.. pseudotuberculosis 
r. enterocolitica pVYe227 
S. marsecens R4 7 8 
E. coli R773 
S. typhi R64 
E. coli INc R46 
Y. pestis C092 
R. palustris CGA009 
B. halodurans 
B. japonicum USDA110 
Bradyrhirhizobium sp BTAil* 
R. palustris CGA009* 
B. vietnamiensis G4 
B. fungorum LB400* 
R. eutropha JMP134 
R. metallidurans CH34 

241 251 261 271 281 291 
MLHLFFRKDIPAVYDLSLLKAPQAAIRDMNTFKTGWLVLALLLIGFFALEPLGVPVSLVA 
MLHLFFRKDIPAVYDLSLLKAPQAAIRDMNTFKTGWLVLALLLIGFFALEPLGVPVSLVA 
MLHLFFRKDIPAVYDVSLLKEPKDAIRDVNTFKTGWLVLVLLLVGFFGLEPLGVPVSLVA 
MLHLFFRKDIPPTYELARLKEPAKAIKDPATFRTGWWLLLLLVGFFVLEPMGIPVSAIA 
MLHLFFRKDIPPTYELARLKEPAKAIKDPATFRTGWWLLLLLVGFFVLEPMGIPVSAIA 
MLHLFFRKDIPPTYDLALLKAPAKAIKDLATFRTGWIVLILLLVGFFVLEPLGIPVSAIA 
MLHLFFRRDIPATYDVSLLKMPASAIKDPATFRAGWIVLVLLLVGFFVLEPLGIPVSAIA 
VLLLFFRRDIPASYDVAQLRAPADAIRDPATFKAGWWLALLLAGFFLLEPIGVPVSAVA 
VLYLYFRKDMPKTYDLSQLKKPHEAIKDKAMFKLSWVILAVLLIGYFVSEFVHIPVSFVA 
VLRLTQHRALKEETIARSVPHPKLSRGGKLTAVGIIAIGIVLVTASALDRQLGLPTFICG 
ALWLTQRRALHAETLRTDVDKPRLSREGRLAAMGILAIAAVLLTASALDIQLGLPTFVCG 
VLRLALRRSLAGQTIETRVETPHLSRGGKLAAVGIGAIAIVLLTASALNVALGLPTFVCG 
MLRWTQREALAG-TCEANLEALELSSSGRVALAGIAVTAAVLLTVSAFDIALGLPTAILG 
MLRATQRHALRG-RCACDLPVPSLSAGARIALAGIAATAAALMIVSLLDRPLGLPTALAG 
ALYWTQREALAE - RIASDVPVPPLSLQAWLTAVGIVLTGVALLAASLRGSDLGWPTCAAG 
VLYWTQRDALAE-PIENDVPTPPLTLQAMLTTLGIMLTGAALLTASLHGQDLGWPTFIGG 

Y. pseudotuberculosis 
Y. enterocolitica pVYe227 
S. marsecens R4 78 
E. coli R773 
S. typhi R64 
E. coli INc R46 
Y. pestis C092 
R. palustris CGA00 9 
B. halodurans 
B. japonicum USDA110 
Bradyrhirhizobium sp BTAil* 
R. palustris CGA009* 
B. vietnamiensis G4 
B. fungorum LB4 00* 
R. eutropha JMP134 
R. metallidurans CH34 

301 311 321 331 341 351 
AVGALILLAVAKKG HAINTGKVLRGAPWQIVIFSLGMYLWYGLRNAGLTHYISAL 
AVGALILLAVAKKG HAINTGKVLRGAPWQIVIFSLGMYLWYGLRNAGLTHYISAL 
AAGALLLFAVAKKG HAINTGKVLRGAPWQIVIFSLGMYLWYGLRNAGLTHYLSSL 
AVGAAVLFAVAKKG HGINTGKVLRGAPWQIVIFSLGMYLVIYGLRNAGLTDYLSDV 
AVGAAILFAVAKKG HGINTGKVLRGAPWQIVIFSLGMYLWYGLRNAGLTDYLSDV 
AVGAVILFAVANRG HAINTGKVLRGAPWQIVIFSLGMYLWYGLRNAGLTEYLSGV 
AVGTWLFAVAKKG HAINTGKVLRGAPWQIWFSLGMYLWYGLRNAGLTEYLSGV 
AAGAVLLLIIAARG HVIQTRKVLAGAPWQWIFSLGMYLWYGLRNAGLTDHLAGL 
MPIAFVFYLIFRRASGKNKALNTTGIIKGAPWAIWFSIGMYWVYGLRNVGLTNI LAD I 
VATSAIVLLISQQS PLPVLRGVS WSVLPLVGGLFVLVEALVKTGVIGQLSAL 
WTAAAILLAGRQS PWPWKGVS WGVLPLVAGLFVMVEGLSRAGAIGQLSAW 
LVTTAWLAIARQS PVPVLKGVS WSWPLVAGLFVMVEALSRTGVIGALGGL 
ALTALIVLILERKS PLPMIREIS WSVLPLVAALFVLVEMLDHTGVIAALAQL 
ALTAACVLARDRAA CGPTLRAIS WSVLPLVAGLFVLVEALERTGAVDALAAL 
AATLLIVCATKRDL LAPALREIS WGVLPMVAGLFVLVAALEHTGVIHWLADI 
LLTLAWCATQPRL LVPALKEVS WGVLPLVAGLFVLVAGLAQTGLTAQLAHW 

Y. pseudotuberculosis 
Y. enterocolitica pVYe227 
S. marsecens R478 
E. coli R773 
S. typhi R64 
E. coli INc R46 
i". pestis C092 
R. palustris CGA009 
B. halodurans 
B. japonicum USDA110 
Bradyrhirhizobium sp BTAil* 
R. palustris CGA009* 
B. vietnamiensis G4 
B. fungorum LB4 00* 
R. eutropha JMP134 
R. metallidurans CH34 

361 371 381 391 401 411 
LNRLGEQGLWASTLGTGFLTAFLS - - -SIMNNLPTVLVGALSIEGSTATGLIKEAMIYAN 
LNRLGEQGLWASTLGTGFLTAFLS- - -SIMNNLPTVLVGALSIEGSTATGLIKEAMIYAN 
LNQLAEQGLWAATLGTGFLTAFLS - - - S VMNNMPTVLVGALSIDGSTATGVI KEAMI YAN 
LNELADKGLWAATLGTGFLTALLS SIMNNMPTVLIGALSIDGSTATGVIKEAMIYAN 
LNVLADKGLWAATLGTGFLTALLS SIMNNMPTVLIGALSI DGSTATGVI KEAMI YAN 
LNVLADKGLWAATFGTGFLTAFLS SIMNNMPTVLVGALSIDGSTATGVIKEAMIFAN 
LNMLADKGLLAATFGTGFLTAFLS SVMNNMPTVLVGALSIDGSTASGVIKEAMIYAN 
LDHTAQGGVWGAAFGTGTIAALLS - - -SVMNNMPTVLVGALSIDATHATGAIKEAMIYAN 
IELAAAQGLFAGTMAMGFIAAILS - - - SLMNNMPTVMINALAIADTNTMGIMREALIYAN 
LHQAVAQSIPKAAWSVGIATAFAT- - -NVANNLPVGLVAGSVAASDHLP APWSAI 
LHQGVTASPAGTAWAAGLITAVAD NIANNLPVGLVAGSVAASDHLP HEWRTI 
LREAVADAPRLGSWAAGIVTAIAC NIGNNLPVGLVAGSVAADNHLP RETIAAL 
AQRAAQHNELAAAGWAGSIIAIGS NLMNNLPAGLIASSTVLQAHSP ERVIDAL 
LRTLTAGGTAHAAAASGVAIALAS - - -NLVNNLPAGLVAGAIVGVAHSP QPWDAL 
IQAASRQDSLARLWGIGAAVALIG- - -NVANNLPAGLIASSALAAGHAS NAVTGAV 
VRMLSGLQGPEAVLGAGVAGVLVGITSNIVNNLPAGLFAASALAAGHAS DTVTAAV 
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421 431 441 451 461 471 
- . pseudotuberculosis VIGSDLGPKITLIGSLATLLWLHVLSQKNMTITWGYYFRVGIIMTLPVLLVTLSALALRL 
.. enterocolitica pVYe227 VIGSDLGPKITPIGSLATLLWLHVLSQKNMTITWGYYFRVGIIMTLPVLLVTLSALALRL 
S. marsecens R478 VIGSDLGPKITPIGSLATLLWLHVLSQKNIKITWGYYFRVGIVMTIPVLFVTLAALALRL 
E. COli R773 VIGCDLGPKITPIGSLATLLWLHVLSQKNMTITWGYYFRTGIVMTLPVLFVTLAALALRL 
S. typhi R64 VIGCDLGPKITPIGSLATLLWLHVLSQKNMTITWGYYFRTGIVMTLPVLFVTLAALALRL 
E. COli INc R46 VIGCDLGPKITPIGSLATLLWLHVLSQKNMTITWGYYFRTGIVMTLPVLFVTLAALALRL 
Y. pestis C092 VIGCDLGPKITPIGSLATLLWLHVLSQKNMTISWGYYFRTGIIMTLPVLFVTLAALALRL 
R. palustris CGA009 VIGCDLGPKITPIGSLATLLWLHVLGQKGIRIGWGYYFKVGATLTIPVLLVTLAALAIRL 
B. halodurans VIGSDLGPKITPIGSLATLLWLHVLSKKGMKITWGYYFKVGIILTVPTLFITLVGLYLWL 
B. japonicum USDA110 LIGVDLGPNLSVTGSLATILWLVALRREKIEVGAWPFLKLGLLVTPPALVAALAAAIR--
Bradyrhirhizobium sp BTAil* LIGVDLGPNISVTGSLATILWLTALRREKIQVSAWQFLKIGLVATPPALIAALAAAMW--
R. palustris CGA009* LIGVDLGPNFSVTGSLATILWLWLRRNQIEVTAWRFLKLGLWTPPALIAALAAAVW--
B. vietnamiensis G4 LIGVDLGPNLSITGSLATILWLSAIRREGEDVSFMKFLKVGSWMLPALVLALGARILTG 
B. fungorum LB400* LIGVDLGPNLSVTGSLATILWLAAIRRDGLQVSAGKFLAIGACVMLPALVAALAVRLV--
R. eutropha JMP134 LVGIDLGPNLSATGSLATLLWLTALRRDGHMVTAGQFLRLGAWMPTAMVPTLAVLALAR 
R. metallidurans CH34 LIGVDLGPNLSITGSLATLLWLTALRREGHMVGAGTFLKTGALVMPLALLPALAVLR---

481 
SVSM 
SVSM 
SFTL 
SVTL 
SVTL 
SFTL 
SVTL 
SL--
MLIS 

Y. pseudotuberculosis 
Y. enterocolitica pVYe227 
S. marsecens R478 
E. coli R773 
S. typhi R64 
E. coli INc R46 
Y. pestis C092 
R. palustris CGA009 
S. halodurans 
B. japonicum USDA110 
Bradyrhirhizobium sp BTAi 
R. palustris CGA009* 
B. vietnamiensis G4 
B. fungorum LB400* 
R. eutropha JMP134 
R. metallidurans CH34 
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Appendix 5.2: Kyte Doolittle hydropathy plots generated by PepWindow showing 
the three groups of arsenite membrane transporter proteins, (a): represents the 10 
T M D ArsB protein plots; (b): represents the 12 T M D ArsB protein plots and (c): 
represents the 14 T M D ArsB protein plots 

•"••• — •,/ •:>:' _i;<i 

Ltenocua pLUOO C.acetoburyliampSOU 

ACR3- S. cerevisiae 

(a) 
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A P P E N D I X 6: Multiple sequence alignments of C D B 3 ArsT, Arsl and ArsP 
with those of related bacteria. 

Appendix 6.1: Multiple alignment of the amino acid sequences of putative TrxB/ 
Bacillus sp. C D B 3 with some other bacterial TrxB proteins (Xi, 2006). 
TrxB/Prosthecochloris vibrioformis D S M 265, trxB/Chlorobium tepidum TLS, 
trxJS/Chlorobium phaeobacteroides D S M 266, trxB/Symbiobacterium thermophilum 
I A M 14863, trxB/Bdellovibrio bacteriovorus HD100, trxB/Streptomyces ceolicolor 
A3(2) and trxBy'Streptomyces clavuligerus respectively. The trxB have 4 conserved 
domains, 2 F A D binding sites, one reactive site and one N A D P H binding site which 
are marked as green, red and blue respectively. Consensus is labeled as asterisk. 

B. 
P. 
C. 

c. 
s. 
B. 
S. 

s. 

sp.CDB3 
vibrioformis 
tepidum 
phaeobacteroides 
thermophilum 
bacteriovorus 
coelicolor 
clavuligerus 

consensus 

B. 
P. 
C. 

c. 
s. 
B. 
S. 
S. 

sp.CDB3 
vibrioformis 
tepidum 
phaeobacteroides 
thermophilum 
bacteriovorus 
coelicolor 
clavuligerus 

concensus 

B. 
P. 
C. 

c. 
s. 
B. 

s. 
s. 

sp.CDB3 
vibrioformis 
tepidum 
phaeobacteroides 
thermophilum 
bacteriovorus 
coelicolor 
clavuligerus 

consensus 

B. 

P. 
C. 

B. 
P. 
C. 
C. 
S. 
B. 

s. 
s. 

sp.CDB3 
vibrioformis 
tepidum 

sp.CDB3 
vibrioformis 
tepidum 
phaeobacteroides 
thermophilum 
bacteriovorus 
coelicolor 
clavuligerus 

consensus 

B. 
P. 
C. 
C. 
5. 
B. 
S. 

s. 

sp.CDB3 
vibrioformis 
tepidum 
phaeobacteroides 
thermophilum 
bacteriovorus 
ceolicolor 
clavuligerus 

consensus 

t 11 21 31 41 51 
MHKWILGTGPAGLTAAIYLARANMNPLIIEGTQ-PGGQLTTTTEVENFPGFPD 

--MEREVRDIVIIGTGPAGYTAAIYTGRANLNPLVIDGYQ-PGGQLMITSEIENFPGFPE 
--MDKDIRDWIIGTGPAGYTSAIYTGRANLKPLVIEGPQ-PGGQLMITTDIENFPGFPE 
--MERDIRDIVIMGTGPAGYTAAIYSGRANLKPLVIEGSQ-PGGQLMITSEIENFPGFPE 

MRKWILGTGPAGLTAAIYTARANLQPLVIEGNE- PGGQLTTTTEVENFPGFPD 
MTQDQKVENVI11GSGPAGLTSAl YSSRANLEPLMIEGEE - AGGQLMTTTEVENFPGFDH 
MSTAKDVRDVIVIGSGPAGYTAALYTARASLNPLVFGGAIFVGGSLTTTTEVENFPGFPD 
---MSDVRNVIIIGSGPAGYTAALYTARASLQPLVFEGAVTAGGALMNTTDVENFPGFRD 

* ***************** * * * * ****** ****** *********** 
61 71 81 91 101 111 
GIMGPELMENMRKQAGRFGAEFKNGWVEKVDVSQRPFKITVTGMGEIEAEAIIVSTGASA 
GIAGPELMGRMRDQAAKFNAEFVFGSVTEADLSRRPFCLTLEDGSEVLARSVIIATGANA 
GIPGPELMGRMREQAARFGVEFQFGSITEVDVSRSPFSLMLDNGQEILARTLIIATGANA 
GIFGPELMARMRQQIIRFGVEIAYGSVQDVDLSRTPFSLSLDDGTEIVTRSLIVATGANA 
GIMGPELMDNMRRQAERFGAEFRRGYVTGVDFSRRPFRITVDETDVIEAEAVIIATGASA 
GITGPDLITVMRKQAERFGTRFITRNVTKVDFSQRPFKVWIGD-KLHLAKSIIISTGASA 
GVQGPELMENMRAQAERFGAEMVDDDIVAVDLTGDVKTVTDTAGTVHRARTVIVATGSGY 
GIMGPDLMDNMRAQAERFGAELIPDDWSVDLTGDIKTVTDSAGTVHRAKAVIVTTGSQH 

***** * * * * 
121 131 
KLLGI PGEKEQMGRGVGTl 
KWLGIESEDRYRGRGVS 
KWLGIESEEKYRGRGVS 
KWLNIDSEKMYRGKGVSA! 
KHLGIPGEDENIGRGVSY 
KYLGLPSEKVYANRGVSA 
RKLGVPKEDELSGRGVSw| 
RKLGLPREDALSGRGVS 

151 
GFFYRGKKVI 
GFFFRDSTVF 
GFFFRNCRVFJ 
GFFFKQCKVFl 
GFFYRGKKVL| 
GAFFRNQEI' 
GFFFRDRDI 
GFFFKDQDI 

161 171 

********** 

181 191 201 211 221 231 

IDELRASKIMQDRAKANEKITWGLNKTPIEVIADGK-VTGLKVKDNETGEEEIIETDGIF 

EEFRSSKIMSLRASKNPKITTMLSRTVDEILGDGQKVTGIRLKHVETGELEELPCDGVF 

EEFRASKIMSLRASKNEKITTMLNQWDEILGDDMKVTGIRLKNVKTGELTEHACDGVF 
241 251 261 271 281 291 
IAIGHRPNTEFLNGQVEIDEAGYIWKPGTTETNIPGVFACGDVQDHKYRQAITAAGTGC 
MAIGHAPNAQMFAGQIETDDYGYIVTKKASTETSVAGVFACGDVQDYTYRQAVTAVGTGC 
IAIGHEPNAKLFKGQLDMDDYGYILTKDHSTETSVKGVFACGDVQDFTYRQAVTAVGTGC 
MAIGHAPNAELFKGQLRIDDYGYIETKKTSTETSVPGVFACGDVQDYTYRQAITAAGTGC 
VAIGHKPNTDFLRGQIDMDELGYIKTIPGTAQTNVPGVFACGDVQDSRYRQAITAAGSGC 
LAIGHKPNTDLFKGVLDMNETGYLITQPNTTYTNIPGVFAAGDVQDHVYRQAITAAGTGC 
IAIGHDPRTELFKGQLHLDSEGYLMVESPSTRTNVPGVFGAGDWDHTYRQAITAASSGC 
IAVGHDPRTELFKGQLDLDDEGYLKVASPSTRTNLTGVFAAGDWDHTYRQAITAAGTGC 

301 311 321 
MAALDSERFLENHAVHDWSQSL 
MAAVDAERFLESIR 
MAAIEAERFLESIR 
MAAVDAERFLESIR 
MAALDCERFLEEVAAQEGSLTK 
MAAIDAERWLEAQEAH 
AAALDAERYLAARSDTSVSAEWAVA 
SAALDAERYLAALADSEQIAEPAPAV 
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Appendix 6.2a: Structural multiple alignment of the amino acid sequence of HesB-
like domain protein (arsI)/B. sp. C D B 3 (ORF7), HesB-like domain protein/B. sp. 
M B 2 4 T n arsl, HesB-like domain protein/... cereus A T C C 10987 pBC10987. 
Consensus is labeled as asterisk. 

1 11 21 31 41 51 
B. sp. MB24 MNITDKAKEFIETAMKENGVTTLRFTFDGAGCCGPSYGINLGEAQENDVTETVNGIEVAM 
B. sp. CDB3 MNITDKAKEFIETAMKENGVSTLRFTFDGAGCCGPSYGINLGEAQENDVTETVNGIQVAM 
B. cereus pBcl0987 MNITDKAKEFIENAMKENGVSTLRFTFEGAGCCGPSYGINLGEAEESDITETVNGVQVAM 
consensus ************ ******* ****** **************** * * ****** *** 

61 71 81 91 
B. sp. MB24 DPKWEIVNTLTLDYVEDQQGAGLVISGGSNCC 
B. sp. CDB3 DPKVAEIVNTLTLDYVEDQQGAGLVISGGSNCC 
B. cereus pBcl0987 DPKVAEIVNTLTLDYVEDQQGAGLVISGGSNCC 
consensus **** ***************************** 

Appendix 6.2b: Structural multiple alignment of the amino acid sequence of IscA/ 
B. subtilis str. 168, IscA/ _.. halodurans C-125 and IscA/ B. clausii K S M - K 1 6 and 
HesB-like domain protein//?, sp. CDB3 {arslj. The conserved cysteines are 
highlighted with red color. Consensus is labeled as asterisk. 

Bacillus_s 
Bacillus_h 
Bacillus_c 
cdb3HesBli 
consensus 

Bacillus_s 
Bacillus_h 
Bacillus_c 
cdb3HesBli 
consensus 

1 11 
MSNPVTBEAIALHIKDJ 

71 
KESLEIMNG1 

NEIGPILKDVII 

KEfEpivRGq 
PKVAEIVNTLT 

21 
IHEEENAFI 
IEIEEGLKI 

IDASLMLBIL 

|vs - - T JFTFE§A||(: 

41 
|M£.FEH| 

IMGFD: 

JAMGFD: 
INLG 

51 
|KS|S|SVFDQ 

:LHEI 
:._fTKIHV 

TETV 
t * * * * * * * * * * * 

****** 

91 101 111 
FTIDNPNAIAS^*3SSFRTATNAGKPEEC 
FTIDNPNAIAI$(^GTSFRTATHAGTPEDC 

LDHPmiAN|-|GASFRTAANAGTPEDC 

LVjSGG -N|~l 
************* **** ************ 
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Appendix 6.3: Structural multiple alignment of the amino acid sequence of orf8 
{arsP)/B. sp. CDB3, orfl2/__. sp. M B 2 4 Tn arsl, orf2/i.. cereus A T C C 10987 
pBC10987. The signature motif of dual specificity phosphatases is shadowed which 
are H C X X G X X R T . The conserved amino acids are marked with different colors. 
Consensus is labeled as asterisk. 

MB24_hypot 
CDB3orf8hy 
pBC10987_B 
consensus 

MB24_hypot 
CDB3orf8hy 
pBC10987_B 
consensus 

MB24_hypot 
CDB3orf8hy 
pBC10987_B 
consensus 

MTNYHELVKGKVYIGGVDAIQEAVKKHGVTEVFDLRAGGEEPEGFPVETTRHAYPIVEGV 
MTNYHELVKGKVYIGGVDAIQDAVKICHGVTEVFDLRSGGQEPEGFPVEAKRHAyPIVEGV 
MTNYHELVKGKVYIGGVDAIQDAVNKHGITEVFDLRAGGEEPEGFPSGTKRHAYPIVEGV 
****************** **** ****** ** ***** ******** 
61 71 81 91 101 111 
EGQDESVKTAIAAVKEAVEQDKKVFFHCSGGRNRTGTVATGLLVELGHASNVEEAEQKAK 
EGEDESVKNAIGAVKEAVERGEKVFFECSGGRNRTGTVATGLLVELGHASNVEEAEQKVK 
EGQDESVRNA1AAVKEAVEQDK-CVFFHCSGGRNRTGTVATGLLVELGHASNVEEAEQKAK 
*********** ******* ************************************* * 
121 131 141 
EIRS SINIKPEMKQVLKRL YV 
EIRSIINIKPEMKQVLKRLYV 
EIRSSISIKPEMKQVLNRLYV 
*** ********** *** 

276 



A P P E N D I X 7: Flow chart showing the steps followed in assessing the p-
galactosidase activity of lacL fusion constructs. 

Single colony was taken from LB plate (with appropriate antibiotic) and inoculated into LB medium 

1 
Incubated with shaking overnight at 37°C 

Overnight cultures were diluted 100 times with fresh LB medium with appropriate antibiotic and incubated 
until the cultures reached logarithmic growth phase (OD600- 0.2-0.7) 

1 
Cultures were distributed into tubes, and divided into several groups: 

1 
Control and Induced tubes 

1 1 1 1 1 I 1 I H I I 1111 1111 
C 1 2 5 C 1 2 5 C 1 2 5 C 1 2 5 C 1 2 5 

pZXll pZX12 pZX13 pZX14 p C W 1 6 

1 
One group was control with no arsenite, while the other groups were induced by different final 

concentrations of arsenite 

After incubation for additional 30mins, the cultures were immersed in ice for 20 minutes to prevent further 
growth 

The cell density (ODeoonm) was measured with a spectrophotometer 

0.1 mL of culture was mixed in a tube with 0.9mL of Z buffer, 60uL of chloroform and 30|xL of 0.1% SDS 

solution followed by vortexing for 10 seconds 

Place the tubes in a 28°C water bath for 5 min, the reaction was started by adding 0.2mL of ONPG 
(4mg/mL) to each tube and shake the tubes for a few seconds 

The tubes were incubated at 28°C water bath until sufficient yellow color was observed 

After the reaction was stopped by adding 0.5mL of a IM Na2C03 solution and total assay time was 
recorded for each sample, the tubes were centrifuged at 4000g for 5 minutes 

Finally, the absorbance of each assay tube at both 420nm and 550nm was measured by using UV-
spectrophotometer 

The "Miller Units" of P-galactosidase activity was calculated using the following equation: 

Miller Units= lOOOxAnn-1.75(OD^n) 

fxvxODsoo 
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