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ABSTRACT 
 

A wide variety of contaminants have been introduced in the environment by 

anthropogenic activities or natural processes. Pollution not only affects humans but 

also severely hampers the ecosystem by destroying habitats of the affected flora and 

fauna. In addition, a variety of environments such as subsurface aquifers, oceans, 

anoxic soils, sediments and soda lakes have been affected. Contaminants such as 

polycyclic aromatic hydrocarbons (PAHs) are of significance as they have been 

identified as mutagenic, carcinogenic and teratogenic.  

 

Methods such as use of dispersants, solvent mixtures and detergents have been 

employed for the clean-up of the affected sites. These chemicals may be useful in the 

short-term but they significantly affect the surviving organisms and alter the food-

chain of the ecosystem. In addition, they don’t necessarily destroy and may mobilize 

contaminants. In recent years, focus has shifted towards natural processes for 

degradation of contaminants. Bacteria can be employed for successful, sustainable 

and harmless clean up of such contaminated environments. Attenuation of 

pollutants including hydrocarbons such as PAHs can be achieved under aerobic 

conditions by intrinsic bacteria present in the impacted site or by introduction of 

organisms capable of biodegradation. Few studies have investigated the degradation 

potential and mechanisms of bacteria in anoxic, saline and alkaline conditions. 

 

The aim of the present study was to isolate PAH degraders from anaerobic and 

saline and alkaline environments to study the degradation potential. Extensive 
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enrichments on samples from Great Artesian Basin (Oil Company of Australia 

bore), Mono Lake (California) and anoxic soil samples from a bioremediation unit 

in Caltex Oil Refinery (Lytton, Queensland, Australia) were performed. 

Enrichments were performed on a variety of hydrocarbons including anthracene, 

pyrene and phenanthrene (PAHs), aerobically and anaerobically using metals as 

terminal electron acceptors. Two pure PAH degrading cultures were isolated and 

studied. Strain BP5, a facultative anaerobe and closely related to Trabulsiella 

odontotermitis was isolated from the Great Artesian Basin samples and was able to 

achieve almost complete oxidation of anthracene (93.05%), pyrene (87.25%) and 

phenanthrene (94.53%) as sole carbon source coupled with simultaneous reduction 

of Fe(III). Aerobic haloalkaliphilic strain ML-15 belonging to the genus Halomonas 

was isolated from Mono Lake and was also able to achieve substantial degradation 

of anthracene (93.45%), pyrene (94.76%) and phenanthrene (95.76%). 

Characterization and optimization of degradation of these two strains was 

performed. In addition, genomes of strains ML-15 and BP5 were sequenced, 

analysed and annotated. In all, 4,462 and 3,930 putative genes were predicted in 

strains ML-15 and BP5, respectively. Analysis of the genomes revealed the presence 

of a variety of genes involved in the lower degradation pathways of PAH 

metabolism. Strains ML-15 had 30 coding sequences involved in metabolism of 

aromatic compounds and strain BP5 had 41 sequences involved in metabolism of 

aromatic compounds. The predicted PAHs degradation pathways have been 

described. 
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The results obtained from this study are of utmost importance in the field of 

bioremediation as strain BP5 is the first reported soluble-iron reducing isolate 

capable of degrading PAHs and strain ML-15 is one of very few aerobic 

haloalkaliphilic PAH degraders. This work will serve as an initial study to further 

in-depth studies of degradation and mechanisms. 
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1.1 GENERAL INTRODUCTION 
 

Anthropogenic activities have led to the introduction of a variety of contaminants 

including hydrocarbons in the environment. Pollution not only harms humans but 

adversely affects and alters the ecosystem. Pollution of the environment, especially water 

bodies like lakes, oceans, rivers, groundwater and aquifers has a long term effect on 

individual species and population of the impacted ecosystem. This may occur as a result 

of contaminants discharged into water bodies without adequate treatment required to 

remove harmful compounds like hydrocarbons especially polycyclic aromatic 

hydrocarbons (PAHs) or by accident. PAHs such as anthracene, pyrene, phenanthrene 

and naphthalene are compounds containing two or more aromatic rings fused together.  

 

For example, the Exxon Valdez oil spill which occurred in Prince William Sound, Alaska 

in March 1989 resulted in the discharge of 41,000 to 119,000 m
3
 of crude oil in the water 

(Bluemink, 2010; Ott, 2010). Dispersants, surfactants and solvent mixtures were 

employed to clean up the affected area. In addition, high pressure hot water was also used 

to displace the oil collected in the rocky coves. This may have destroyed the marine food 

chain and many organisms including bacteria which might be capable of biodegradation. 

This spill killed hundreds of seabirds, otters, seals, eagles and organisms in the marine 

environment. The effect of this spill can be seen even today. Reduction in the population 

of various sea animals has been observed and a variety of organisms have been affected 

including the stunted growth in pink salmons (Williamson, 2003). 
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Bacteria can be employed for successful, sustainable and harmless clean up of such 

contaminated environments. Attenuation of pollutants including hydrocarbons and PAHs 

can be achieved by intrinsic bacteria present in the impacted site or by introduction of 

organisms capable of biodegradation. In addition, the bioavailability of contaminants can 

be increased by the addition of surfactants or nutrients. 

 

Almost all present day organisms have certain similarities in their genetic structures and 

this gives us a clue that all known species have a common ancestor and have diverged in 

the process of evolution. The dominant life forms in the early archean era were archaea 

and bacteria coexisting as microbial mats and these formed the backbone of evolution to 

complex multicellular organisms. The build up of oxygen in the atmosphere around 2.4 

billion years ago was achieved by the evolution of oxygenic photosynthetic organisms. 

This suggests that life on Earth in the early Archean era was anaerobic and highly 

adapted to live in harsh habitats.  

 

The three major domains of life are Archaea, Eubacteria and Eukaryota and phylogenetic 

analysis of the small subunit rRNA genes have revealed that all known life exists within 

one of the three domains (Figure 1.1). Archaea and bacteria are the closest to the root of 

the phylogenetic tree of life. These single celled organisms were equipped with the 

genetic make-up required to survive in and adapt to such harsh habitats.  
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Figure 1.1: Phylogenetic tree of life. The three domains of life Bacteria, Archaea and 

Eukaryote are shown and the root which is the phylogenetic position of the last common 

ancestor is shown (NASA Astrobiology Institute, 2003). 

 

The bombardment of early Earth by the debris of the solar system resulted in the delivery 

of aromatic compounds and are believed to be the most stable and abundant organic 

molecules ( Gredel et al., 2011; Tielens, 2008; Peeters et al., 2011; Groen et al., 2012). 

According to the “Polycyclic Aromatic Hydrocarbons (PAHs) World” hypothesis, these 

aromatic molecules may have played a significant role in the origin of life by mediating 

the synthesis of RNA molecules thereby templating the genetic components for early life 

forms (Ehrenfreund et al., 2006). This theory is subject to speculations but recently 

scientists reported the detection of PAHs in the atmosphere of Titan, the largest satellite 

of Saturn. Titan is the only natural satellite known to have a dense atmosphere and is also 

the only celestial object apart from Earth to have stable surface liquid bodies (NASA and 

JPL News Features, accessed 2012; Stofan et al., 2007). The study of Titan is important 
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for understanding the atmosphere and conditions of early Earth. Water ice and rocky 

material have been detected on the surface of Titan. Interestingly, the Cassini-Huygens 

mission also discovered the presence of liquid hydrocarbon lakes, the majority of which 

were concentrated around the polar regions of Titan. However, a few hydrocarbon lakes 

in the equatorial region have been found as well. Scientists believe that these equatorial 

hydrocarbon lakes maybe oases with underground aquifers serving as the source 

(Scientific American, 2008). 

 

If Titan resembles early Earth, then the early life forms may have used these PAHs from 

underground aquifers as energy sources. PAHs may have served as electron donors with 

metals and other inorganic compounds serving as electron acceptors for their metabolism. 

During the course of evolution these characteristics may have been preserved in some 

bacteria and thorough research needs to be done. Study of PAHs utilization and 

degradation mechanisms in bacteria at physiological and genetic level will not only 

improve the understanding of early life forms on Earth but will also assist in the 

development of bioremediation strategies for PAHs contaminated sites. 
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1.2 BACTERIAL GROWTH ON ORGANIC COMPOUNDS 
 

Bacteria exhibit a wide range of metabolic traits. They are classified into three major 

nutritional groups based on the type of energy, source of carbon and electron donors used 

for growth. These groups are phototrophs, lithotrophs and organotrophs and are 

composed of numerous sub-groups. Phototrophic organisms use sunlight as energy 

source, lithotrophs are capable of using inorganic compounds as energy source and 

organotrophs are organisms which obtain hydrogen or electrons from organic substrates. 

Most organic compounds contain one or more C-H bonds.  

 

Organotrophs can use a wide range of organic compounds including propane, butane, 

benzene, xylene, ethane, chlorobenzoates, fluorobenzoates, catechols and toluene 

(Horvath, 1972). Some bacteria are also capable of utilizing complex aromatic 

compounds including polycyclic aromatic compounds. Organotrophs can be anaerobic, 

aerobic or facultative anaerobic. 

 

 

1.2.1 AEROBES 

 

The final electron acceptor in the electron transport system (ETS) of aerobic bacteria is 

O2. The molecular oxygen is reduced to H2O. For example, glucose is broken down to 

CO2 during aerobic respiration. This results in the transfer of electron to molecular 

oxygen which leads to the formation of H2O (Figure 1.2). 
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Figure 1.2: Breakdown of glucose by aerobic respiration in bacteria. 

 

 

Aerobic respiration in bacteria is efficient and results in production of more energy as 

compared to anaerobic respiration. Hence, it is easy to isolate, culture and maintain 

aerobes.  For example, aerobic breakdown of glucose releases about 38 molecules of 

ATP whereas the fermentation of glucose releases just 2 molecules of ATP. Due to the 

efficiency of aerobic respiration, a wide variety of aerobes are able to degrade complex 

aromatic compounds including polycyclic aromatic hydrocarbons and have been 

researched extensively.  
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1.2.2 ANAEROBES 

 

Anaerobic bacteria do not require oxygen for growth. Anaerobes are classified as 

obligate, aerotolerant and facultative anaerobes. Obligate anaerobes are unable to survive 

in the presence of oxygen whereas aerotolerant organisms do not grow using oxygen as 

an electron acceptor but can tolerate its presence. Facultative anaerobes on the other hand 

can grow without oxygen but can also utilize it for proliferation in its presence. 

Anaerobic organisms are present in a wide range of environments including aquatic 

sediments, submerged soils, terrestrial subsurface, deep-sea hydrothermal vents, soda 

lakes and gastrointestinal tracts (Lovley, 1993; Antoine et al., 1997; Blum et al., 1998; 

Duncan et al., 2002). 

 

Anaerobic growth can occur by fermentation or respiration in the presence of a terminal 

electron acceptor other than O2. For example, during the fermentation of glucose, most 

organisms use lactic acid fermentation pathway and generate a small amount of energy 

when compared to aerobic metabolism of glucose. 

 

C6H12O6 + 2 ADP + 2 phosphate → 2 lactic acid + 2 ATP 

 

Some bacteria use terminal electron acceptors such as ferric (III) iron e.g. Geothrix 

fermentans, Shewanella putrefaciens (Coates et al., 1999; Arnold et al., 1990), uranium 

(VI) e.g. Geobacter uraniireducens (Shelobolina et al., 2008), chromium (VI) e.g. 

Pseudomonas putida (Ishibashi et al., 1990), manganese (IV) e.g. Deferribacter 

thermophilus (Greene et al., 1997), arsenate (V) e.g. Bacillus selinitireducens (Blum et 
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al., 1998), sulfate e.g. Geobacter sulfurreducens (Caccavo Jr et al., 1994), vanadate (V) 

e.g. Geobacter metallireducens (Ortiz-Bernad et al., 2004), nitrate e.g. Pyrobaculum 

aerophilum (Völkl et al., 1993) and selenate (VI) e.g. Bacillus selinitireducens (Blum et 

al., 1998). In addition, Geobacter metallireducens was found to oxidize organic 

compounds with simultaneous reduction of Fe(III), Mn(IV), U(VI), gold, silver, mercury 

and chromate (Lovley et al., 1993). Many anaerobic bacteria may use Fe(III) as the 

terminal electron acceptor as iron is the most abundant redox-active metal in Earth's 

crust. Bacteria can utilize the electron shuttle system, direct electron transfer via outer 

membrane enzymes or chelators for dissilimatory Fe(III) reduction (Lovley, 1993a) 

(Figure 1.3).  

 

Fe(II
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Figure 1.3: Dissilimatory Fe(III) reduction in bacteria by direct cell contact (A), use of 

chelators (B) and by electron shuttle system (C). 
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1.3 HYDROCARBON CONTAMINATION 
 

In nature, hydrocarbons are formed by prolonged geochemical reactions of buried 

biomass or as metabolites in organisms. Hydrocarbons have been ever present and as a 

result many microbes have acquired metabolic pathways to make use of these compounds 

as growth substrates.  In addition, anthropogenic activities have led to an increase in the 

accumulation of hydrocarbons. Hence, the study of such micro-organisms is important 

for the development of bioremediation strategies.  

 

Accumulation of hydrocarbons in the environment has toxic effects on flora and fauna. It 

leads to biomagnification and affects all types of ecosystems. Various remediation 

strategies like the use of detergents have been employed to clean up the pollutants. Uses 

of these synthetic products have harmful effects on the ecosystem. This has led to the rise 

in the use of microorganisms in clean-up procedures. Some hydrocarbons like toluene, 

xylene, ethylbenzene and benzene are quite water-soluble and are able to easily spread in 

anoxic environments however, some insoluble hydrocarbons contaminate anaerobic 

environments as well (Widdel and Rabus, 2001). Hence, there is an increased need for 

developing anaerobic biodegradation strategies. Aromatic hydrocarbons, especially 

polycyclic aromatic hydrocarbons (PAHs) are very toxic and are potential mutagens and 

carcinogens. PAHs are listed as priority pollutants by the United States Environmental 

Protection Agency (Mrozik et al., 2003). These are produced by the combustion of fossil 

fuels, petroleum refining, gasification of coal and by incineration of wastes and are 

omnipresent in soil (Mulligan et al., 2001), sediments (Yuan et al. 2001), water (Zhou 
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and Hua 2004), air (Bamforth and Singleton, 2005) and many extreme environments 

including saline environments.  

 

PAHs are very toxic, are less volatile, show high affinity for sediments and are quite 

resistant to microbial degradation (McElroy et al., 1989). PAHs can be degraded 

aerobically by microbes (Carniglia and Heitkamp, 1989; Carniglia, 1992) but are very 

difficult to degrade under strict anaerobic conditions (Bauer and Capone, 1985, 1988; 

Mihelcic and Luthy, 1988). Most studies have been done aerobically in soil and water 

environments and very few studies have investigated PAH degradation under anaerobic 

and extreme conditions. 

 

Biodegradation is the metabolic ability of micro-organisms to mineralize or transform 

organic pollutants and contaminants into non-hazardous and less harmful substances so 

that they are integrated into natural biogeochemical cycles (Margesin and Shinner, 2001). 

Factors that influence biodegradation are pH, oxygen availability, nutrients; physical, 

chemical characteristics and bioavailability of the contaminants. Bioremediation is a cost-

effective and a non-destructive clean-up tool which aids in accelerating naturally 

occurring biodegradation by the optimization of limiting conditions (Norris, 1994; Allard 

and Neilson, 1997; Alexander, 1999). 
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1.4 HYDROCARBON DEGRADATION 
 

Due to the widespread availability of hydrocarbons produced by anthropogenic activities 

or natural accumulation over time, bacteria have developed mechanisms for their 

degradation and metabolism. One of the primary mechanisms for the elimination of 

petroleum and hydrocarbon contaminants from the environment is biodegradation by 

bacteria (National Academy of Sciences, 1985).  

 

In recent years the focus has shifted towards microbial degradation of hydrocarbons as 

there is a need to develop sustainable strategies to clean up contaminated environments 

(Diaz, 2008). Microbes are very versatile and possess amazing ability to not only survive 

but proliferate in non-optimal conditions. One such ability is the capability to metabolise 

xenobiotic compounds like hydrocarbons including polychlorinated biphenyls, 

heterocyclic compounds and polycyclic aromatic hydrocarbons (PAHs). Recent 

developments in proteomics, metagenomics, genomics and bioinformatics have given 

insights into biodegradative mechanisms and adaptive capabilities of microbes. More 

needs to be done in this field especially the investigation of complex hydrocarbons such 

as PAHs. Lack of pure cultures capable of degrading PAHs is hampering the 

development of understanding these mechanisms particularly in anoxic environments.  

 

Both aerobic and anaerobic microbes have capabilities of degrading hydrocarbons 

including PAHs even in extreme environments. Aerobic mechanisms being more 

efficient and easy to replicate have resulted in increased aerobic degradation research. 
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1.4.1 AEROBIC HYDROCARBON DEGRADATION 

 

Aerobic hydrocarbon degradation studies have been well documented as they are easy to 

carry out and fast enough to be observable on a short timescale (Evans et al., 1971). In 

addition, aerobic pure cultures are easy to culture and maintain (Bregnard et al., 1996; 

Rockne and Strand 1998; Eriksson et al., 2003). Oxygen serves as the terminal electron 

acceptor and is used in initial enzymatic activation of the aromatic hydrocarbons by 

incorporating in the aromatic ring. Mono- and dioxygenases act as catalysts for these 

reactions (Gibson and Subramanian, 1984) (Figure 1.4).  

 

ANTHRACENE

CIS-1,2-DIHYDROANTHRACENE-1,2-DIOL

ANTHRACENE 1,2-DIOL

4-(2-HYDROXYNAPH-3-YL)-2-OXOBUT-3-ENOATE

3-HYDROXY-2-NAPHTHOATE

2,3-DIHYDROXYNAPHTHALENE

PTHALATE

NAPHTHALENE 1,2-DIOXYGENASE

CIS-1,2-DIHYDROXYDIHYDROXY-
NAPHTALENE DIHYDROGENASE

ANTHRACENE-1,2-DIOL-1,2-DIOXYGENASE

4-(2-HYDROXYNAPH-3-YL)-2-OXOBUT-3-

ENOATE HYDRATASE ALDOLASE

3-HYDROXY-2-NAPHTHOATE 

HYDROXYLASE

Figure 1.4: Degradation of anthracene by the action of dioxygenases (adapted from 

Geldner and Turnbull, 2011). 
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Investigation of aerobic hydrocarbon degradation has been continuously carried on and 

recent studies have yielded interesting results. For example, bacterial strains belonging to 

the genera Gordonia, Brevibacterium, Aeromicrobium, Dietzia, Burkholderia 

and Mycobacterium were cultivated axenically in synthetic liquid media with crude oil as 

sole carbon and energy source and degradation of saturated hydrocarbons like n- and 

isoalkanes and isoprenoids was observed (Chaillan et al., 2004). Chung and King (2001) 

isolated two polyaromatic hydrocarbon-degrading marine bacteria from burrow wall 

sediments of benthic macrofauna by using enrichments on phenanthrene. These aerobic 

strains (LC8 from polychaete and M4-6 from mollusc) are capable of using 2- and 3-

ringed polycyclic aromatic hydrocarbons as their sole carbon and energy sources. 

Phylogenetic analysis based on 16S rRNA sequence revealed that strain LC8 belonged to 

Lutibacterium and strain M4-6 belonged to the genus Cycloclasticus. Enhanced 

phenanthrene degradation in heavily contaminated sediments of Little Mystic Cove, 

Boston Harbour, Boston was observed when inoculated by the strain LC8. Strains 

Pseudomonas sp. BS2201, BS2203 and Brevibacillus sp. BS2202 isolated from 

petroleum-contaminated soil were able to degrade 90-95% of analysed alkanes (n-C10–

C35) under aerobic conditions (Grishchenkov et al., 2000). Two bacterial strains closely 

related to the members of the genus Oceanospirillum and isolated from coal tar creosote-

contaminated marine sediment from Eagle Harbour, Washington were able to degrade 

polycyclic aromatic hydrocarbons including naphthalene, 1-methylnaphthalene, 2-

methylnaphthalene, biphenyl, acenaphthene, fluorene, phenanthrene and 2,6-

dimethylnaphthalene (Hedlund et al., 1999). Members of the genus Geobacillus, 
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Brevibacillus, Bacillus, Pseudomonas, Lysinibacillus, Achromobacter and Halomonas 

isolated from Tunisian oil fields were able to degrade degrade crude oil and 

simultaneously produce biosurfactants (Mnif et al., 2011). 

 

In addition, degradation of synthetic organic colorants was observed by Bacillus cohnii 

strain MTCC. Bacillus cohnii MTCC, an obligate alkaliphilic bacterium was employed 

for aerobic biodegradation of textile azo dye Direct Red – 22. Azo dyes are synthetic 

organic colorants possessing a nitrogen – nitrogen double bond (-N=N-) linking two 

phenyl rings (azobenzene) (Chudgar 1985). They are employed in printing, leather, food, 

plastic, textile, pharmaceutical and cosmetic industries. Poor exhaustion properties of azo 

dyes lead to 10 – 15% of the dye remaining unbound to the fabric resulting in release as 

color in the environment. Color in the effluent is a direct indicator of the amount of 

pollution in the water. This may result in bioaccumulation, ecotoxicity and reduction in 

dissolved oxygen concentration in water bodies (Chen et al 2003). Bacillus cohnii MTCC 

3616 was able to decolorize azo dye with 95% efficiency at 37 
o
C at pH 9. Decolorization 

was observed over a wide range of pH (7 - 11), salinity (1 - 7%), dye concentrations (5 – 

10 gL
-1

) and temperature (10 – 45 
o
C) (Prasad and Rao 2012). Aerobic degradation of 

hydrocarbons like BTEX compounds, benzotriazoles, propylene glycol, diesel oil, 

petroleum hydrocarbons and high and low molecular weight PAHs have been 

demonstrated (Table 1.1).  
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Table 1.1: Aerobic degradation of various hydrocarbons by bacteria. 

Microorganism(s)         Hydrocarbon Degraded  Amount of Degradation 

Bacillus cohnii    Azo dye (Direct red-22)   95% decolourization
1
  

Mixed consortium   Iso butanol/ethanol + BTEX   100%
2
  

Mixed consortium   cis-1, 2-dichloroethene    100%
3
  

Microbial biofilm   Petroleum hydrocarbons    78%
4
  

     (aliphatic + aromatic) 

Mixed consortium   Propylene glycol     80%
5
  

Mixed consortium   High molecular weight PAHs   99%
6
  

     Low molecular weight PAHs   54%
 

Mixed consortium   Low molecular weight PAHs   100%
7
  

Mixed consortium   Benzotriazole     46%
8
  

     5 – methylbenzotriazole    100% 

     5- chlorobenzotriazole    52% 

Streptomyces sp. ERI-CPDA-1  Diesel oil     98.25%
9 

     Naphthalene     99.14% 

     Phenanthrene     17.5% 

Halotolerant Ochrobactrum sp. VA1 Anthracene     88%
10 

     Phenanthrene     98% 

     Naphthalene     90% 

     Fluorene     97% 

     Pyrene      84% 

Halophilic consortium   Phenanthrene     90%
11

 

Pseudomonas sp. strain C450R  Crude oil     96.2%
12

 

Geobacillus sp. strain MT4  Crude oil     75%
12

 

Brevibacillus sp. strain T1SS10  Crude oil     73.8%
12

 

Achromobacter sp. strain C350R  Crude oil     65%
12

 

Halomonas sp. strain C2SS100  Crude oil     93.3%
12

 

Bacillus sp. strain T4SS10  Crude oil     60.9%
12

 

Lysinibacillus sp. strain C250R  Crude oil     65.6%
12 

Psychrotolerant, moderate   Benzene     100%
13

 

haloalkaliphile Planococcus sp.                  

strain ZD22 

[1- Prasad and Rao, 2012; 2- Schaefer et al., 2010; 3- Schmidt et al., 2010; 4- Coulon et al., 2012; 5- Toscano et al., 

2012; 6- Simarro et al., 2012; 7- Wang et al., 2009; 8- Liu et al., 2011; 9- Balachandran et al., 2012; 10- Arulazhagan 

and Vasudevan, 2011; 11- Dastgheib et al., 2012; 12- Mnif et al., 2011; 13- Li et al., 2006] 



CHAPTER ONE: INTRODUCTION AND  PROJECT OUTLINE 

 16 

 

1.4.2 ANAEROBIC HYDROCARBON DEGRADATION 

 

Clean-up of anoxic polluted sites physically and by the use of traditional methods may be 

very difficult and cumbersome. As a result, recent focus has shifted towards anaerobic 

biodegradation of hydrocarbons (Table 1.2). Studies have shown efficient oxidation of 

hydrocarbons with Fe(III) serving as electron acceptor. For example, Geobacter 

metallireducens was able to completely oxidise mono-aromatic hydrocarbons with Fe(III) 

as the sole electron acceptor (Lovley et al., 1993). A study by Dou et al. (2009) showed 

efficient and complete removal of naphthalene with nitrate. There was no inhibitory 

effect by high concentrations of naphthalene (30 g/L) on bacterial growth or 

biodegradation efficiency. In contrast, Lu et al. (2011) showed that removal efficiency of 

naphthalene decreased with the increasing concentration of nitrate. It was revealed that 

30 mg/L inhibited naphthalene biodegradation.   

 

Oxidation of PAHs was also observed in sulfate reducing conditions. Degradation of 

naphthalene and phenanthrene by strict anaerobes in PAH contaminated sediments from 

San Diego Bay, San Diego, California was observed under sulfate reducing conditions 

(Coates et al. 1996a).  Degradation of toluene under sulfate reducing conditions was also 

observed in anaerobic microcosms inoculated with contaminated subsurface soil from an 

aviation fuel storage facility. In addition, enrichment cultures with toluene as the sole 

carbon source were also able to metabolize it along with simultaneous reduction of 

sulfate (Beller et al. 1992). In addition anaerobic degradation of alkanes coupled with 

sulfate reduction was also observed in strain AK-01 which was closely related to the 
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genera Desulfosarcina, Desulfonema, and Desulfococcus. This strain was isolated from 

estuarine sediments with history of chronic petroleum contamination (So and Young, 

1999). Complete oxidation of naphthalene was observed with sulfate as electron acceptor 

in marine sediment enrichment. Naphthalene degrading sulfate-reducing strain NaphS2 

belonging to δ-Proteobacteria was isolated from this enrichment (Galushko et al., 1999). 

 

Sediment microbial fuel cell (SMFC) has also been tested successfully for the removal of 

phenanthrene and pyrene (Yan et al., 2012). It was observed that the addition of Fe(III) to 

the SMFC system enhanced the anaerobic biodegradation of these PAHs. Electron 

capturing anodes can be used for bioremediation of contaminated anoxic sediments. In 

another experimental setup (Zhang et al., 2010), graphite electrode was used as electron 

acceptor for oxidation of aromatic hydrocarbons by Geobacter metallireducens. This 

system was able to efficiently remove toluene, benzene and naphthalene. This system has 

great potential for developing bioremediation strategies in the future as well as providing 

electricity. Graphite is durable, inexpensive, does not corrode over long term uses 

(Reimers et al., 2006; Tender et al. 2008). Electrodes have been used as electron 

acceptors for the metabolism of a wide range of organisms (Debabov, 2008; Lovley, 

2008; Logan, 2009). Most soluble electron acceptors such as nitrate, sulfate, oxygen or 

chelated Fe(III) may diffuse quickly after application and may require continuous 

addition. Use of an electrode can negate this problem and can serve as a long term 

electron acceptor.  It has been observed that graphite adsorbs a variety of organic 

contaminants (Shi et al., 1995; Abu Salah et al., 1996; Zimmerman et al., 2004; Wang 

and Xing, 2007). In addition, G. metallireducens was able to attach to the electrode 
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surface. Hence this system has a capability of co-localizing the contaminant, the 

hydrocarbon degrading microorganism and the electron acceptor.   

 

Additives such as acetate, lactate and spent mushroom compost (SMC) have been used to 

enhance anaerobic phenanthrene and anthracene degradation by indigenous 

microorganisms. However, SMC might contain microorganisms which are introduced in 

the biodegradation system (Su et al., 2012). 

 

In an interesting study, an anoxygenic phototrophic bacterium, Rhodopseudomonas 

palustris was able to degrade 50% phenanthrene under anaerobic conditions (Zhao et al., 

2011). These organisms capture energy from light for their metabolism. A 3000 lux 

incandescent light was used for this study. 
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Table 1.2: Anaerobic degradation of various hydrocarbons by mixed and pure bacteria. 

Microorganism(s) Electron Acceptor Hydrocarbon Degraded   Amount of Degradation 

Mixed consortium Sulfate, Fe(III),    BTEX    100%
1
  

   fumarate 

Mixed consortium Nitrate, ferric iron  Toluene    100%
2
 

       Ethylbenzene   100%  

       Xylene    100% 

       Benzene   85% 

Mixed consortium Ferric iron   Naphthalene   100%
3 

Mixed consortium Fe(III)    Benzotriazole   31%
4 

   Nitrate    Benzotriazole   24% 

   Sulfate    Benzotriazole   18% 

   Fe(III)    5–methylbenzotriazole  76% 

   Nitrate    5–methylbenzotriazole  35% 

   Sulfate   5–methylbenzotriazole  47% 

   Fe(III)    5–chlorobenzotriazole  86% 

   Nitrate    5–chlorobenzotriazole  53% 

   Sulfate    5–chlorobenzotriazole  45% 

Pseudomonas   Anthraquinone-2,  Phenanthrene   46.5%
5 

aeruginosa PAH 1 6 disulphonate (AQDS) 

   AQDS+fructose   Phenanthrene   56.7% 

Sulfate reducing  Sulfate    Fluorene   90%
6 

bacteria   Sulfate    Phenanthrene   66% 

Mixed consortium Nitrate    Naphthalene   100%
7 

Mixed consortium SMFC+Fe(III)   Phenanthrene   99.47%
8 

   SMFC+Fe(III)   Pyrene    94.79% 

Mixed consortium Nitrate    Naphthalene   96.3%
9 

Mixed consortium Nitrate    Anthracene   98.8%
10 

G. metallireducens Graphite electrode  Toluene    100%
11 

Mixed consortia  Graphite electrode  Benzene, naphthalene  100%
11 

[1- Berlendis et al. 2010; 2- Chen et al. 2008; 3- Kleemann and Meckenstock, 2011; 4- Liu et al. 2011; 5- Ma et 

al. 2011; 6- Tsai et al. 2009; 7- Dou et al. 2009; 8- Yan et al. 2012; 9- Lu et al. 2011; 10- Wang et al. 2012; 11- 

Zhang et al. 2010] 
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Techniques for stimulating the degradation rates of PAHs have been investigated. 

Research on using surfactants for enhancing biodegradation has shown promising results. 

Surfactants enhance the solubility of hydrophobic compounds and hence maybe useful 

for bioremediation of contaminated sites (Boonchan et al., 1998). Previous studies have 

shown mixed results in biodegradation efficiency by the addition of surfactants. Results 

have indicated an increase in biodegradation efficiency (Volkering et al., 1995; Grimberg 

et al., 1996), insignificant effect (Ghosh et al., 1995) or even negative effect (Laha and 

Luthy, 1991) on PAH degradation by adding non-ionic surfactants. The effect of 

surfactants may depend on the type of PAH, nature of surfactant, applied concentration, 

temperature and the type of degrading microorganisms. Recent studies have 

demonstrated the effects of tween 80, tergitol NP-10 and triton X-10 on the efficiency of 

microbial PAH degradation. Efficient degradation was observed by the addition of tween 

80 but tergitol NP-10 was shown to be ineffective (González et al., 2011). However, in a 

study by Sartoros et al. (2005), efficient degradation at 25
 o

C by the addition of tergitol 

NP-10 was observed and the rate of degradation decreased at 10 
0
C. Effective removal of 

PAHs by Pseudomonas sp., Enterobacter sp. and Stenotrophomonas sp was observed by 

the addition of tween 80, tergitol NP-10 and triton X-100 (Bautista et al. 2009). 

Consistent positive results have been observed with tween-80 and it may be used for 

standardised bioremediation procedures.  

 

In addition, bacteria are capable of producing biosurfactants which facilitate in increasing 

the degradation potential. An investigation of biosurfactants production was performed 

on 23 PAHs utilizing bacterial strains isolated from soil contaminated from petroleum 
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wastes. These strains could use naphthalene and phenanthrene as the sole carbon sources. 

A decrease in the surface tension was observed and emulsifying activities were detected 

in 10 strains along with detectable amounts of glycolipids on phenanthrene (Deziel et al. 

1996).  A model system was developed containing 10% soil and a 1.35% hydrocarbon 

mixture of tetradecane, pentadecane, hexadecene, pristane (2,6,10,14-

tetramethylpentadecane), trimethylcyclohexane, phenyldecane and naphthalene 

suspended in a mineral salts medium and two degradation phases were observed in 

aerobic cultures. During the initial stages of the second degradation phase a decrease in 

interfacial tension was observed implying the production of biosurfactants and resulted in 

the degradation of 89% of the hydrocarbons (Oberbremer and Müller-Hurtig, 1989). 

Biosurfactants increase the availability of hydrocarbons for degradation by bacterial cells.  
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1.4.3 HYDROCARBON DEGRADATION BY ALKALIPHILES AND 

HALOPHILES 

 

Development of bioremediation strategies in saline and alkaline environments is of great 

significance as roughly 5% of the industrial effluents are saline, hypersaline or alkaline 

(Lefebvre, 2004). Vast amount of saline and oily residual wastes are generated by the 

petroleum industries. The salinity of the reservoir water may rise up to 10% after the 

removal of crude oil. As the age of the reservoir increases, large quantities of saline waste 

water is produced which needs to be removed (Speight, 1998). The principal 

contaminants in these waste effluents are PAHs.  Little attention has been paid towards 

the contamination of hypersaline and alkaline environments and strategies to develop 

bioremediation processes. Research and detailed study of micro-organisms present in 

these extreme environments needs to be done as bioremediation in these environments 

may not be achieved by the use of conventional microbes (Oren, 2002; Pieper and 

Reineke, 2000). 

 

Halophilies are organisms which are able to grow at an optimal concentration of 2.0-5.2 

M sodium chloride. Alkaliphiles are organisms which grow at an optimum pH of >9-10 

(Rotschild and Mancinelli, 2001). Haloalkaliphile are organisms which grow at both 

these extremes. Halophiles, alkaliphiles or haloalkaliphiles may have a broader catabolic 

capability and versatility than previously thought (Le Borgne et al., 2008). It is observed 

that the ability to degrade hydrocarbons by halophiles and alkaliphiles is limited 

(Margesin and Schinner, 2001), however, prolonged exposure to hydrocarbons results in 

an increase of degradative potential in these environments (Kleinsteuber et al., 2006; Riis 
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et al., 2003). Enzymes from these organisms may be of great biotechnological, 

bioremediation and industrial applications. Most of the studies in these environments 

have dealt with mixed consortia but research on pure cultures capable of hydrocarbon 

degradation with a focus on basic metabolic mechanisms and degradation 

characterization especially of PAHs is needed. 

 

Few pure cultures capable of hydrocarbon degradation in these environments have been 

isolated. For example, Marinobacter strain NCE312, a moderate halophile belonging to 

γ-proteobacteria could grow on naphthalene as the sole carbon source. The degradative 

gene naphthalene, 1,2–dioxygenase was identified (Hedlund et al., 2001). A moderate 

haloalkaliphile, Halomonas campisalis could degrade benzoate and salicylate at 

concentrations up to 380 mg/L (Oie et al., 2007). Mycobacterium sp. strain MHP-1, an 

alkaliphile isolated from soil sample could grow on pyrene as the sole carbon source. 

About 50% of pyrene was degraded by this strain over a period of seven days at pH 9. 

Aromatic-ring dioxygenase genes were identified in this strain which were highly 

homologous to nidAB genes of pyrene degrading mycobacteria (Habe et al., 2004).  

 

Yumoto et al. (2003) isolated obligate alkaliphilic strains AM31D
T
 and AM11D which 

were able to utilize benzoate and m-hydroxybenzoate. In another study alkaliphiles 

belonging to genera Marinobacter, Micrococcus, Dietzia, Bacillus, Oceanabacillus and 

Citrococcus; and halophiles belonging to genera Georgenia, Stappia, Microbacterium, 

Isoptericola, Cellulomonas and Bacillus were able to attenuate crude oil as well as grow 

on a wide range of pure n-alkanes and aromatic compounds as sole carbon sources (Al-
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Awadhi et al., 2007). Complete biodegradation of pyrene by Mycobacterium 

frederiksbergense was observed in a two-phase partitioning bioreactor (TPPB). Silicone 

oil as non-aqueous phase liquid was used. Biodegradation rates of 270, 230, 139 and 82 

mg/L day
-1

 for initial pyrene loading concentrations of 1000, 600, 400 and 200 mg/L 

respectively (Mahanty et al., 2008). Chromohalobacter sp. strain HS-2, a moderate 

halophile isolated from salted fermented clams was able to grow on benzoate and p-

hydroxybenzoate as the sole carbon sources. Benzoate (benABCD) and catechol 

(catBCA) catabolic genes along with hydroxybenzoate hydroxylase (pobA) gene were 

identified in this strain. BenABC and PobA were expressed in E. coli and transformation 

of benzoate and p-hydroxybenzoate into cis-benzoate dihydrodiol and protocatachuate, 

respectively was observed (Kim et al., 2008).  
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1.4.4 HYDROCARBON DEGRADATION PATHWAYS AND GENES INVOLVED 

 

Aerobic hydrocarbon degradation pathways have been well documented and extensively 

studied. Activation of hydrocarbons is vital for anaerobic degradation. The four main 

enzymatic reactions involved are: 

1. Methylation of un-substituted aromatics (Safinowski and Mackenstock, 2006) 

2. Fumarate addition which is catalysed by an enzyme with glycyl radical to yield 

aromatic-substituted succinates (Widdel and Rabus, 2001) 

3. Hydroxylation of an alkyl substituent by a dehydrogenase (Rabus and Widdel, 

1995) 

4. Direct carboxylation (Zhang and Young, 1997) 

Far less is known about anaerobic degradation pathways. Anaerobic degradation of 

naphthalene may involve one of these enzymatic reactions (Figure 1.5) (Foght, 2008). 
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NAPHTHALENE

ALKYLATION

ACTIVATION VIA FUMARATE 

ADDITION

CARBOXYLATION

2-NAPHTHOIC ACID

2- METHYLNAPHTHALENE

NAPHTHYL-2-METHYLSUCCINATE

1,4,5,6,7,8,9,10-OCTAHYDRO-

2-NAPHTHOATE

CIS -2-CARBOXYCYCLOHEXYLACETATE

Figure 1.5: Degradation of naphthalene via alkylation, activation by fumarate addition or 

carboxylation (adapted from Foght, 2008). 

 

Production of central metabolites like benzoyl-coA is achieved by the activation of 

hydrocarbons which integrate into the pathway resulting in ring saturation or cleavage 

and β-oxidation (Harwood et al., 1999). 

 

Limited knowledge is available on anaerobic degradation of PAHs (Safinowski et al., 

2006). More pure cultures or stable mixed cultures must be isolated to increase our 

understanding of anaerobic PAH degradation pathways. Some studies have proposed that 

the initial attack on phenanthrene and naphthalene could be methylation (Safinowski et 

al., 2006) or carboxylation (Zhang and Young, 1997) followed by fumarate addition and 
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oxidation to phenanthroic acid in case of phenanthrene. Detailed genomic and proteomic 

approaches have been described for anaerobic degradation of 2-methylnaphthalene by 

sulfate reducing enrichment culture N47. Putative enzymes for the catalysis of anaerobic 

conversion of 2-methylnaphthalene to 2-naphthoyl-CoA along with the reductive ring 

cleavage of 2-naphthoyl-CoA resulting in the formation of acetyl-CoA and CO2 have 

been identified in the enrichment culture N47 (Selesi et al., 2010). The bns gene cluster, 

composed of eight genes involved in the conversion of naphthyl-2-methyl-succinate to 2-

naphthoyl CoA was identified. In addition, a gene for 2-naphthoyl-CoA reductase and 16 

other genes coding for enzymes responsible for catalysis of dearomatization and ring 

cleavage reactions were identified (Selesi et al. 2010). A recent study on N47 indicated 

that two novel dearomatizing ring reductases were involved in anaerobic naphthalene 

degradation (Eberlein et al., 2013).  

 

Genome scale analysis of hyperthermophilic archaeon Ferroglobus placidus was 

conducted. It was revealed that F. placidus genome had genes predicted to encode for 

enzymes similar to the ones previously identified in phenol and benzoate metabolising 

mesophilic bacteria (Holmes et al., 2012).  

 

Indigenous microbial communities have a substantial role in biodegradation of 

hydrocarbons. Alteration in the microbial community functional composition and 

structure was observed in the Deepwater Horizon oil spill in the Gulf of Mexico. Several 

functional genes for anaerobic hydrocarbon degradation were detected in this study. 

Genes involved in degrading BTEX, alkanes, alkynes, cycloalkanes, PAHs, chlorinated 
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aromatics, heterocyclic aromatics, nitroaromatics and aromatic carboxylic acids were 

identified in this study (Lu et al., 2012). 

 

Tsai et al. (2009) have proposed a novel pathway for anaerobic biotransformation of 

fluorene and phenanthrene. But the central metabolite in the pathway hasn’t been 

identified yet. Phenanthrenecarboxylic acid wasn’t detected which was reported in an 

earlier study by Yuan and Chang (2007). Phenol may have been formed by the 

hydroxylation of the methyl group of p-cresol which leads to the formation of p-

hydroxybenzylaldehyde or p-hydroxybenzyl alcohol. p-hydroxybenzylaldehyde may 

sequentially be converted to p-hydroxybenzoate and phenol. However, in this study 

derivatives of p-cresol, other than phenol, were not identified. These results have 

significantly enhanced the present knowledge on anaerobic PAH degradation but more 

needs to be done. 
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1.5 MONO LAKE AND ITS ENVIRONMENTAL CONDITIONS 
 

Mono lake is a closed basin soda lake situated in the Eastern Sierra ranges in California. 

It is a vital habitat for millions of migratory and nesting birds, alkali flies, brine shrimps 

and many unique bacteria. Mono Lake is at least 760,000 years old, 180 km
2
 in size and 

has a maximum depth of 47.5 metres with an average of 17.4 metres (Mono Lake 

committee, 2009). Depth at various sites is shown in Figure 1.6.  

  

 

 

Figure 1.6: Depth of Mono Lake at various sites (Hollibaugh et al., 2001). 
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The Mono Lake tectonic basin was formed by faulting and downwarping of the earth’s 

crust. The water chemistry of Mono Lake is significant with particularly high levels of 

chlorides and carbonates. Organic compounds may be introduced in the lake by birds, 

alkali flies and shrimps. This alkaline lake has a pH of around 10 and is hypersaline 

(approximately 80-90 g/L of salt) (Mono Lake committee, 2009). It is around three times 

as salty as the ocean. Mono Lake progressively increased in salinity after the Los Angeles 

department of water and power started diverting the Mono Lakes tributary stream to Los 

Angeles in 1941 (Mono Lake committee, 2009). This deprivation of fresh water sources 

resulted in halving the volume of Mono Lake while doubling the salt concentration. The 

only inflow of water was through precipitation and the calcium-rich springs originating at 

the lake bed (Mono Lake committee, 2009). As Mono Lake is rich in carbonates, the 

reaction with calcium containing fresh water springs causes CaCO3 precipitation and the 

formation of limestone Tufa towers (Figure 1.7) which have been revealed as the water 

level has dropped. As a result the conditions in Mono Lake have changed considerably 

over time. 
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Figure 1.7: The limestone Tufa towers of Mono Lake. 

 

The microbial ecology of soda lakes like Mono Lake is less studied as compared to 

marine and freshwater environments. These soda lakes are the environments with 

extreme physicochemical conditions and therefore the microbes may possess novel 

adaptive strategies like osmoregulatory compounds, novel transportation systems, 

ectoenzymes and survival strategies (Humayoun et al., 2003). These adaptations may 

require novel enzymes or other physiological properties which might be of significant 

commercial value (Grant et al., 1990; Horikoshi and Akiba, 1982). In addition, these 

types of bacteria are of great interest to astrobiologists with highly saline and alkaline 

conditions thought to have or still exist on Mars. Bacteria in this environment may 
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possess hydrocarbon degradation capabilities and this warrants investigation. Few studies 

have shown the hydrocarbon degradation capabilities of halophiles and alkaliphiles. 

 

Mono Lake with its strong geochemical gradients is an ideal site for understanding the 

bacterial functions in geochemical processes. Studies have shown that the upper oxic 

waters of Mono Lake have less microbial diversity as compared to the anoxic waters with 

archaea dominating these deeper waters (Scholten et al., 2005). This might be due to 

prevailing oligotrophic nature of the anoxic waters which might be suitable for Archaea. 

The oxic waters are dominated by gram positive bacteria with high G+C nucleotide 

content, whereas anoxic waters have high microbial diversity and are dominated by gram 

positive bacteria with low G+C nucleotide content (Humayoun et al., 2003). Mono Lake 

is currently in a meromictic stage which is a phase where the layers of water do not 

intermix and is a rare type of stratified alkaline and hypersaline lake. The hypersaline, 

sulphide rich and anaerobic waters are overlaid by less saline aerobic waters (Sorokin et 

al., 2002).  

 

Research carried out on the tufa towers that are formed under the surface of Mono Lake 

has shown that micro-organisms are fossilized and trapped in the carbonate globules 

making up the towers. This is also of interest to astrobiologists because in 1994, study on 

a meteorite from Mars which landed on Earth 13,000 years ago in Antarctica showed the 

presence of similar carbonate globules to those found in the tufa towers at Mono Lake. 

Similar towers might have been formed in soda basins on Mars. Scientists are hoping to 

find similar fossilized microbes on Mars (Mono Lake committee, 2004 press release). In 

the limited number of studies done on Mono Lake so far, a number of novel species of 
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bacteria have been isolated including Bacillus arsenicoselenatis, Bacillus selenitriducens, 

Thioalkalimicrobium cyclicum, Thioalkalivibrio jannaschii and Spirochaeta americana 

(Sorokin et al., 2002; Hoover et al., 2003; Blum et al., 1998). Table 1.3 shows the 

characteristics of these isolates. 

 

 

Table 1.3: Some growth characteristics of novel isolates from Mono Lake. 

Isolates    pH              Salinity                           Others 

    range/       range/optimum  

                                               (g/L NaCl)     

 

Bacillus arsenicoselenatis  8.5-10           60   Dissilimatory reduction  

                     of Se(VI) to Se(IV) 

 
Bacillus selenitriducens   8.5-10         24-60  Dissilimatory reduction 

        of Se(IV) to Se(0) 

  

Thioalkalimicrobium cyclicum  6.5-11         14   Thiosulfide, sulfide   

        and sulfur oxidation                   

   

Thioalkalivibrio jannaschii  7.5-11.2         90   Thiosulfide, sulfide  

        sulpfur, polysulfide and 

        tetrathionate oxidation  

 

Spirochaeta americana   8-10.5          30   Glucose fermentation 

     

 

Some studies have also dealt with the hot springs in Mono Lake and some novel bacteria 

like Anaerobranca californiensis have been isolated (Gorlenko et al., 2004). The 

optimum growth temperature for this isolate is 58
o
C with a pH optimum of 9-9.5. 
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1.6 THE GREAT ARTESIAN BASIN (GAB) 
 

The Great Artesian Basin is a subsurface aquifer which spreads across 20% of Australia. 

It lies beneath the arid and sub-arid regions of Queensland, New South Wales, South 

Australia and Northern Territory covering an area of over 1.7 x 10
6
 km

2
 including regions 

rich in metals, oxygen, sulphur, carbon dioxide, oil and natural gas (Figure 1.8). The 

waters of GAB exhibit varying temperatures and conditions along with a slow rate of 

flow (1-5 m year
-1

) which helps in flourishing of a diverse microbial ecology. The deeper 

aquifer reaches subsurface depths of up to two kilometres with approximately 8.7 x 10
12

 

m
3
 of water storage capacity and is considered to be the world’s largest geothermal 

subsurface aquifer (Habermahl, 1980). This is a thermally heated aquifer and is an 

essential source of fresh water for many rural parts of Australia. The water temperature 

varies from 30
o
C-100

o
C depending on the depth (Kanso et al., 2002).  

 

This basin holds great significance to microbial ecology because it has remained fairly 

isolated since its formation over 100 million years ago (Great Artesian Basin 

Coordinating Committee, 2011). The phylogenetic diversity of GAB increases with the 

decrease in the water temperatures. A study on the microbial mats indicated that 

Hydrogenbacter was the dominant group at 88 
o
C, Thermus dominated at a temperature 

of 75 
o
C, Meiothermus was dominant at 66 

o
C , Cyanobacteria was the dominant group at 

57 
o
C and Deinococco-Thermus and α-Proteobacteria were dominant at 52 

o
C. However, 

at low temperatures a variety of species were identified, these included Cytophaga, 

Chloroflexus, Hydrogenobacter, Nitrospira, Bacillus, Clostridium, Thermus, 

Meiothermus, Rhodothermus, Acidobacterium, Planctomycetes, Verrucomicrobium and 
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α-, β-, γ-, and δ-Proteobacteria along with a diverse group of uncultured organisms 

(Spanevello, 2001). Members of the genus Bacillus have been found to degrade 

hydrocarbons. In addition, culture-dependent studies have revealed the presence of novel 

sulfate reducers (Love, et al., 1993, Redburn and Patel, 1994) and metal reducers (Kanso 

et al., 2002). 

 

The largest onshore oil and gas reserves in Australia are a part of GAB and the 

agriculture, mineral and petroleum production industries together produce an estimated 

amount of $ 4 billion (AUD) per annum. The Australian coal seam gas industry (CSG) is 

booming at an enormous pace and the major source of CSG is the Great Artesian Basin. 

The gas is extracted from the coal seam using a method called Halliburton method. This 

is achieved by injecting water, sand and a mix of chemicals under great pressure into the 

rock strata so as to crack the rock to release the gas trapped within the layers. During this 

process, some of the chemicals and fluids used spill on the surface and around the drilling 

rigs whereas some escape into the groundwater. These chemicals are toxic and 

carcinogenic and include hydrochloric acid, chromates, formaldehyde, polyacrylamides 

and diesel fuels (includes benzene, toluene, xylene and PAHs) (Great Artesian Basin 

Protection Group Inc., 2013). 

 

This underwater pollution has huge environmental implications and has an effect on 

human and animal health especially because the GAB serves as freshwater source for 

many parts of rural Australia. There is a need to protect the GAB from pollution and the 

already polluted groundwater needs to be cleaned up. Since GAB is an underground 
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aquifer it may be very difficult and cumbersome to clean up the pollution physically and 

by using traditional methods. Hydrocarbon degrading bacteria especially anaerobic 

bacteria would be suitable for the clean-up of the sub-surface waters. Research on 

anaerobic bacteria capable of degrading hydrocarbons especially the toxic PAHs coupled 

with metal reduction would give an insight into developing bioremediation strategies in 

such environments. 

 

 

 

 

Figure 1.8: The wide expanse of the Great Artesian Basin covering vast underground 

areas of north-east Australia (Great Artesian Basin Coordinating Committee, 2013). 
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1.7 PROJECT OUTLINE 

 

The vast majority of studies on hydrocarbon degradation have been aerobic under non-

saline mesophilic conditions. However, significant contamination exists in anaerobic and 

extreme environments. Therefore, this study investigates the hydrocarbon degradation 

capabilities of bacteria especially pure isolates in extreme as well as anaerobic conditions 

with special emphasis on polycyclic aromatic hydrocarbons (PAHs). Three representative 

PAHs were used in this study, the three fused benzene ringed compounds anthracene and 

phenanthrene and the four ringed pyrene (Figure 1.9). For this, samples from various 

sources were screened on a variety of hydrocarbons including PAHs and metals. Samples 

for this study were collected from various spots in and around the saline and alkaline 

Mono Lake, California, The Great Artesian Basin of Australia and anoxic soil samples 

from a bioremediation unit in Caltex Oil Refinery in Lytton, Queensland. The summary 

of this project is depicted in Figure 1.10. 

ANTHRACENE PYRENE PHENANTHRENE

 
Figure 1.9: The PAHs used in this study. 

 

Pure cultures from the positive enrichments were obtained by various methods which are 

described in section 2.4. Phenotypic and phylogenetic characterization of these pure 

isolates was performed along with the sequencing of their genomes to identify the 

hydrocarbon degrading genes. Characterization and optimization of degradation was 

performed.  



CHAPTER ONE: INTRODUCTION AND  PROJECT OUTLINE 

 38 

Very few studies have looked into PAH degradation especially in extreme environments 

and anaerobic conditions particularly when linked to metal reduction. Based on the 

accumulation and analysis of all these results including genome analysis, degradation 

pathways have been proposed. These results are of utmost importance in the field of 

bioremediation and serve as an initial study which is a precursor to further in-depth 

studies of degradation mechanisms. 

 

ENRICHMENTS ON HYDROCARBONS (PAHs), AEROBIC + 

ANAEROBIC (LINKED TO METAL REDUCTION)

ISOLATE 

CHARACTERIZATION

POSITIVE ENRICHMENTS

IDENTIFICATION OF 

DEGRADATION GENES

CHARACTERIZATION OF

DEGRADATION

SAMPLES

PURE ISOLATES

OPTIMIZATION

PATHWAY

WHOLE GENOME 

SEQUENCING

 
Figure 1.10: Project outline. A flow chart summarizing the research strategy for this 

project. 
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2.1 SAMPLE SITES AND SAMPLE COLLECTION TECHNIQUES 

 

2.1.1 MONO LAKE 

 

Mono lake is a closed basin lake situated in California’s Eastern Sierra. It is a vital 

habitat for millions of migratory and nesting birds, alkali flies, brine shrimps and many 

unique bacteria but is devoid of any fish. Currently the Mono Lake water level is 6382.4 

feet (Mono Lake committee, 2013). Mono Lake is atleast 760,000 years old and its 

maximum depth is 159 feet and the average is 57 feet. Mono Lake contains chlorides, 

sulphates and carbonates. Figure 1 shows the depth of Mono Lake at various sites. This 

alkaline lake has a pH of 10 and is hypersaline (81 g/L of salt). It is around three times as 

salty as the ocean. This tectonic basin is formed by faulting and downwarping of the 

earth’s crust (Mono Lake committee, 2013).  Figure 2.1 shows the location of South Tufa 

(MLST), Owens Lake (OL), Mono Hot Springs (MLHS) and Navy Beach (MLNB) from 

where the samples were collected. 
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Figure 2.1: Various sites in and around Mono Lake from where the samples were 

collected. A. The Mono Lake, A1, Mono Lake Navy Beach (MLNB); A2, Mono Lake 

South Tufa (MLST). B, Mono Hot Springs (MLHS). C, Owens Lake (OL) (Google Earth, 

2013). 
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2.1.2 THE GREAT ARTESIAN BASIN (GAB) 

 

The GAB is a subsurface aquifer which spreads across 20% of Australia. The waters of 

GAB exhibit varying temperatures and conditions. The deeper aquifer reaches subsurface 

depths of up to two kilometres. This is a thermally heated aquifer and is an essential 

source of fresh water for many rural parts of Australia. The water temperature varies 

from 30
o
C-100

o
C depending on the depth (Kanso et al., 2002). In addition, the largest 

onshore oil and gas reserves are a part of GAB including the Oil Company of Australia, 

Surat Basin. The samples were collected from Oil Company of Australia petroleum bore 

in the Surat Basin. This GAB holds great significance to microbial ecology because it has 

remained fairly isolated since its formation over 100 million years ago (Great Artesian 

Basin Coordinating Committee, 2013). Geographical features of GAB are shown in 

Figure 2.2. 

 

 

Figure 2.2: Great Artesian Basin of south-east Australia and the subsurface geographical features 

(Source: Great Artesian Basin Coordinating Committee, 2013). 
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2.1.3 CALTEX OIL REFINERY SOIL SAMPLE 

 

These anoxic soil samples were collected from a bioremediation unit in the Caltex Oil 

Refinery in Lytton, Queensland, Australia. Figure 2.3 shows the location of the refinery 

and the sample collection site. 

 

 

 

Figure 2.3: Location of the Caltex Oil Refinery in Lytton, Queensland, Australia. The 

arrow indicates the bioremediation site from where the samples were collected (Google 

Earth, 2013) 
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2.1.4 SAMPLE COLLECTION 

 

Samples from Mono Lake, Great Artesian Basin and Caltex refinery soil were collected 

by Dr Tony Greene. Mono Lake and Great Artesian Basin water samples were collected 

using sterile glass bottles. The bottles were filled to the brim and then capped. Similarly, 

the soil from Caltex oil refinery was transferred into sterile containers. The GAB-Oil 

Company of Australia samples were collected by Prof. Bharat Patel. The samples were 

collected from a bore in sterile metal containers and were capped. All the samples were 

transported to the laboratory on ice and were stored at 4 
o
C until use. 
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2.2 BUFFERS AND MICROBIAL MEDIA 

 

2.2.1 BUFFERS 

 

TE buffer  10mM Tris-Cl (pH 7.4), 1mM EDTA (pH 8.0) 

TAE buffer  40mM Tris-acetate, 2mM EDTA (pH 8.0) 

6x loading buffer 0.25% bromophenol blue, 40% sucrose. Stored at 4 
o
C 

 

 

2.2.2 MEDIA PREPARATION 

 

Media was prepared by dissolving the constituent compounds in distilled water along 

with the insoluble metal oxides (whenever required) and the pH was adjusted according 

to requirements using 1M solution of either NaOH or HCl and the pH was rechecked 

after autoclaving. Most of the studies were performed using serum bottles and aerobic 

medium was dispensed in 19mL aliquots and autoclaved for 25 minutes at 121 
o
C and 1-

1.5 kg.cm
-2

 pressure. Solid aerobic media was prepared by adding 1.2% agar and 

sterilized in Schott bottle for 40 minutes at 121 
o
C and at 1-1.5 kg.cm

-2
 pressure. The 

medium was then poured into gamma sterilized plates inside the Laminar flow hood. 

 

Anaerobic medium was prepared by boiling for 10 minutes in the autoclave at 121 
o
C, 1-

1.5 kg.cm
-2

 pressure in order to remove any dissolved oxygen. The medium was cooled 

to 60 
o
C under a stream of oxygen-free nitrogen and the medium was subsequently 

dispensed in serum bottles or hungate tubes in presence of oxygen-free nitrogen gas 

(Ogg, 2012). Solid anaerobic medium (agar shakes) was prepared in the same manner 
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with 1.2% agar solution but were dispensed in modified Hungate tubes which were cut 

0.5 cm before the sealed end. These ends were sealed with rubber bungs and the tubes 

were clamped into a rack to prevent the displacement of bungs under pressure whilst 

sterilizing (Ogg, 2012). All anaerobic medium was sterilized for 30 minutes at 121 
o
C at 

1-1.5 kg.cm
-2

 pressure. All the anaerobic inoculations were performed using sterile 

needles and syringes. 

 

All the components in the medium were dissolved in distilled water and the pH was set 

accordingly. It was then autoclaved for sterilization. 

 

Stock solutions of various terminal electron acceptors, electron donors and (polycyclic) 

aromatic hydrocarbons were prepared. Stock solutions of electron acceptors and donors 

were prepared by dissolving the substrates in sdH2O to required concentration and the pH 

was checked and neutralised using either 1M HCl or 1M NaOH solutions. These were 

then transferred into serum bottles and gently boiled for 5 minutes. These were then 

cooled under a stream of oxygen-free nitrogen gas and were then sterilized. Stock 

solutions which could not be autoclaved were gently heated and filter sterilized (Millex 

GS 0.22 µm filters, Millipore, Ireland) into sterile, nitrogen-gassed serum bottles. PAHs 

were dissolved in dimethyl formamide and were transferred into sterile nitrogen-gassed 

serum bottles.  
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2.2.3 MONO LAKE MEDIUM (MLM) (pH 9.4)  

 

The composition of Mono Lake medium is shown in table 2.1. All the components were 

dissolved in distilled water. The composition was based on the water chemistry of Mono 

Lake. 

Table 2.1: Composition of Mono Lake medium.  

Compounds       Concentration g/L 

Na2B4 O7        3.8 

 

NaHCO3        6.8 

 

Na2CO3        32 

 

NaCl         70 

 

(NH4)2SO4        1 

 

Yeast extract        0.1 

 

Agar         12 

 

 

For initial screening and enrichments, hydrocarbons from 0.1M stock solutions of 

vanillin, 4-hydroxycinnamate, 3-chlorobenzoate, adipate, 2,5-dihydroxybenzoate, 

phenylacetate, 3,4-dihydroxybenzoate, sodium benzoate, 4-hydroxybenzoate, 2-

hydroxycinnamate, pyrogallol, 4-chlorobenzoate, anthracene, pyrene and phenanthrene 

were added to give a final concentration of 2mM. An aliquot of 0.2 mL of diesel, 

hexadecane, paraffin oil and cooking oil was also added in Hungate tubes with 10 mL 

medium. For characterization of PAH degradation, 2 mM of PAHs from stocks were 

added along with 2 g/L yeast extract in serum bottles unless otherwise stated. 
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2.2.4 BASAL SALTS MEDIUM (BSM) (pH 7)  

 

The composition of basal salts medium is shown in table 2.2. All the components were 

dissolved in distilled water. The medium was prepared to grow general environment 

isolates and could be manipulated for individual environments.  

Table 2.2: Composition of basal salts medium. 

Compounds       Concentration g/L 

KH2PO4         0.2 

 

K2 HPO4        0.2 

 

NaCl         0.5 

 

(NH4)2SO4        0.5 

 

MgCl2         0.15 

 

Agar         12 

 

For initial screening and enrichments, hydrocarbons from 0.1M stock solutions of 

vanillin, 4-hydroxycinnamate, 3-chlorobenzoate, adipate, 2,5-dihydroxybenzoate, 

phenylacetate, 3,4-dihydroxybenzoate, sodium benzoate, 4-hydroxybenzoate, 2-

hydroxycinnamate, pyrogallol, 4-chlorobenzoate, anthracene, pyrene and phenanthrene 

were added to give a final concentration of 2mM. An aliquot of 0.2 mL of diesel, 

hexadecane, paraffin oil and canola cooking oil was also added in Hungate tubes with 10 

mL medium along with 0.2 mL of 20% ammonium iron citrate (final concentration of 80 

mg/L) and 2 mM each of vanadium, uranium, selenium, molybdenum, arsenic and 

manganese. For characterization of PAH degradation 2 mM of PAHs from stocks were 
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added along with 0.4 ml of 20% ammonium iron citrate (final concentration 80 mg) in 

serum bottles with 20 ml anaerobic BSM. 

 

2.2.5 INOCULATING FLUID (IF) 

 

Inoculating fluid was used for the inoculation of isolates into the Biolog system. The IF 

was prepared using the protocol recommended by the manufacturer. The pH was adjusted 

to pH 7.0 – 7.2 using 1M solution of HCl or NaOH and was rechecked after sterilization 

for 30 minutes at 121 
o
C and at 1-1.5 kg.cm

-2
 pressure. The constituents of IF are as 

follows: 

Table 2.3: Composition of Inoculating Fluid (IF). 

 

Component      Concentration (g/L) 

 

NaCl       4.0 (15.0 for Mono Lake isolate) 

Pluronic F-68 (Sigma#P7061)   0.3 

Gellan Gum (Phytagel™, Sigma#P8169)  0.2 

dH2O       To 1L 

 

 

2.2.6 MacCONKEY AGAR 

 

MacConkey agar plates were used to grow cultures for subsequent studies on crystal strip 

system. The agar was prepared by dissolving 51.5 g of MacConkey agar (Oxoid) in 1L 

dH2O. The pH was adjusted to 7.0 with 1M NaOH and the medium was then sterilized 

for 30 minutes at 121 
o
C at 1-1.5 kg.cm

-2
 pressure. The medium was allowed to cool after 

sterilization and was poured into gamma sterile plates. The plates were stored at 4 
o
C for 

21 days. 
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2.3 STOCK SOLUTIONS, REDUCTION OF ELECTRON 

ACCEPTORS AND Fe(III) UTILIZATION ASSAY 

 

2.3.1 STOCK SOLUTIONS OF AROMATIC COMPOUNDS 

 

Stock solutions (0.1 M) of vanillin, 4-hydroxycinnamate, 3-chlorobenzoate, adipate, 2,5-

dihydroxybenzoate, phenylacetate, 3,4-dihydroxybenzoate, sodium benzoate, 4-

hydroxybenzoate, 2-hydroxycinnamate, pyrogallol and 4-chlorobenzoate were prepared 

by adding the components in distilled water and these were gently heated and filter 

sterilized (Millex GS 0.22 µm filters, Millipore, Ireland) into sterile, nitrogen-gassed 

serum bottles. 

 

 

2.3.1.1 ANTHRACENE, PYRENE AND PHENANTHRENE (PAHs) 

 

Stock solutions of PAHs were prepared in serum bottles by dissolving respective amounts 

of anthracene, pyrene and phenanthrene in 20 mL of dimethyl formamide to give 0.1 M 

solution. These bottles were then sealed with thick rubber butyl stoppers and aluminium 

crimps.  

 

 

2.3.1.2 ELECTRON ACCEPTORS 

 

Stock solution (20 %) of ammonium iron(III) citrate was prepared by dissolving 20 g in 

100 mL dH2O in serum bottles by boiling. The bottles were then sealed with thick rubber 
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butyl stoppers and aluminium crimps. The tubes were then autoclaved at 121 
o
C for 20 

minutes at 15 psi. 

 

One molar stock solutions of manganese (IV) dioxide, sodium orthovanadate (V), uranyl 

acetate (VI), sodium molybdate (VI), sodium selenate (VI) and sodium arsenate (V) were 

prepared by dissolving respective amounts of compounds in 20 mL distilled water in 

serum bottles. These bottles were then sealed by thick rubber butyl stoppers and 

aluminium crimps before autoclaving at 121 
o
C for 20 minutes at 15 psi. 

 

 

2.3.2 REDUCTION OF ELECTRON ACCEPTORS 

 

Reduction of electron acceptors was inferred by observing changes in the medium after 

inoculation and incubations at respective temperatures. Reduction of ammonium iron(III) 

citrate was inferred by transformation of reddish brown iron(III) to  black or green to 

colourless iron(II) precipitate (Figure 2.4). Reduction of manganese (IV) dioxide was 

inferred by the clearing of the medium. Vanadate (V) reduction was confirmed by the 

formation of green precipitate in the initially clear medium. Reduction of uranyl (VI) 

acetate was inferred by the formation of greenish precipitate in the initially clear yellow 

medium. Reduction of sodium molybdate (VI) and sodium selenate (VI) was confirmed 

by the increase in turbidity in the initially clear medium. Sodium arsenate (V) reduction 

was inferred by the formation of a precipitate in the initially clear medium. 
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2.3.3 IRON(III)-REDUCTION ASSAY 

 

Reduction of ammonium iron(III) citrate (Lovely & Phillips, 1986) was tested in 

anaerobic media and reduction was confirmed after the transformation of reddish-brown 

iron(III) to the black iron(II) precipitate (Figure 2.4). Reduction was quantitatively 

measured by determining iron(II) concentration over time using the ferrozine assay 

(Sorensen, 1982). 

 

Ferrozine assay is used to measure the reduction of Fe(III) by cultures by measuring the 

accumulation of Fe(II) over time. The quantitative determination of accumulated Fe(II) 

was carried out each day over a period of 8 days in experiments. 

 

Hundred µl of culture sample was added to 9.9ml of sdH2O. Fe(II) concentrations were 

determined by mixing 0.1 ml of the diluted culture samples with 3 ml of ferrozine reagent 

(which was prepared by mixing 1g/l ferrozine (Sigma) in 50mM HEPES buffer). This 

mixture was left to stand for 1 min and absorbance was measured at 562nm using UV-

Visible 2550 (Shimadzu) spectrophotometer. 

 

A calibration graph was created using 5, 10, 15 and 20mM of ferrous ammonium 

sulphate. 
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  A   B  C  D 

Figure 2.4: Bacterial reduction of ammonium iron(III) citrate. A & C, uninoculated 

medium. B & D, complete iron(III) reduction. 
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2.4 PURE CULTURE ISOLATION AND LONG TERM STORAGE 
 

Pure cultures from enrichments were isolated by repeated sub-culturing in liquid medium 

(dilution until extinction, section 2.4.1) and on solid media (Figure 2.5). The purity of 

isolate was verified by 16S rRNA gene sequencing, sub-culturing on sugars and by 

microscopy. Further characterization and degradation studies were performed following 

the verification of purity of cultures. 

ENRICHMENTS

Repeated sub-culturing on 

liquid medium (dilution till 

extinction)

Picking colonies from agar 

shakes or aerobic agar 

plates

Confirming isolate purity

16S rRNA gene anaysis

Microscopy

Sub-cultures on sugars

Pure isolate, further 

characterization and 

degradation stuies

Preparation of 

freezer stock

 

Figure 2.5: Purification techniques used to obtain pure cultures from enrichments 

depicted as a flow chart. 
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2.4.1 PURIFICATION TECHNIQUES IN LIQUID MEDIA 

 

Pure cultures in liquid media were obtained by serially diluting 1 ml of enrichment 

cultures to extinction (up to 10
-6

 dilution) in Hungate tubes containing 9 ml of the same 

medium. These dilutions were then incubated under similar conditions to the enrichments 

and the tube with lowest positive dilution was selected and was again diluted to 

extinction. This technique was repeated thrice and then the purity of the culture was 

investigated. 

 

 

2.4.2 PURIFICATION TECHNIQUES IN SOLID MEDIA 

 

Agar shakes were used to obtain pure colonies on solid media. Aliquots of 7 ml of 

anaerobic agar media were dispensed in modified Hungate tubes (refer to section 2.2.). 

Inoculations were performed prior to solidification after sterilization. Un-inoculated 

shakes were stored at 65 
o
C to prevent solidification. Enrichments were serially diluted to 

extinction (similar to 2.3.1) and were incubated at respective temperatures. Tubes 

showing growth and distinct colonies were allowed to cool down to room temperature 

and colonies were then picked in a laminar flow hood. These colonies were sub-cultured 

in pre-warmed Hungate tubes with respective liquid medium. 

 

Purification of aerobes or facultative aerobes was performed by streaking 10 µl of liquid 

enrichment cultures on 1.2% agar plates which were subsequently incubated at desired 

temperatures until growth was observed. Distinct colonies were picked up in a laminar 
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flow hood and these were streaked on to fresh sterile agar plates. This process was 

repeated until the growth of similar type of colonies was observed. These colonies were 

again picked and inoculated in fresh sterile tubes containing liquid respective medium. 

 

 

2.4.3 DETERMINATION OF CULTURE PURITY 

 

Various techniques were employed for the determination of culture purity. Sub-culturing 

on a variety of substrates including sugars, checking colony morphology, 16S rRNA gene 

sequencing and microscopy were employed. 

 

 

2.4.4 STORAGE OF PURE CULTURES 

 

Pure cultures were grown up to log phase and were stored in glycerol growth medium 

(1:1) mixture at -20 
o
C. 
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2.5 SUBSTRATE UTILIZATION TESTS 
 

BD BBL CRYSTAL™ and Biolog systems were used to identify fermentation, 

oxidation, degradation and hydrolysis of various substrates by the bacterial cultures.  

 

 

2.5.1 BD BBL CRYSTAL™ IDENTIFICATION SYSTEMS 

 

This system is based on microbial utilization and degradation of substrates which are 

detected by various indicator systems. It contains 30 dehydrated substrates (Table 2.4) 

which are rehydrated by the addition of the test inoculating fluid. Colour changes in the 

wells indicate metabolic activities of bacteria (Figure 2.6). 

 

 

   A      B 

Figure 2.6: BD BBL CRYSTAL™ identification systems. A, identification colour 

chart. B, a test performed on an isolate. 

 

Cultures were grown on MacConkey agar and the inoculations were performed using the 

inoculating fluid provided by the manufacturer according to the supplied protocol.  



CHAPTER TWO: GENERAL MATERIALS AND METHODS 

 57 

Table 2.4: Active ingredients and approximate amounts. 
ACTIVE INGREDIENT                                                  APPROX AMOUNT (g/10mL) 

 

Arabinose                                                                               3.5                         

Mannose                                                                                 3.0 

Sucrose                                                                                   2.8                         

Melibiose                                                                                1.0 

Rhamnose                                                                               3.0                        

Sorbitol                                                                                   3.5 

Mannitol                                                                                 1.8                         

Adonitol                                                                                 2.5 

Galactose                                                                                1.5                        

Inositol                                                                                   1.3 

p-n-p phosphate                                                                      0.025                       

p-n-p α-β-glucoside                                                                0.025                      

p-n-p-β-galactoside                                                                 0.06                      

Proline nitroanilide                                                                 0.07 

p-n-p bis-phosphate                                                                0.02                      

p-n-p-xyloside                                                                        0.03 

p-n-p-α-arabinoside                                                                0.03                       

p-n-p-phosphorylcholine                                                        0.03 

p-n-p-β-glucuronide                                                               0.02                       

p-n-p-N-acetyl glucosaminide                                                0.04 

γ-L-glutamyl p-nitroanilide                                                    0.03                      

Esculin                                                                                    0.14 

p-nitro-DL-phenylalanine                                                       0.1                        

Urea                                                                                        0.2 

Glycine                                                                                   0.7                         

Citrate                                                                                     0.8  

Malonic acid                                                                           1.5                        

Triphenyl Tetrazolium chloride                                             0.15 

Arginine                                                                                  1.5                          

Lysine                                                                                     0.5 
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2.5.2 BIOLOG GN2 MicroPlate™ 

 

This test was performed to verify the ability of pure microbial strains to utilize or oxidize 

a wide array of carbon sources (Table 2.5). The isolate to be identified was grown on the 

agar medium recommended by the manufacturer and the pure cells were suspended on 

the inoculating fluid (2.2.4). Using aseptic technique the cell suspension was poured into 

a multichannel pipette reservoir. An aliquot of 150 µL of the cell suspension was then 

aseptically transferred into the Biolog GN2 MicroPlate™ plate. The plates were then 

transferred into a plastic container with wet paper towels and incubated at 30 
o
C for 4-8 

hours. Oxidation and utilization of carbon compounds was indicated by the formation of 

purple colour. This colour is formed when the cells reduce the tetrazolium dye in the 

wells (Figure 2.7). 
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Table 2.5: The various carbon sources present in the GN2 MicroPlate™ wells. 
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Figure 2.7: Biolog test performed on a pure isolate. Wells with purple colour indicate a 

positive reaction. 
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2.6 16S rRNA GENE and WHOLE GENOME SEQUENCING 
 

 

2.6.1 DNA EXTRACTION AND PURIFICATION 

 

A modified CTAB method was used to extract DNA. A culture (10 mL) was centrifuged 

at 10,000 rpm for 10 minutes in a 15 ml red-capped falcon centrifuge tube in order to 

concentrate the cells. The pellet was then resuspended in 487 L of QIAgen buffer P1 

containing RNase and transferred to a 1.5 ml microcentrifuge tube. Achromopeptidase 

(10mg/ml) and lysozyme (50mg/ml), 40L and 8L respectively was added and gently 

inverted to mix. The tube was then incubated at 37
o
C for 1 hour. 30L of 10% SDS and 

3L of 20mg/ml proteinase K were added after incubation and gently inverted to mix the 

content. The preparation was incubated for 1 hour at 50
o
C. Chloroform/isoamylalcohol 

(750L of a 24:1 solution) was then added and gently inverted and tapped to thoroughly 

mix the contents. The tube was then centrifuged at top speed (13,000rpm) for 5 minutes. 

The upper aqueous phase was transferred to a sterile 1.5 ml microcentrifuge tube. A 

solution of phenol/chloroform/isoamylalcohol (750L of a 25:24:1 solution) was added 

to the microcentrifuge tube with the aqueous phase and gently mixed by inversion and 

centrifuged at 13,000 rpm for 5 minutes. The supernatant had three phases; the upper 

aqueous phase, the protein layer and the lower aqueous phase. The upper aqueous phase 

was then transferred to another sterile 1.5ml microcentrifuge tube and 450L of 

isopropanol was added and gently mixed by inversion and tapping. This tube was 

centrifuged at 13,000 rpm for 15 minutes. The supernatant was carefully discarded and 

the pellet was washed with 200L of 70% ethanol and centrifuged at top speed for 5 
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minutes. The supernatant was carefully discarded and the pellet was air-dried. The pellet 

was then resuspended in 40L TE buffer. The presence of DNA was assessed using 

agarose gel electrophoresis technique and the DNA was stored at –20
o
C. 

 

 

2.6.2 AGAROSE GEL ELECTROPHORESIS 

 

Agarose gel (100 mL of 0.7%) was made by weighing out 0.7 g of DNA grade agarose 

and was mixed with 1X TAE buffer to make a final volume of 100 mL. This solution was 

then heated using a microwave and mixed every 15-20 seconds until the agarose was 

completely dissolved. Five microliter of 10mg/mL of ethidium bromide was added to this 

solution after it had cooled down to approximately 50ºC. It was then poured into the 

casting rig with a comb in place and allowed to set. This gel was then put into the 

electrophoresis apparatus and immersed in 1X TAE buffer ensuring that all the wells 

were filled. Samples were then loaded using a 1:1:4 solution of DNA /loading 

dye/sterilized H2O respectively. 4µL of 500 ng Hind III marker was also loaded to 

determine the length and concentration of the DNA samples. Gels were run for 40 

minutes at 120V and 80 mA then viewed under UV light to determine the presence of 

DNA. 
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Oligonucleotide primers used in molecular techniques: 

Primer                                                        Sequence 5’3’ 

Fd1                                                             AGA GTT TGA TCC TGG CTC AG 

Rd1                                                             AAG GAG GTG ATC CAG CC 

F1                                                               CTC CTA CGG GAG GCA GCA G 

F2                                                               CAG CAG CCG CGG TAA TAC 

F3                                                               AAA CTC AAA GGA ATT GAC GG 

R3                                                               CCA GGG TAT CTA ATC CTG 

R5                                                               GGG GTT GCG CTC GTT G 

R6                                                               TAC GGT TAC CTT GTT ACG AC 

 

 

2.6.3 PCR AMPLIFICATION OF 16S rRNA GENES 

 

16S rRNA gene of the DNA extracted was amplified using polymerase chain reaction. 

Reactions were prepared in sterile 0.6 ml thin walled microcentrifuge tubes (Quantum 

Scientific Products Pty Ltd, Australia). 

PCR was carried out in a 50µL reaction mixture containing: 

Reagent     Volume per reaction (µL) 

DNA template     2.0 

Forward primer (50µM)   1.0 

Reverse primer (50 µM)   1.0 

dNTPs (10mM)    1.25 

10X Taq buffer (with MgCl2)   5.0 

sdH2O      39.55 

Taq polymerase (5U/µL)   0.2 
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Following 2 µL aliquots of template DNA were used: 

 Neat (2 µL of chromosomal DNA). 

 1:50 (2 µL of chromosomal DNA with 98 µL of sdH2O diluted 1 in 10 with 

sdH2O). 

 1:100 (2 µL of chromosomal DNA with 198 µL of sdH2O diluted 1 in 50 with 

sdH2O). 

 

Corbett Research Palm Cycler CP-002 was used to perform PCR under the following 

parameters: 

 1 cycle at 95
o
C for 3 minutes. 

 30 amplification cycles of; 

o  2 minutes at 52
 o
C. 

o 4 minutes at 72
 o
C. 

o 1 minute at 95
 o
C. 

o 2 minutes at 52
 o
C. 

o 20 minutes at 72
 o
C. 

o 1 minute at 22
 o
C. 

 

Two µL of sdH2O was used as negative control for the PCR runs. 2-10 µL of the PCR 

products were run on agarose gel to confirm that the DNA was amplified. PCR products 

were stored at -20
o
C. 
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2.6.4 CLEAN UP OF PCR PRODUCTS 

 

After the confirmation of amplification, all the PCR products from each tube were run on 

1% agarose gel. Single band PCR products were excised from the gel using sterile scalpel 

over the transilluminator. The PCR products from the excised gel were purified using 

QIAquick® PCR purification spin columns according to the protocol recommended by 

the manufacturer (Qiagen Pty Ltd, Australia). Alternatively, PCR products in solution 

were purified using SureClean Plus (Bioline) using the protocol described by the 

manufacturer. 

 

 

2.6.5 AUTOMATED DYE TERMINATOR CYCLE SEQUENCING 

 

All the sequencing reactions were prepared in sterile 0.6 µL microcentrifuge tubes on ice. 

Two separate sterile tubes were used for the 2 primers (Fd1 and R4).  The master mix for 

each reaction consisted of 1 µL (3.2 µM) of sequencing primer, 4 µL of Big-Dye, 2 µL of 

5X Big-Dye buffer and sterile and distilled water (sdH2O) was added to make up the 

volume to 20 µL when combined with the template DNA. Appropriate amount of master 

mix was combined with appropriate amount of PCR product (1-4 µL) to give a final 

volume of 20 µL in each tube. The sequencing reactions were placed in the Idaho thermal 

cycler and were run on Big-Dye cycler sequencing program 5 which has following 

cycling parameters: 

 96
o
C for 1 minute. 
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 96
o
C for 10 seconds. 

 50
o
C for 5 seconds. 

 60
o
C for 4 minutes. 

 

 

2.6.6 PRECIPITATION OF SEQUENCING REACTION PRODUCTS 

 

On completion of the sequencing program, the reactions were transferred to sterile 1.5 

mL microcentrifuge tubes. To prepare sequencing reaction products for analysis, 5 µL of 

25 mM EDTA and 60 µL of 100% ethanol were added to each tube containing the 

sequencing reactions. Tubes were then mixed and incubated at room temperature for 15 

minutes. These tubes were then centrifuged at top speed for 20 minutes and the 

supernatant was carefully discarded. The pellet in each tube was washed using 190 µL of 

70% ethanol and the tubes were centrifuged at top speed for 10 minutes. The supernatant 

was discarded and the pellet was air dried thoroughly and submitted for analysis at 

Griffith University DNA sequencing Facility (GUDSF), Brisbane, Queensland, Australia. 

 

 

2.6.7 16S rRNA GENE SEQUENCING AT AUSTRALIAN GENOME RESEARCH 

FACILITY (AGRF) 

 

Confirmation of 16S rRNA sequencing was done at AGRF. The purified PCR products 

were sent with the desired primers in quantities specified by AGRF, The University of 

Queensland, Brisbane, Queensland, Australia - 4072. 
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2.6.8 SEQUENCE ANALYSIS 

 

Sequences obtained were compared with other known sequences of related organisms 

using a variety of programs and databases including BLAST, Bioedit, RDP, ClustalW 

and EzTaxon-e. Phylogenetic trees were prepared using Treecon. 

 

 

2.6.9 ION TORRENT PGM WHOLE GENOME SEQUENCING AT 

AUSTRALIAN GENOME RESEARCH FACILTY (AGRF) 

 

High molecular weight DNA was prepared by following step 2.6.1 but the procedure was 

performed with threefold increase in the amount of samples and reagents. However, the 

high molecular weight DNA pellet was still dissolved in 40 µL of TE buffer or sdH2O to 

give a high concentration. AGRF requires a concentration of at least 200 ng of purified 

DNA as starting material. 

The sample concentration was verified using the Qubit® Fluorometer. The procedure was 

performed using the protocol and reagents supplied by the manufacturer. Once the 

desired concentration of DNA was achieved, the samples were then submitted to AGRF, 

The University of Queensland, Brisbane, Queensland, Australia – 4072. 

 

 

2.6.10 WHOLE GENOMIC SEQUENCE ANALYSIS 
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The genomic sequences obtained were assembled into contigs and scaffolds using a 

variety of web based tools and are described in Chapter 5. 

 

2.7 GAS CHROMATOGRAPHY-FLAME IONIZATION 

DETECTION (GC-FID) 

 

2.7.1 EXTRACTION OF HYDROCARBON FOR GC-FID 

 

1. For initial studies anthracene was chosen as the internal standard for the 

measurement of hexadecane degradation. An aliquot of 200 mg of anthracene in 

20 ml of dichloromethane was prepared.  

2. One ml of dichloromethane with internal standard was added into GAB Fe-Hex 

and Caltex Fe-Hex tubes along with the respective negative controls. 

3. These tubes were gently mixed by rocking. After hexadecane was dissolved, 0.5 

ml of dichloromethane layer was extracted out from the tubes. 

4. These samples were conducted in our laboratory and submitted for GC-FID at 

Griffith University Chemistry Department, Brisbane, Queensland, Australia for 

confirmation of results. 

5. For the investigation of PAHs degradation pyrene was chosen as internal standard 

to measure the degradation of anthracene and phenanthrene. Whereas, to measure 

the degradation of pyrene, anthracene was chosen as internal standard. 

6. These samples were analysed by a Shimadzu GC-8A in our laboratory. A DB5 

column was used for analysis. 
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2.8 SURFACE TENSION MEASUREMENTS 
 

Surface tension was measured using a JZ-200 series automatic tensiometer (Beijing 

United Test Co., LTD.) according to the manufacturer’s protocol. The platinum ring was 

submerged in the test liquid at 5-7 mm below the surface. It was left in the liquid until the 

reading was stabilized. The ring was then removed and the maximum value (mN/m) was 

obtained. All the measurements were performed in triplicate. Measurements of negative 

control without the addition of inocula were also performed each day in triplicate. 
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3.1 ENRICHMENT CULTURES 
 

A variety of electron acceptors such as vanadium, uranyl acetate, selenate, molybdate, 

arsenate, manganese dioxide, ferric iron along with hydrocarbon substrates such as diesel, 

hexadecane, paraffin oil and canola cooking oil were screened to enrich for bacteria. In 

addition, enrichment cultures with hydrocarbon substrates like gallic acid, vanillin, 4-

hydroxycinnamate, 3-chlorobenzoate, adipate, 2,5-dihydroxybenzoate, phenylacetate, 

3,4-dihydroxybenzoate, sodium benzoate, 4-hydroxybenzoate, 2-hydroxycinnamate, 

pyrogallol, 4-chlorobenzoate, anthracene, pyrene and phenanthrene in presence of ferric 

iron as the electron acceptor were set up. The samples for this study were acquired from 

Mono Lake Hot Springs (MLHS), Mono Lake South Tufa (MLST), Owens Lake (OL), 

The Great Artesian Basin (GAB), The Great Artesian Basin Oil Company of Australia 

(OCA) and Caltex Oil Refinery.  

 

Enrichments with samples from MLHS and GAB were incubated at 60 
o
C while all the 

others were incubated at 30 
o
C. In addition, enrichments on MLHS, MLST and OL were 

performed in Hungate tubes with 10 mL of ML medium whereas, BSM medium was 

used for all the other enrichments. 
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3.1.1 OILS AND NON-AROMATIC HYDROCARBONS 

 

Enrichment cultures with hexadecane, paraffin oil, canola cooking oil and diesel oil along 

with various electron acceptors such as vanadium, uranium, selenium, molybdenum, 

arsenic, manganese and ferric iron (ammonium iron citrate) were set up. Reduction of 

arsenic was observed in the MLWS, MLST and OVDL samples (Table 3.1). Mono Lake 

is rich in arsenic and a wide range of arsenate reducers like Bacillus arsenicoselenatis 

and Bacillus selenitireducens have been isolated (Blum et al., 1998). So this result was 

not unexpected. The concentration of dissolved inorganic arsenic in Mono Lake is around 

200 µmol/L (Oremland et al., 2000). Attempts to isolate pure cultures from these 

enrichments were unsuccessful. In addition, positive enrichments were observed in GAB, 

OCA and Caltex samples with ferric iron as the electron acceptor.  

 

Table 3.1: Enrichment cultures from Oil Company of Australia (OCA), Owens Lake (OL), Mono 

Lake South Tufa (MLST), Mono Lake Hot Springs (MLHS), Caltex and Great Artesian Basin 

(GAB) samples with oils and various electron acceptors. 

Samples MLHS MLST OL GAB OCA Caltex 

Enrichment       

V+Diesel 

 

V+Hexadecane 

 

V+Paraffin oil 

 

V+Cooking oil 

 

U+Diesel 

 

U+Hexadecane 

 

U+Paraffin oil 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 
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U+Cooking oil 

 

Se+Diesel 

 

Se+Hexadecane 

 

Se+Paraffin oil 

 

Se+Cooking oil 

 

Mo+Diesel 

 

Mo+Hexadecane 

 

Mo+Paraffin oil 

 

Mo+Cooking oil 

 

As+Diesel 

 

As+Hexadecane 

 

As+Paraffin oil 

 

As+Cooking oil 

 

Mn+Diesel 

 

Mn+Hexadecane 

 

Mn+Paraffin oil 

 

Mn+Cooking oil 

 

Fe+Diesel 

 

Fe+Hexadecane 

 

Fe+Paraffin oil 

 

Fe+Cooking oil 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

+ 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

+ 

 

+ 

 

+ 

 

+ 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

+ 

 

+ 

 

+ 

 

+ 

 

- 

 

- 

 

- 

 

- 

 

+ 

 

+ 

 

+ 

 

+ 
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+, metal reduction; -, no metal reduction. 
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Pure cultures were isolated and from the positive enrichments obtained in OCA, GAB 

and Caltex samples on oils with ferric iron (Fe(III)). Ferrozine assay was performed to 

identify the accumulation of Fe(II) from the reduction of Fe(III) over a seven day time 

course. As Figure 3.1 shows, there was reduction of Fe(III) with hexadecane and paraffin 

oil over a period of 7 days.  
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Figure 3.1: Accumulation of Fe(II) over a period of 7 days by pure isolates. 

Isolates in this study: GAB Fe-Hex (isolate from Great Artesian Basin grown on medium with Fe 

(III) and hexadecane), GAB Fe-Para (isolate from Great Artesian Basin grown on medium with 

Fe (III) and paraffin oil), OCA Fe-Para (isolate from Oil Company of Australia sample grown on 

medium with Fe (III) and paraffin oil) and Caltex Fe-Hex (isolate from Caltex sample grown on 

medium with Fe (III) and hexadecane). 
 

 

Gas chromatography data confirmed hexadecane degradation. The GAB Fe-Hex sample 

showed 0.449 g/L degradation of hexadecane whereas the Caltex Fe-Hex sample 
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exhibited 0.340 g/L hexadecane degradation over 7 days. This suggested that there was 

degradation of hydrocarbon coupled with the reduction of Fe(III). 

 

However, this only represented 10% and 7.5% degradation of total hexadecane added to 

the culture initially, respectively. It is likely that the amount of Fe added originally to the 

culture was insufficient to obtain any more degradation as large amounts of Fe(III) is 

required to breakdown hexadecane fully. 

 

 

3.1.2 AROMATIC COMPOUNDS 

 

The focus of the study was on aromatic compounds. As paraffin oil and diesel oil are 

composed of a variety of other hydrocarbons, the focus of this study was shifted towards 

enrichment on specific aromatics like gallic acid, vanillin, 4-hydroxycinnamate, 3-

chlorobenzoate, adipate, 2,5-dihydroxybenzoate, phenylacetate, 3,4-dihydroxybenzoate, 

sodium benzoate, 4-hydroxybenzoate, 2-hydroxycinnamate, pyrogallol and 4-

chlorobenzoate. Fe(III) was chosen as the electron acceptor because degradation of oils 

coupled with Fe(III) reduction was observed in the initial enrichments.  

 

Growth on sodium benzoate and 2-hydroxycinnamate along with simultaneous Fe(III) 

reduction was observed in the OCA sample (Table 3.2). No positive enrichments 

occurred with any other substrates in these samples. MLHS, MLST, OL, GAB and Caltex 

did not produce any positive enrichments with any of the substrates tested. 
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Table 3.2: Enrichment cultures with Oil Company of Australia (OCA), Owens Lake (OL), Mono 

Lake South Tufa (MLST), Mono Lake Hot Springs (MLHS), Caltex and Great Artesian Basin 

(GAB) samples with various aromatic compounds and Fe(III) as the electron acceptor. 

Samples MLHS MLST OL GAB OCA Caltex 

Substrates       

Gallic acid 

 

Vanillin 

 

4-

hydroxycinnamate 

 

3-chlorobenzoate 

 

Adipate 

 

2,5-

dihydroxybenzoate 

 

Phenylacetate 

 

3,4-

dihydroxybenzoate 

 

Sodium benzoate 

 

4-hydroxybenzoate 

 

2-

hydroxycinnamate 

 

Pyrogallol 

 

4-chlorobenzoate 

 

- 

 

- 

 

- 

 

 

- 

 

- 

 

- 

 

 

- 

 

- 

 

 

- 

 

- 

 

 

- 

 

- 

 

- 

 

 

- 

 

- 

 

- 

 

 

- 

 

- 

 

- 

 

 

- 

 

- 

 

 

- 

 

- 

 

 

- 

 

- 

 

- 
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- 

 

 

- 

 

- 

 

 

- 

 

- 

 

- 

 

 

- 

 

- 

 

- 

 

 

- 

 

- 

 

- 

 

 

- 

 

- 

 

 

+ 

 

- 

 

 

+ 

 

- 

 

- 

 

 

- 

 

- 

 

- 

 

 

- 

 

- 

 

- 

 

 

- 

 

- 

 

 

- 

 

- 

 

 

- 

 

- 

 

- 

 

 

+, iron reduction; -, no iron reduction. 
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3.1.3 POLYCYCLIC AROMATIC HYDROCARBONS (PAHs) 

 

Sodium benzoate and dihydroxybenzoate have been regularly tested as substrates in the 

growth of Fe(III) bacteria (Caccavo et al., 1994; Lovley et al., 1993). However, far fewer 

studies have been performed on degradation of polycyclic aromatic hydrocarbons (PAHs) 

by pure cultures especially in anaerobic, saline or alkaline environments. In fact, there 

have been no reports of pure isolates growing on PAHs linked to metal reduction. Further 

enrichment cultures were set up with an aim to isolate PAHs degrading pure cultures. 

PAHs are very toxic, insoluble, are less volatile, show high affinity for sediments and are 

quite resistant to microbial degradation (McElroy et al., 1989). These compounds can be 

degraded aerobically by microbes (Carniglia and Heitkamp, 1989; Carniglia 1992) but 

are very difficult to degrade under strict anaerobic conditions (Bauer and Capone, 1985, 

1988; Mihelcic and Luthy, 1988). 

 

PAHs are listed as priority pollutants by the United States Environmental Protection 

Agency (Mrozik et al. 2003). These are produced by the combustion of fossil fuels, 

petroleum refining, gasification of coal and by incineration of wastes and are omnipresent 

in soil (Mulligan et al. 2001), sediments (Yuan et al. 2001), water (Zhou and Hua 2004) 

and air (Bamforth and Singleton 2005).  

 

Enrichment cultures with anthracene, pyrene and phenanthrene were set up under 

anaerobic conditions with Fe(III) (in the form of ammonium iron citrate) as the electron 

acceptor since positive enrichments were observed in oils and aromatic compounds with 

Fe(III) in earlier studies. In addition, aerobic enrichments for MLST, MLHS and OL 
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under high salinity (70 g/L) and high pH (9.4) were set up with these compounds. The 

aim of this study was to isolate metal-reducing bacteria capable of degrading PAHs from 

samples obtained from subsurface reservoirs (GAB and OCA) and anoxic soils (Caltex), 

therefore, no aerobic enrichments were set up for these samples. Positive enrichments 

were identified with MLST sample on anthracene, pyrene and phenanthrene in aerobic 

conditions (Table 3.3). 

 

Table 3.3: Enrichment cultures with Oil Company of Australia (OCA), Owens Lake (OL), Mono 

Lake South Tufa (MLST), Mono Lake Hot Springs (MLHS), Caltex and Great Artesian Basin 

(GAB) samples with PAHs in anaerobic (Fe(III)) and aerobic conditions. 

Samples MLHS 

(pH 9.4) 

MLST 

(pH 9.4) 

OL    

(pH 9.4) 

GAB 

(pH 7) 

OCA 

(pH 7) 

Caltex 

(pH 7) 

Enrichment       

Fe+Pyrene 

 

Fe+Phenanthrene 

 

Fe+Anthracene 

 

O2+Pyrene 

 

O2+Phenanthrene 

 

O2+Anthracene 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

- 

 

- 

 

- 

 

+ 

 

+ 

 

+ 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

- 

 

- 

 

- 

 

NT 

 

NT 

 

NT 

+ 

 

+ 

 

+ 

 

NT 

 

NT 

 

NT 

+ 

 

+ 

 

+ 

 

NT 

 

NT 

 

NT 

+, metal reduction; -, no metal reduction; NT, not tested. 

 

Pure cultures were isolated by streaking 10 µL of the liquid enrichment cultures onto ML 

medium agar plates and incubated at 30 
o
C until colonies were observed. The colonies on 

these plates had similar morphological characteristics. Pure colonies were then picked 

and re-inoculated in tubes with PAHs. Growth was observed and purity of the cultures 

was confirmed by 16S rRNA sequencing. Sequence analysis revealed that the same strain 
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was responsible for the degradation of all these PAHs and was designated as strain ML-

15. 

 

Pure cultures were isolated from anaerobic OCA and Caltex enrichments by dilution until 

extinction and isolation of colonies from agar shakes. Single pure colonies were then 

isolated and cultured back onto anaerobic BSM liquid medium with PAHs. Both growth 

and Fe(III) reduction were observed with cultures from OCA sample and purity of the 

cultures was confirmed by 16S rRNA sequencing. Sequence analysis revealed that the 

same strain was responsible for the degradation of these PAHs coupled with simultaneous 

Fe(III) reduction and was designated as strain BP5. 

 

Further detailed PAHs degradation, characterization and genome analysis investigations 

were performed on pure strains BP5 and ML-15. 
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3.2 CHARACTERIZATION OF STRAIN BP5 

 

3.2.1 PHYLOGENETIC ANALYSIS BASED ON 16S rRNA GENE SEQUENCE 

 

A phylogenetic tree was constructed based on the 16S rRNA gene sequence of the strain 

BP5 (Figure 3.2). According to 16S rRNA sequence alignment, it was closely related to 

Trabulsiella odontotermitis (99.1%), Trabulsiella guamensis (98.0), Salmonella enterica 

subsp. diarizoniae (97.4%), Citrobacter koseri (97.1%) and Cronobacter dublinensis 

(96.9%). 

0.05

Enterobacter hormaechei

Leclercia adecarboxylata

Citrobacter farmeri

Salmonella subterranea

Cronobacter dublinensis subsp. dublinensis

Trabulsiella guamensis 

Klebsiella pneunoniae

Escherichia coli O157:H7 str. EC4115

Escherichia coli

Salmonella bongori

Citrobacter koseri

Trabulsiella odontotermitis 

Strain BP5

Salmonella enterica subsp. diarizoniae

Salmonella enterica subsp. enterica 

Enterobacter cloacae subsp. cloacae

Enterobacter cloacae subsp. dissolvens

Enterobacter kobei

Buttiauxella izardii

Enterobacter aerogenes

Kluyvera ascorbata

Citrobacter freundii

Citrobacter werkmanii

Figure 3.2: Phylogenetic tree based on the 16S rRNA sequences showing that strain BP5 

was closely related to Trabulsiella odontotermitis (99.1%). Note: all strains are type strains 

unless otherwise stated. Bar, 0.05 nucleotide exchanges per 100 nucleotides. 
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Trabulsiella odontotermitis, the closest relative of strain BP5 is a facultative anaerobe as 

well and was isolated from the guts of termite Odontotermes formosanus (Chou et al. 

2007). Interestingly, phylogenetic analysis of strain BP5 which was isolated from OCA 

bore samples from the Great Artesian Basin reveals that it belongs to the family 

Enterobacteriaceae of the class Gammaproteobacteria. Organisms of 

Gammaproteobacteria have been identified in a culture independent study on microbial 

mats from New Lorne bore, Great Artesian Basin (Spanevello, 2001). This study might 

give insights into the hydrocarbon degradation capabilities and adaptability of common 

enteric bacteria. For example, the core gene pool of various E. coli strains have been 

conserved throughout the course of evolution but widespread differences are found in the 

auxiliary gene pool which imparts pathogenicity as well as various metabolic pathways 

including those of aromatic acids (Dougan et al, 2001; Hacker and Carniel, 2001; Lan 

and Reeves, 2000; Perna et al., 2001; Riley and Serres, 2000). In addition, E. coli is the 

most abundant of the bacterial species inhabiting the intestine of warm-blooded animals 

(Peekhaus and Conway, 1988) but it must also survive in water, soil, food and other 

habitats to effect successful interhost spread. E. coli shares the ability to adapt and thrive 

under a wide range of physical and chemical conditions with its soil inhabiting relatives 

such as Klebsiella (Neidhardt, 1996). In addition, strains of Trabulsiella guamensis, 

another close relative of strain BP5 were isolated from vacuum cleaner dust and soil 

samples (McWhorter et al., 1991). 
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3.2.2 PHENOTYPIC STUDY: BD BBLCRYSTAL™ IDENTIFICATION TEST 

 

As strain BP5 belonged to Enterobacteriaceae, BD BBLCRYSTAL™ identification test 

was performed. Following substrates were found to be utilized by this strain (Table 3.4). 

 

Table 3.4: Active ingredients and substrates utilized by strain BP5 on BD 

BBLCRYSTAL™ identification system. 

ACTIVE INGREDIENT                                                  METABOLIC ACTIVITY 

 

Arabinose                                                                               +  

                        

Mannose                                                                                 + 

 

Sucrose                                                                                    -        

                  

Melibiose                                                                                + 

 

Rhamnose                                                                               +    

                     

Sorbitol                                                                                   + 

 

Mannitol                                                                                 +     

                     

Adonitol                                                                                  - 

 

Galactose                                                                                +     

                    

Inositol                                                                                    + 

 

p-n-p phosphate                                                                       -      

                  

p-n-p α-β-glucoside                                                                 +       

                

p-n-p-β-galactoside                                                                  -      

                 

Proline nitroanilide                                                                 + 

 

p-n-p bis-phosphate                                                                +       

                

p-n-p-xyloside                                                                         - 

 

p-n-p-α-arabinoside                                                                -      

                  

p-n-p-phosphorylcholine                                                        - 
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p-n-p-β-glucuronide                                                               -        

                

p-n-p-N-acetyl glucosaminide                                               - 

 

γ-L-glutamyl p-nitroanilide                                                  +      

                 

Esculin                                                                                    - 

 

p-nitro-DL-phenylalanine                                                    -        

                 

Urea                                                                                        - 

 

Glycine                                                                                   -        

                  

Citrate                                                                                    +  

 

Malonic acid                                                                          -     

                    

Triphenyl Tetrazolium chloride                                          + 

 

Arginine                                                                                 +      

                     

Lysine                                                                                     + 

p-n-p, p-nitrophenol. 

 

The results were run through the software provided and returned with no conclusive 

identity of the organism. This may be because the BD BBLCRYSTAL™ identification 

test is primarily designed for medical samples. Strain BP5 could utilize all the sugars 

except sucrose and adonitol. Out of the aryl-substituted glycoside or phosphate esters 

stain BP5 was able to hydrolyze only p-n-p-α-β-glucoside and p-n-p bis-phosphate. In 

addition, citrate, arginine, lysine and triphenyl tetrazolium chloride were utilized.  

 

 

 

 

 



CHAPTER THREE: RESULTS AND DISCUSSION- SCREENING, ISOLATION AND CHARACTERIZATION OF 

AROMATIC COMPOUND DEGRADING BACTERIA 

 83 

3.2.3 PHENOTYPIC STUDY: BIOLOG GN2 MICROPLATE™ SUBSTRATE 

UTILIZATION TEST  

 

For further characterization of strain BP5, Trabulsiella guamensis was obtained for 

comparative simultaneous substrate utilization test on Biolog GN2 MicroPlate™. The 

results are shown in Table 3.5. 

 

Table 3.5: Substrates utilized by strain BP5 and T. guamensis on Biolog GN2 

MicroPlate™. 

ACTIVE INGREDIENT                              METABOLIC ACTIVITY 

                                                             BP5                                 T. guamensis 

 

Dextrin                                                    +                                          +   

       

N-Acetyl-D-galactosamine                     ++                                        ++ 

                 

N-Acetyl-D-Glucosamine                       ++                                        ++  

                            

L-Arabinose                                            +                                          +  

                     

D-Cellobiose                                           ++                                        + 

 

D-Fructose                                              +                                          +  

            

L-Fructose                                              +                                           -  

 

D-Galactose                                            +                                          +   

                 

Gentiobiose                                             ++                                       ++ 

 

α-D-Glucose                                           +                                          +    

               

α-D-Lactose                                            +                                          - 

 

Maltose                                                   ++                                        ++   

 

D-Mannitol                                             +                                          + 

 

D-Mannose                                             +                                          + 

 

β-Methyl-D-Glucoside                           +                                          -      
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L-Rhamnose                                           ++                                        +   

 

D-Sorbitol                                               +                                         + 

 

D-Trehalose                                            +                                         +   

 

Pyruvic Acid Methyl Ester                     ++                                      ++ 

 

Succinic Acid Mono-Methyl Ester         +                                        +       

                               

D-Galactonic Acid Lactone                    ++                                      ++ 

 

D-Galacturonic Acid                               ++                                     ++      

 

D-Gluconic Acid                                     ++                                     ++        

    

D-Glucosaminic Acid                             ++                                     ++      

        

D-Glucuronic Acid                                 ++                                     ++       

                           

p-Hydroxy Phenylacetic Acid                +                                        + 

 

D,L-Lactic Acid                                     ++                                      +       

                           

D-Saccharic Acid                                   ++                                      ++     

          

Succinic Acid                                         +                                        +       

            

Bromosuccinic Acid                              +                                         +  

 

D-Alanine                                              +                                         +       

             

L-Alanin                                                +                                         + 

 

L-Alanyl-Glycine                             +                                      +     

                       

L-Asparagine                                    +                                      +     

                         

L-Aspartic Acid                               +                                      +     

                         

L-Glutamic Acid                              +                                      +      

                        

Glycyl-L-Aspartic Acid                   +                                      +     

                         

Glycyl-L-Glutamic Acid                  +                                      +    

                           

L-Histidine                                       +                                      +   

                            

L-Ornithine                                      +                                      +     
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L-Proline                                          +                                      +      

                        

Urocanic Acid                                 +                                       +     

                        

Inosine                                            ++                                    ++     

                            

Thymidine                                       +                                       +     

                          

Putrescine                                        +                                       +     

                         

Glycerol                                          ++                                    ++    

                              

D,L,α-Glycerol Phosphate              ++                                    ++     

                             

α-D-Glucose-1-Phosphate              ++                                    ++     

                             

D-Glucose-6-Phosphate                 ++                                    ++       

                           

L-Phenylalanine                               -                                       + 

 

L-Serine                                           -                                       + 

 

 

A number of differences were observed. Most of the substrates were commonly utilized 

by both BP5 and T. guamensis but certain differences were found which may be of 

significance. L-fructose, α-D-lactose and β-methyl-D-glucoside were utilized by strain 

BP5 but not by T. guamensis. However, T. guamensis utilized L-phenylalanine and L-

serine which strain BP5 did not. 
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3.3 CHARACTERIZATION OF STRAIN ML-15 
 

3.3.1 PHYLOGENETIC ANALYSIS BASED ON 16S rRNA GENE SEQUENCE 

 

Analysis of 16S rRNA gene sequence revealed that strain ML-15 was closely related to 

‘Halomonas chromatireducens’ (98.8%), Halomonas sulfidaeris (96.4%), Halomonas 

axialensis (96.2%), Halomonas andesensis (96.2%) and Halomonas johnsoniae (96.2%) 

(Figure 3.3). Halomonas chromatireducens has not been validated yet. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Phylogenetic tree constructed on the basis of 16S rRNA gene sequences 

showing strain ML-15 is closely related to Halomonas chromatireducens (98.8%). Note: 

all strains are type strains unless otherwise stated. Bar, 0.1 nucleotide exchanges per 100 nucleotides. 
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Strain ML-15 is part of the family Halomonadeaceae which belongs to the phylum 

Proteobacteria, class Gammaproteobacteria and order Oceanospirillales. Few studies 

have dealt with the biodegradation potential of Halomonas. Phenol and catechol 

degradation by the strain Halomonas campisalis was observed under saline and alkaline 

conditions (Alva and Peyton, 2003). In addition, Halomonas sp. strain C2SS100 was able 

to degrade a variety of hydrocarbons including hexadecane accompanied by increase in 

cell surface hydrophobicity indicating the production of biosurfactants (Mnif et al., 

2009). The study on biodegradation potential and genomics of strain ML-15 will give 

vital insights into the hydrocarbon degradation mechanisms in haloalkaliphilic organisms. 

PAH biodegradation capabilities in some halophilic, haloalkaliphilic and halotolerant 

bacteria have been observed. Halotolerant Ochrobatrum sp. strain VA1 was able to 

degrade 88% anthracene, 84% pyrene, 98% phenanthrene, 90% naphthalene and 97% 

fluorene (Arulazhagan and Vasudevan, 2011). Aerobic phenanthrene biodegradation by a 

halophilic consortium was also identified (Zhao et al., 2009). 
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3.3.2 PHENOTYPIC STUDY: BIOLOG GN2 MICROPLATE™ SUBSTRATE 

UTILIZATION TEST  

 

For the characterization of strain ML-15, Halomonas johnsoniae was obtained for 

comparative simultaneous substrate utilization test on Biolog GN2 MicroPlate™. The 

following results were obtained (Table 3.6). 

 

 

Table 3.6: Substrates utilized by H. johnsoniae and strain ML-15 on Biolog GN2 

MicroPlate™. 

ACTIVE INGREDIENT                              METABOLIC ACTIVITY 

                                                             H. johnoniae                  ML-15         

 

Glycogen                                                 +                                          -   

       

Tween 40                                                 ++                                       +    

 

Tween 80                                                 ++                                       +   

                                

N-Acetyl-D-Glucosamine                       ++                                       -     

                         

L-Arabinose                                            +                                         -    

                   

D-Cellobiose                                           ++                                        - 

 

α-D-Glucose                                           +                                          -     

              

Maltose                                                   ++                                        -   

 

Sucrose                                                    +                                         - 

 

Turanose                                                  +                                         -  

 

Pyruvic Acid Methyl Ester                     -                                         +  

 

Succinic Acid Mono-Methyl Ester         +                                        + 

 

Acetic Acid                                                -                                        +  

 

Citric Acid                                                -                                         +     

                 

D-Gluconic Acid                                     ++                                       -     
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β-Hydroxybutyric Acid                          +                                        + 

 

α- Keto Butyric Acid                              -                                         + 

 

α- Keto Valeric Acid                              -                                          + 

 

α- Keto Glutaric Acid                             +                                        +     

                                                 

D,L-Lactic Acid                                     ++                                        -      

                          

Succinic Acid                                         +                                          +     

              

Bromosuccinic Acid                              +                                         + 

 

Succinamic Acid                                    +                                         + 

 

L-Alaninamide                                      +                                          +  

 

D-Alanine                                              +                                          +       

             

L-Alanin                                                +                                          + 

 

L-Asparagine                                   +                                     -      

                         

L-Proline                                          +                                      +    

  

Pyroglutamic Acid                          +                                       - 

 

D-Serine                                           -                                        +    

                       

L-Serine                                          -                                        + 

 

Inosine                                            ++                                    ++    

                             

Uridine                                             -                                       +    

                           

Thymidine                                       -                                       +                             

 

 

Significant differences in the ability to utilize substrates were found in ML-15 and H. 

johnsoniae. H. johnsoniae could utilize glycogen, N-acetyl-D-glucosamine, L-arabinose, 

D-cellobiose, α-D-glucose, maltose, sucrose, turanose, D-gluconic acid, D,L-lactic acid, 

L-asparagin and pyroglutamic acid but ML-15 could not. However, ML-15 was able to 
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utilize pyruvic acid methyl ester, acetic acid, citric acid, α-keto glutaric acid, D-serine, L-

serine, uridine and thymidine which H. johnsoniae could not. 



 

 

 

 

 

 

 

 

 

 

 

CHAPTER FOUR: RESULTS AND DISCUSSION- 

DEGRADATION STUDIES ON SELECTED STRAINS 

 

 

 

 

 

 

 

 



CHAPTER FOUR: RESULTS AND DISCUSSION-  DEGRADATION STUDIES ON SELECTED STRAINS 

 91 

4.1 PAH DEGRADATION STUDIES ON STRAIN BP5 

 

A time course degradation study on PAHs was performed to test the degradation rate and 

simultaneous Fe(III) reduction by the pure strain BP5. For this study, PAHs were used as 

the sole carbon source and Fe(III)  (as ammonium iron citrate) was used as the primary 

electron acceptor in BSM at 30
 o

C. Three negative controls without the inocula and 

subject to the same conditions were used. Extractions for GC-FID on the negative 

controls were done on the final day (8 days) of the time course study. Below are the PAH 

degradation and Fe(III) reduction results showing the degradation of anthracene, pyrene 

and phenanthrene coupled with accumulation of Fe(II) by strain BP5 over a period of 

eight days. 
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4.1.1 ANTHRACENE DEGRADATION & Fe(III) REDUCTION 

 

 

 

Figure 4.1: Anthracene degradation and simultaneous Fe(III) reduction by strain BP5. 

 

Gradual degradation of anthracene over a period of 8 days along with Fe (III) reduction 

(accumulation of Fe (II)) was observed as shown in Figure 4.1. There was a decrease of 

anthracene from 442.84 mg/L at T0 to 30.80 mg/L after 8 days of incubation. In addition, 

the concentration of Fe (II) increased from 0.3 mM at T0 to 4.6 mM after 8 days of 

incubation. This represents 93.05% of anthracene degradation. Controls showed no 

anthracene removal or Fe(II) accumulation after 8 days. 

Removal of 37.86% of anthracene was achieved on day one however no accumulation of 

Fe (II) was observed within this period. This may be due to absorption of Fe (II) to 

precipitates in the medium which may have resulted in it being undetected in ferrozine 
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assay. In addition, small amounts of (NH4)2SO4 in the medium may have acted as an 

alternative electron acceptor in the initial stages of degradation. However, when tested 

with SO4 as electron acceptor, no reduction of SO4 and no degradation of PAHs was 

observed. 

Rapid degradation of anthracene coupled with Fe (III) reduction was observed during the 

first 3 days of the time course study. Removal of 345.94 mg/L of anthracene along with 

the accumulation of 4.1 mM of Fe (II) (228.94 mg/L) was observed during the first 3 

days. In applied bioremediation, removal of 1 mg of anthracene would require an 

addition of 0.66 mg of Fe (III). 
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4.1.2 PYRENE DEGRADATION & Fe(III) REDUCTION 

 

 

 

Figure 4.2: Pyrene degradation and simultaneous Fe(III) reduction by strain BP5. 

 

Pyrene degradation coupled with Fe (III) reduction was also observed in strain BP5 as 

shown in Figure 4.2. The concentration of pyrene was reduced from 386.3 mg/L at T0 to 

49.27 mg/L after 8 days of incubation. This was accompanied by increase in Fe(II) 

concentration from 0.2 mM at T0 to 5.7 mM after 8 days. The results indicated that there 

was 87.25% of pyrene degradation. Controls showed no anthracene removal or Fe(II) 

accumulation after 8 days. 

Total removal of 296.25 mg/L of pyrene was achieved during the first 4 days of the 

study. In addition, accumulation of 5.4 mM of Fe (II) (301.54 mg/L) was observed during 

this period. This represents that for the removal of 1 mg of pyrene, an addition of 1.02 mg 

of Fe (III) is required. 



CHAPTER FOUR: RESULTS AND DISCUSSION-  DEGRADATION STUDIES ON SELECTED STRAINS 

 95 

4.1.3 PHENANTHRENE DEGRADATION & Fe(III) REDUCTION 

 

 

 

Figure 4.3: Phenanthrene degradation and simultaneous Fe(III) reduction by strain BP5. 

 

Gradual degradation of phenanthrene along with accumulation of Fe(II) was observed 

over a period of 8 days. The total concentration of phenanthrene decreased form 512.92 

mg/L at To to 28.007 mg/L after 8 days of incubation. Simultaneously, increase in Fe(II) 

concentration from 0.3 mM at To to 5.6 mM was observed (Figure 4.3). This represents a 

total degradation of 94.53% of phenanthrene. Controls showed no anthracene removal or 

Fe(II) accumulation after 8 days. 

There was a 45.24% decrease in the concentration of phenanthrene during the first day of 

incubation however, no substantial accumulation of Fe (II) was observed. This may again 

be a result of Fe (II) being undetected in ferrozine assay due to absorption.  
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Degradation of 423.25 mg/L of phenanthrene was observed during the first 4 days of the 

study along with simultaneous accumulation of 5.1 mM of Fe (II) (284.74 mg/L). These 

findings suggest that for the removal of 1 mg of phenanthrene, an addition of 0.67 mg of 

Fe (III) is required.  
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4.1.4 VIABLE CELL NUMBERS  

 

 

 

Figure 4.4: Viable cells during pyrene, anthracene and phenanthrene degradation 

 

Simultaneous viable cell counts were performed with the PAHs degradation time course 

studies in which PAHs were the sole carbon source. The total number of cells increased 

for the first three days and then gradually plateaued and decreased after 8 days (Figure 

4.4). This is consistent with the rate of PAHs removal and Fe(II) accumulation for the 

first 3 days (Figures 4.1, 4.2, 4.3). 
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4.1.5 SURFACE TENSION STUDIES 

 

 

 
Figure 4.5: Surface tension measurements. 

 

 

In the presence of hydrocarbons, some bacteria are able to produce compounds (e.g. 

biosurfactants) that decrease surface and interfacial tension. This increases solubility of 

the hydrocarbons and aids in degradation. 

 

Any changes in the surface tension by the strain BP5 in the degradation of PAHs were 

monitored over a period of 8 days. No significant change was observed (Figure 4.5) 

suggesting that the strain BP5 does not produce any biosurfactants. 
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4.2 PAH DEGRADATION STUDIES ON STRAIN ML-15 

 

Degradation conditions were first optimized for the time course study on anthracene, 

pyrene and phenanthrene degradation by the strain ML-15. As PAH degradation was 

observed in the presence of yeast extract in the enrichments during the initial screening 

with ML samples, optimal amount of yeast extract needed for successful degradation of 

PAHs was investigated. Degradation capacity at various concentrations of PAHs was also 

investigated before proceeding. An eight day time course study was then performed to 

obtain the rate of degradation of anthracene, pyrene and phenanthrene. Three negative 

controls without the inoculums and subject to the same conditions were used. Extractions 

for GC-FID on the negative controls were done on the final day (8 days) of the time 

course study.  
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4.2.1 DEGRADATION OF PAHs ON VARYING CONCENTRATION OF YEAST 

EXTRACT 

 

 

Figure 4.6: Degradation of PAHs on varying concentration of yeast extract. 

 

Biostimulation for enhanced PAH biodegradation has been investigated. Previous studies 

have been conducted to investigate whether addition of micro- and macro-nutrients 

enhanced bioremediation in PAH and/or petroleum contaminated soils. It was found out 

that the bioactivity of the consortium was the highest when high concentrations of macro-

nutrients were used (Liebeg and Cutright, 1999). In addition, enhanced biodegradation of 

pyrene was observed by the addition of nutrients in mangrove sediments was observed 

(Yu et al., 2005). This indicates that biostimulation may play an important role in the 

biodegradation capacity of bacteria.  

 

Effect of nutrients like yeast extract was checked for optimal PAH degradation. The 

addition of yeast extract was found to stimulate PAH degradation by strain ML-15. The 
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concentration of PAHs was kept constant and the strain was incubated in the presence of 

varying yeast extract concentrations at 30 
o
C. No degradation of anthracene, pyrene or 

phenanthrene was observed in the absence of yeast extract. Degradation increased with 

the increase in yeast extract and remained consistent at and above 2 g/L yeast extract 

(Figure 4.6). For further PAH degradation characterization studies with strain ML-15, 2 

g/L of yeast extract was used. 

 

 

4.2.2 DEGRADATION AT VARIOUS CONCENTRATIONS OF PAHs 

 

 

Figure 4.7: Total degradation by strain ML-15 at varying concentrations of PAHs. 

 

Degradation at various concentrations of PAHs was tested and it was observed that the 

degradation capacity of ML-15 decreased with increase in PAH concentration after 8 

days of incubation (Figure 4.7). It is likely that concentrations higher than 4 mM are toxic 
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and inhibitory as no growth was observed. A concentration of 2 mM was chosen as the 

optimum for further PAH degradation characterization and time course studies because in 

absolute values maximum PAH degradation occurred at this concentration. With an 

initial PAH concentration of 2 mM, about 1.2 mM of pyrene, 1.4 mM phenanthrene and 

1.6 mM anthracene were degraded. These were the highest amount of PAH removed 

compared with other initial PAH concentrations. 

 

 

 

4.2.3 PAHs DEGRADATION TIME COURSE STUDY 

 

Strain ML-15 was found to degrade anthracene, pyrene and phenanthrene under aerobic 

conditions. A time course degradation study on PAHs was performed to test the 

degradation rate by the pure strain ML-15. Three negative controls without the inocula 

and subject to the same conditions were used. Extractions for GC-FID on the negative 

controls were done on the final day (8 days) of the time course study. Below are the 

results showing the degradation of anthracene, pyrene and phenanthrene over a period of 

eight days. All the experiments were performed in triplicate in ML medium (pH 9.4) and 

incubated at 30 
o
C. 
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4.2.3.1 ANTHRACENE DEGRADATION TIME COURSE STUDY 

 

 

Figure 4.8: Degradation of anthracene and total cell counts over 8 days. 

 

Degradation of 93.45% of anthracene was achieved by ML-15 over a period of 8 days 

(Figure 4.8) with 91.34% being degraded within the first 3 days. Rapid degradation was 

observed for the first three days of the study. About 80.47 mg/L of anthracene was 

degraded per day for the first three days. Degradation remained low for the remaining 

days and about 1.09 mg/L was degraded each day. This amount is within the error bars 

indicating that total degradation was achieved after 3 days. In addition, maximum growth 

was achieved after 3 days and then the culture went into stationary phase (days 3-4) and 

then death phase (days 4-6). For the remaining days, the culture went into cryptic growth 

phase with dead bacteria used up as substrate. Anthracene may have been exhausted after 

the first 3 days with the remaining small amount inaccessible for ML-15 to degrade. 

Negative controls without the inocula showed no degradation of PAHs. 
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4.2.3.2 PYRENE DEGRADATION TIME COURSE STUDY 

 

 

 

Figure 4.9: Degradation of pyrene and total cell counts over 8 days. 

 

 

Total degradation of 94.76 % of pyrene was achieved by ML-15 after 8 days with 

92.41% being degraded within the first 3 days of incubation. Degradation rate was very 

high for the first 3 days and then stagnated for the remaining days (Figure 4.9). The 

average degradation of pyrene per day was 83.52 mg/L but the rate of degradation for 

first 3 days was 217.21 mg/L and for the remaining 5 days it was about 3.31 mg/L 

(within error bars). This indicates that total degradation was achieved after 3 days of 

incubation. Similarly, maximum growth was achieved after 4 days and stationary phase 

was observed from days 4 – 6. Slight cryptic growth phase was observed on days 7 and 8 

indicating that the substrate was exhausted and the culture survived on dead bacteria. 

Negative controls showed no degradation during the course of this study. 
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4.2.3.3 PHENANTHRENE DEGRADATION TIME COURSE STUDY 

 

 

Figure 4.10: Degradation of phenanthrene and total cell counts over 8 days. 

 

Degradation of 84.41 % of phenanthrene was observed after 3 days of incubation and 

about 95.76% was removed at the end of the study (Figure 4.10). Similarly, the total cell 

numbers increased rapidly and maximum growth was achieved after 3 days. Stationary 

phase was observed during days 3 and 4 followed by death phase (days 4-6). Slight 

cryptic growth phase occurred from days 6-8 where the substrate was exhausted or 

unavailable for degradation and metabolism. The average degradation of phenanthrene 

per day was 86.79 mg/L but the rate of degradation for first 3 days was 201.64 mg/L and 

for the remaining 5 days it was about 16.21 mg/L (within error bars). This shows that 

about total degradation of phenanthrene was achieved by strain ML-15. The negative 

controls remained constant showing no degradation. 
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4.2.4 SURFACE TENSION STUDIES 

 

As mentioned previously (4.1.5), a decrease in surface tension likely reflects the 

production of a surface-active compound by bacteria. With strain ML-15, there was a 

gradual decrease in the surface tension in all three PAHs over 8 days of incubation 

(Figure 4.11). This reduction in surface tension suggests that there may be production of 

biosurfactant by the isolate. Especially, during the degradation of anthracene and pyrene, 

reduction of surface tension was observed after 4 days when the substrate was exhausted. 

This is consistent with studies showing that bacteria when starved change surface tension 

to allow them access to further surfaces not normally available to them i.e. hydrophobic 

surfaces. Controls confirmed that it was not media components causing the decrease in 

surface tension. 

 
Figure 4.11: Surface tension measurements over a period of 8 days. 
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Limited bioavailability of hydrocarbons, especially PAHs with low water solubility may 

be a potential problem for bioremediation. Bacterial biodegradation of PAHs or other 

hydrocarbons can be enhanced by the production of biosurfactants which aid in 

emulsification of the hydrocarbon compounds (Ron and Rosenberg, 2001). 

Biosurfactants help in increasing the surface area for growth by reducing the surface 

tension between water and the hydrophobic hydrocarbon compounds, dispersing the oil 

and helping in detachment from the oil droplets after the utilizable hydrocarbon has been 

metabolized (Rosenberg, 1993). Certain bacterial strains like Pseudomonas aeruginosa 

which produces rhamnolipid have been shown to be involved in biodegradation of PAHs 

by a bacterial community (Arino et al., 1998). 
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5.1 SEQUENCE ASSEMBLY, ALIGNMENT AND ANNOTATION 

 

 

5.1.1 SEQUENCE ASSEMBLY AND ALIGNMENT 

 

Sequences obtained by Ion Torrent Sequencing were aligned and assembled using a 

variety of web based programs. Assemblies were performed using MIRA and 

NEWBLER. Sequence assemblies in MIRA are based on the overlap-layout-consensus 

approach (Chevreux et al., 1999). The contaminating sequence regions are identified 

and masked by MIRA before comparing and aligning the sequence data. The aligned 

sequences are then checked for repeat errors using the Waterman alignment algorithm 

(Smith and Waterman, 1981) and proceeds to generate Contig sequences. 

 

NEWBLER software package was developed for assembling sequence data generated 

by 454 pyrosequencing platform by 454 Life Sciences, Roche Diagnostics Company. It 

runs on Linux and has command-line and JAVA-based graphic user interface. The 

pairwise overlaps between reads are identified and multiple alignments of these 

overlapping reads are then constructed and breaks are introduced where consistent 

differences are found between different sets of reads. This generates a preliminary set of 

contigs and branching between these contigs are then resolved. Consensus basecalls of 

the contigs are then generated by using quality and flow signal information for each 

nucleotide flow included in the contigs’ multiple alignments. Consensus sequences and 

corresponding quality scores are then relayed to the user. Contigs can then be organized 

into scaffolds by using pair end information (Bridgett, 2009). 

 

These assembled and aligned sequences are then annotated to assign functions to the 

genes and construct metabolic profiles of the organism. 
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5.1.2 ANNOTATIONS WITH RAST 

 

Genome annotations for the strains ML-15 and BP5 were performed using the RAST 

(Rapid Annotation using Subsystem Technology) server. RAST is a fully automated 

server generally used to annotate bacterial and archeal genomes. Contig sequences in 

FASTA or GenBank format can be submitted to the RAST server which channels the 

information to various programs and servers like FIGfams, KEGG, GLIMMER2 and 

SEED to assign functions to the gene and to identify protein encoding rRNA and tRNA 

genes. It predicts the subsystem that is represented in the genome and reconstructs a 

metabolic profile of the organism which can be viewed in KEGG and the annotated 

genome can be compared with other genomes in the SEED database (Aziz et al. 2008). 

ML-15 and BP5 sequences assembled and aligned using MIRA and Nebwler were 

submitted to the RAST server and subsystems in the genomes and metabolic profiles of 

the strains were obtained. 
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5.2 GENOME ANALYSIS OF STRAIN ML-15 
 

In all, 4,462 putative genes were predicted in the genome of strain ML-15 with the 

average G+C ratio of 58%. The 16S rRNA sequence revealed that strain ML-15 was 

closely related Halomonas chromatireducens but based on metabolic similarities 

identified by RAST, strain ML-15 was closely related to Chromohalobacter salexigens. 

Genes connected to subsystems and their distribution in different categories as identified 

by RAST is shown in Figure 5.1. A variety of interesting genes were observed, 

including genes responsible for stress response and metal tolerance. Most importantly, 

the genes involved in metabolism of aromatic compounds were identified which support 

the results obtained from PAHs degradation experiments. 

 

Most of the identified genes were associated with amino acids and derivatives and 

carbohydrates subsystems. Similarly, most of the genes in the genome of 

Chromohalobacter salexigens strain 1H11
T
 were involved in amino acid and 

carbohydrate transport and metabolism. Strain 1H11
T
 had a total gene content of 3,412 

with an average G+C ratio of 63.91% (Copeland et al., 2011). 
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Cofactors, Vitamins, Prosthetic Group, Pigments (341)

Cell Wall and Capsule (205)

Virulence, Disease and Defence (129)

Potassium Metabolism (28)

Photosynthesis (0)

Miscellaneous (59)

Phages, Profages, Transposable Elements, Plasmids (22)

Membrane Transport (356)

Iron Acquisition and Metabolism (47)

RNA Metabolism (150)

Nucleosides and Nucleotides (147)

Protein Metabolism (215)

Cell Division and Cell Cycle (11)

Motility and Chemotaxis (184)

Regulation and Cell Signalling (111)

Secondary Metabolism (8)

DNA Metabolism (233)

Regulons (10)

Fatty Acids, Lipids, Isoprenoids (283)

Nitrogen Metabolism (116)

Dormancy and Sporulation (6)

Respiration (108)

Stress Response (352)

Metabolism of Aromatic Compounds (30)

Amino Acids and Derivatives (681)

Sulfur Metabolism (54)

Phosphorus Metabolism (55)

Carbohydrates (521)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Genes connected to subsystems and their distribution in different categories 

as identified by RAST.  The subsystem: metabolism of aromatic compounds is 

highlighted. 
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Peripheral Pathways 

for Catabolism of 

Aromatic Compounds 

(9)                    

Metabolism of 

Aromatic 

Compoounds - No 

Subcategory (4)                                  

Metabolism of 

Central Aromatic 

Intermediates (17)                                 

Peripheral Pathw ays for Catabolism

of Aromatic Compounds (9)                

- Quinate Degradation (1)                   

- Biphenyl Degradation (2)                  

- Chloroaromatic Degradation

Pathw ay (6)

Anaerobic Degradation of Aromatic

Compounds (0)

Metabolism of Central Aromatic

Intermediates (17)                               

- Catechol Branch of Beta-

Ketoadipade Pathw ay(7)                   

- Salicylate & Gentisate Catabolism(4)

- Homogentisate Pathw ay (6)

Metabolism of Aromatic Compounds

(No Subcategory) (4)                          

- Gentisare Degradation (4)

5.2.1 GENES INVOLVED IN METABOLISM OF AROMATIC COMPOUNDS 

 

Out of the 4,462 putative genes, 30 were found to be involved in the metabolism of 

aromatic compounds. More than 50% of these genes were involved in the metabolism of 

central aromatic intermediates, about 30% were involved in the peripheral pathways for 

the catabolism of aromatic compounds and the remaining were not assigned any 

subcategory. These were further classified into subcategories and are shown in the 

Figure 5.2.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Genes involved in the metabolism of aromatic compounds are further 

classified into subcategories; peripheral pathways for catabolism of aromatic 

compounds which contains 9 genes, metabolism of central aromatic intermediates which 

is composed of 17 genes and metabolism of aromatic compounds (no subcategory) 

which is composed of 4 genes. 
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The roles played by these genes in the metabolism of aromatic compounds and their 

subsystems are described in table 5.1. Chromohalobacter salexigens, the closest relative 

of the strain ML-15 based on the functional similarities identified by RASTA did not 

show similarities relating to the metabolism of aromatic compounds. A comparison 

revealed that only quinate degradation subsystem was identical in both the strains. 

 

Table 5.1: Aromatic hydrocarbon degradation subsystems found in strain ML-15 and 

the function of the genes identified within the susbystems. 

SUBSYSTEMS                                                                         ROLE 

Quinate degradation 3-dehydroquinate dehydratase II (EC 4.2.1.10) 

Biphenyl Degradation 

 

2-keto-4-pentenoate hydratase (EC 4.2.1.80) 

biphenyl-2 

 

Chloroaromatic degradation pathway 

3-oxoadipate CoA-transferase subunit B (EC 2.8.3.6) 

3-oxoadipate CoA-transferase subunit A (EC 2.8.3.6) 

Beta-ketoadipate enol-lactone hydrolase (EC 3.1.1.24) 

Beta-ketoadipyl CoA thiolase (EC 2.3.1.-) 

Catechol branch of beta-ketoadipate 

pathway 

 

3-oxoadipate CoA-transferase subunit B (EC 2.8.3.6) 

3-oxoadipate CoA-transferase subunit A (EC 2.8.3.6) 

Succinyl-CoA:3-ketoacid-coenzyme A transferase subunit A 

(EC 2.8.3.5) 

Beta-ketoadipate enol-lactone hydrolase (EC 3.1.1.24) 

Succinyl-CoA:3-ketoacid-coenzyme A transferase subunit B 

(EC 2.8.3.5) 

 

Salicylate and gentisate catabolism 

 

Maleylacetoacetate isomerase (EC 5.2.1.2) 

Fumarylacetoacetate hydrolase family protein 

 

Homogentisate pathway of aromatic 

compound degradation 

Transcriptional regulator 

Homogentisate 1 

4-hydroxyphenylpyruvate dioxygenase (EC 1.13.11.27) 

Maleylacetoacetate isomerase (EC 5.2.1.2) 

Gentisare degradation 
Maleylacetoacetate isomerase (EC 5.2.1.2) 

Fumarylacetoacetate hydrolase family protein 
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Investigation of these genes revealed that they are involved in the lower stages of PAHs 

degradation pathways. During the metabolism of anthracene, catechol is produced as an 

intermediate and further degradation takes place via the benzoate degradation pathway 

(figure 5.3). Benzoate degradation involves tyrosine metabolism which results in the 

formation of fumarate and acetoacetate. Conversely, catechol can be metabolized to 

acetyl-CoA instead of leading to benzoate degradation pathway. However, during 

pyrene and phenanthrene degradation, phthalate is formed as an intermediate which 

further leads to benzoate degradation pathway and then tyrosine metabolism (figure 

5.3).  Strain ML-15 may degrade PAHs via the β-ketoadipate metabolic pathway. 

Degradation of phenol via the β-ketoadipate metabolic pathway has been suggested in a 

study on a related haloalkaliphile Halomonas campisalis (Alva and Peyton, 2003). 

However, the mechanism of conversion of PAHs to catechol or phthalate could not be 

ascertained. The presence of genes catalyzing the degradation of catechol and tyrosine 

was confirmed in ML-15 and their mechanism is explained. 
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SALICYLATE

CATECHOL

BENZOATE 

DEGRADATION

TYROSINE 

METABOLISM

CATECHOL 

METABOLISM

ANTHRACENE

3,4-DIHYDROXYPHENANTHRENE

BENZOATE 

DEGRADATION

PTHALATE

TYROSINE 

METABOLISM

PYRENE

PHENANTHRENE

Figure 5.3: Anthracene, pyrene and phenanthrene degradation pathways. 

 

 

5.2.1.1 TYROSINE METABOLISM 

 

Conversion of tyrosine to fumarate and acetoacetate is achieved by the action of various 

enzymes (figure 5.4). Tyrosine is converted to 4-hydroxyphenylpyruvate by the action 

of L-tyrosine aminotransferase. 4-hydroxyphenylpyruvate is further catalyzed to 

homogentisate by the action of 4-hydroxyphenylpyruvate dioxygenase. Homogentisate 

is further converted to 4-maleylacetoacetate by homogentisate 1,2-dioxygenase. 

Formation of fumarylacetoacetate is achieved by the action of maleylacetoacetate 

isomerase. The end products in this metabolic pathway are fumarate and acetoacetate 
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which are formed by the action of fumarylacetoacetase (Sweeney et al., 2011). 4-

hydroxyphenylpyruvate dioxygenase, homogentisate 1,2-dioxygenase, 

maleylacetoacetate isomerase and fumarylacetoacetate were identified in the genome of  

strain ML-15. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Tyrosine metabolism pathway. Enzymes highlighted in red have been 

detected in the genome of the strain ML-15 (adapted from Sweeney et al., 2011). 
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5.2.1.2 CATECHOL METABOLISM 

 

The initial step in the catabolism of PAHs by bacteria may occur by the oxidation of 

PAHs to dihydrodiol via a multicomponent enzyme system. These dihydroxylated 

intermediates may then undergo either a meta cleavage type of pathway or 

an ortho cleavage type of pathway, leading to central intermediates such as catechols 

(van der Meer et al., 1992). Conversion of catechol to acetyl-CoA is achieved by the 

action of three main enzymes (figure 5.5). Catechol is converted to 3-oxoadipate enol 

lactone which is further catalysed to 3-oxoadipate by β-ketoadipate enol-lactone 

hydrolase. 3-oxoadipate is converted to 3-oxoadipyl-CoA by β-ketoadipate:succinyl 

CoA transferase. Production of acetyl-CoA is achieved by the catalysis of 3-oxoadipyl-

CoA by β-ketoadipyl-CoA thiolase (Caspi et al., 2010). Presence of β-ketoadipate enol-

lactone hydrolase, β-ketoadipyl-CoA thiolase and various subunits of β-

ketoadipate:succinyl CoA transferase was detected in the ML-15 genome.  
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ß-ketoadipate: succinyl CoA transferase

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Metabolism of catechol. Enzymes highlighted in red were detected in ML-

15 genome. In addition, subunits of β-ketoadipate:succinyl CoA transferase were also 

detected (adapted from Caspi et al., 2010). 
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5.3 GENOME ANALYSIS OF STRAIN BP5 
 

In all, 3,930 putative genes were predicted in the genome of strain BP5. It is composed 

of 4,729,028 base pairs with the average G+C ratio of 52%. The 16S rRNA sequence 

revealed that BP5 was closely related Trabulsiella odontotermitis but based on 

metabolic similarities identified by RAST, it was closely related to Escherichia coli. 

Genes connected to subsystems and their distribution in different categories as identified 

by RAST is shown in Figure 5.6. A variety of interesting genes were observed, 

including genes responsible for stress response and metal tolerance. Most importantly, 

the genes involved in metabolism of aromatic compounds were identified which support 

the results obtained from PAHs degradation experiments. 

 

Most of the identified genes were associated with amino acids and derivatives and 

carbohydrates subsystems. In addition, the genome size of E. coli strain K-12 was 

similar to the strain ML-15 with 4,639,675 base pairs, with 4,497 genes and an average 

G+C ratio of 50.8% (Blattner et al., 1997). 
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Cofactors, Vitamins, Prosthetic Group, Pigments (225)

Cell Wall and Capsule (285)

Virulence, Disease and Defence (127)

Potassium Metabolism (34)

Photosynthesis (0)

Miscellaneous (40)

Phages, Profages, Transposable Elements, Plasmids (78)

Membrane Transport (203)

Iron Acquisition and Metabolism (45)

RNA Metabolism (191)

Nucleosides and Nucleotides (127)

Protein Metabolism (257)

Cell Division and Cell Cycle (29)

Motility and Chemotaxis (98)

Regulation and Cell Signalling (138)

Secondary Metabolism (5)

DNA Metabolism (160)

Regulons (10)

Fatty Acids, Lipids, Isoprenoids (116)

Nitrogen Metabolism (59)

Dormancy and Sporulation (3)

Respiration (206)

Stress Response (196)

Metabolism of Aromatic Compounds (41)

Amino Acids and Derivatives (472)

Sulfur Metabolism (62)

Phosphorus Metabolism (42)

Carbohydrates (681)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Genes connected to subsystems and their distribution in different categories 

as identified by RAST.  The subsystem: metabolism of aromatic compounds is 

highlighted. 
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Peripheral Pathways

 for Catabolism 

of Aromatic 

Compounds (4)

Metabolism of 

Aromatic Compounds 

- No Subcategory (13)

Metabolism of Central 

Aromatic 

Intermediates (24)

Peripheral Pathways for Catabolism of

Aromatic Compounds (4)

Metabolism of Central Aromatic

Intermediates (24)

Metabolism of Aromatic Compounds -

No Subcategory (13)

5.3.1 GENES INVOLVED IN METABOLISM OF AROMATIC COMPOUNDS 

 

Out of the 3,930 putative genes, 41 were found to be involved in the metabolism of 

aromatic compounds. These were further classified into subcategories and are shown in 

the Figure 5.7. Around 60% of these genes were involved in metabolism of central 

aromatic intermediates, 10% were involved in the peripheral pathways for the 

catabolism of aromatic compounds and the remaining were not assigned any 

subsystems. The roles played by these genes and their subsystems are described in Table 

5.2. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: Genes involved in the metabolism of aromatic compounds are further 

classified into subcategories; peripheral pathways for catabolism of aromatic 

compounds which contains 4 genes, metabolism of central aromatic intermediates which 

is composed of 24 genes and metabolism of aromatic compounds (no subcategory) 

which is composed of 13 genes. 
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Table 5.2: Aromatic hydrocarbon degradation subsystems found in strain BP5 and the 

function of the genes identified within the susbystems. 

SUBSYSTEMS                                                                         ROLE 

Hydroxyphenyl acetic acid catabolic 

pathway 

Transcriptional activator of 4-hydroxyphenylacetate 3-

monooxygenase operon, XylS/AraC family 

4-hydroxyphenylacetate symporter, major facilitator 

superfamily (MFS) 

2,4-dihydroxyhept-2-ene-1,7-dioic acid aldolase (EC 4.1.2.-) 

2-oxo-hepta-3-ene-1,7-dioic acid hydratase (EC 4.2.-.-) 

5-carboxymethyl-2-hydroxymuconate delta-isomerase (EC 

5.3.3.10) 

3,4-dihydroxyphenylacetate 2,3-dioxygenase (EC 1.13.11.15) 

5-carboxymethyl-2-hydroxymuconate semialdehyde 

dehydrogenase (EC 1.2.1.60) 

5-carboxymethyl-2-oxo-hex-3- ene-1,7-dioate decarboxylase 

(EC 4.1.1.68) / 2-hydroxyhepta-2,4-diene-1,7-dioate isomerase 

(EC 5.3.3.-) 

Homoprotocatechuate degradative operon repressor 

Central meta-cleavage pathway of 

aromatic compound degradation 

2-oxo-hepta-3-ene-1,7-dioic acid hydratase (EC 4.2.-.-) 

5-carboxymethyl-2-hydroxymuconate delta-isomerase (EC 

5.3.3.10) 

3,4-dihydroxyphenylacetate 2,3-dioxygenase (EC 1.13.11.15) 

5-carboxymethyl-2-hydroxymuconate semialdehyde 

dehydrogenase (EC 1.2.1.60) 

2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate hydrolase (EC 

3.7.1.-) 

Biphenyl Degradation 
2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate hydrolase (EC 

3.7.1.-) 

Homogentisate pathway of aromatic 

compound degradation 

Transcriptional regulator, IclR family 

Maleylacetoacetate isomerase (EC 5.2.1.2) / Glutathione S-

transferase, zeta (EC 2.5.1.18) 

Fumarylacetoacetase (EC 3.7.1.2) 

Chloroaromatic degradation pathway 
Acetyl-CoA acetyltransferase (EC 2.3.1.9) / Beta-ketoadipyl 

CoA thiolase (EC 2.3.1.-) 

Salicylate and gentisate catabolism 

Putative n-hydroxybenzoate hydroxylase 

Maleylacetoacetate isomerase (EC 5.2.1.2) / Glutathione S-

transferase, zeta (EC 2.5.1.18) 

Fumarylacetoacetase (EC 3.7.1.2) 

Salicylate hydroxylase 

Gentisate 1,2-dioxygenase (EC 1.13.11.4) 

4-hydroxybenzoate transporter 

Gentisare degradation 

Putative n-hydroxybenzoate hydroxylase 

Maleylacetoacetate isomerase (EC 5.2.1.2) / Glutathione S-

transferase, zeta (EC 2.5.1.18) 

Gentisate 1,2-dioxygenase (EC 1.13.11.4) 

4-hydroxybenzoate transporter 

Cinnamic acid and p-hydroxybenzoate 

degradation 

Putative n-hydroxybenzoate hydroxylase 

4-hydroxybenzoate transporter 
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Strain BP5 belongs to Enterobacteriaceae and based on functional similarities its 

genome is very closely related to Escherichia coli as identified by RAST. Degradation 

of aromatic compounds in E. coli and other enteric bacteria has not been studied 

extensively. The main habitat of E. coli is the intestines of warm-blooded animals and it 

can grow both aerobically and anaerobically. Although, E. coli is the most abundant of 

the bacterial species inhabiting the intestine of warm-blooded animals (Peekhaus and 

Conway, 1988) but it must also survive in water, soil, food and other habitats to effect 

successful interhost spread. E. coli shares the ability to adapt and thrive under a wide 

range of physical and chemical conditions with its soil inhabiting relatives such as 

Klebsiella (Neidhardt, 1996). 

 

Aromatic compounds are found in abundance in water and soil and it is possible that 

enteric bacteria such as E. coli strains may encounter these compounds when they are in 

the intestinal or extra-intestinal habitats. During the course of evolution, E. coli and 

other enteric bacteria may have developed pathways to utilize and metabolize aromatic 

compounds to compete with thousands of other bacteria in the animal gut. Aromatic 

compounds including aromatic amino acids and plant constituents are found in the 

gastrointestinal tract. In addition, other sources of aromatic compounds albeit in small 

amounts are drugs, steroids, contaminants, colorants and additives (Goldman, 1983).  

During tyrosine fermentation in the human large intestines, phenol, 

hydroxyphenylpropionic acid, hydroxybenzoic acid, p-cresol and hydroxyphenyl acetic 

acid are formed. In addition, phenylacetic acid, benzoic acid and phenylpropionic acid 

are produced from phenylalanine.  
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The closest relative of strain BP5 is Trabulsiella odontotermitis which was isolated from 

the gut of the termite Odontotermes formosanus Shiraki (Chou et al, 2007). Termites 

feed on dead plant materials, wood, leaves, soil and animal dung. They are known to 

destroy buildings by infesting wood. Most wooden structures are finished by a coat of 

wax which involves the use of turpentine and other petroleum distillates. In addition, 

woods contain lignin, a complex chemical compound and integral part of secondary cell 

wall structure of plants and a biopolymer composed of aromatic compounds. Hence, it is 

possible that the bacteria in the termite gut are able to degrade complex aromatic 

compounds.   

 

A wide range of variations in the E. coli strains have been reported. E. coli strains fall 

into four primary phylogenetic groups which are A, B1, B2 and D. The most common 

strains of E. coli fall under group A, whereas, the virulent extra-intestinal strains belong 

to groups B2 and D (Clermont et al., 2000). Strains with interesting adaptive capabilities 

have also been identified. For example, E. coli strain B/r which is a mutant of the strain 

E. coli B is resistant to radiation (Witkin, 1946). The core gene pool of E. coli has been 

conserved throughout the course of evolution but widespread differences are found in 

the auxiliary gene pool which imparts pathogenecity as well as various metabolic 

pathways including those of aromatic acids (Table 5.3) (Dougan et al, 2001; Hacker and 

Carniel, 2001; Lan and Reeves, 2000; Perna et al., 2001; Riley and Serres, 2000). 

Similarly, there may be variations in the ability to metabolize complex aromatic 

compounds in the family Enterobacteriaceae. Furthermore, strain BP5 was isolated 
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from a crude oil sample from a reservoir in the Great Artesian Basin. So the bacteria 

would have been exposed to an array of hydrocarbons including aromatics.  

 

 

Table 5.3: Degradation of aromatic compounds by various E. coli strains (adapted from 

Diaz et al., 2001; Burlingame and Chapman, 1983). 

Strain PA HPA PP 3HCA 3HPP 

B - + + + + 

C - + + + + 

K-12 + - + + + 

W + + + + + 

NCTC 5928 + - + + + 

PA- phenylacetic acid, HPA- 3- and 4- hydroxyphenylacetic acid, PP- phenylpropionic acid, 3HCA- 3-

hydroxycinnamic acid, 3HPP- 3-hydroxyphenylpropionic acid. 

 

p-Hydroxyphenylacetic acid is used as an intermediate for pharmaceuticals (especially 

for dextromethorphan) and agrochemicals including plant growth regulator and 

herbicide. Strain BP5 has a gene cluster similar to the one found in E. coli W which is 

essential for the catabolism of hydroxyphenylacetic (HPA) acids. This cluster contains 

11 genes which are HpaA, HpaB, HpaC, HpaI, HpaH, HpaF, HpaD, HpaE, HpaG, HpaR 

and HpaX (Figure 5.8).  
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Metabolism of p-hydroxyphenylacetic acid was observed in BP5 and it may follow a 

similar pathway as observed in E. coli strains B, C and W (Burlingame and Chapman, 

1983; Cooper and Skinner, 1980) as all the genes involved in the meta-cleavage 

pathway have been identified in BP5. The 3,4 dihydroxyphenylacetate (HPC) is 

mediated by meta-cleavage of HPC by HPC 2,3-dioxegenase (HpaD) which gives 5-

carboxymethyl-2-hydroxymuconic semialdehyde  (CHMS) which is in turn 

dehydrogenated to 5-carboxymethyl-2-hydroxymuconic acid (CHM) by CHMS 

dehydrogenase (HpaE). Then the action of CHM isomerase (HpaF) results in the 

isomerization of CHM to 5-oxo-pent-3-ene-1,2,5-tricarboxylic acid (OPET) which is in 

turn carboxylated to 2-hydroxyl-hept-2,4-diene-1,7-dioic (HHDD) acid by HpaG 

decarboxylase. The product formed by the action of HpaG on HHDD is then catalyzed 

by HpaH hydratase to give 2,4-dihydroxy-hept-2-ene-1,7-dioic acid (HHED). HpaI 

catalyzes the cleavage of HHED to give pyruvate and succinic semialdehyde as final 

products (Figure 5.8).  
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hpaGhpaG hpaEhpaE hpaDhpaD hpaFhpaF hpaHhpaH hpaIhpaI hpaXhpaX hpaAhpaA hpaBhpaB hpaChpaChpaRhpaR

HPC meta-cleavage dehydrogenative route HPA upper route

orf12 orf13 orf14
pactsr

HpaX

4HPA

3HPA

HpaBC

HpaD HpaE HpaF HpaG HpaG HpaH HpaI

HPC CHMS CHM OPET HHDD OHED HHED

SUCCINIC 

SEMIALDEHYDE

PYRUVIC 

ACID

HPA GENE CLUSTER

HPA CATABOLISM PATHWAY

Figure 5.8: Predicted hydroxyphenyl acetic acid (HPA) catabolism pathway in 

strain BP5 based on E. coli. HPA gene cluster: the group- hpaG, hpaE, hpaD, hpaF, 

hpaH & hpaI; and- hpaB & hpaC are involved in the same enzymatic step or the same 

functional route of the pathway. Genes (tsr, orf12, orf13 and orf14) flanking the hpa 

cluster are contiguous in the E. coli K-12 genome. Promoters are represented by solid 

rectangles. Solid circles denote the REP sequences. Biochemistry of HPA catabolic 

pathway: HPC, 3,4 dihydroxyphenylacetate; CHMS, 5-carboxymethyl-2-

hydroxymuconic semialdehyde; CHM, 5-carboxymethyl-2-hydroxymuconic acid; 

OPET, 5-oxo-pent-3-ene-1,2,5-tricarboxylic acid; HHDD, 2-hydroxyl-hept-2,4-diene-

1,7-dioic; OHED, 2-oxo-hept-3-ene-1,7-dioic acid; HHED, 2,4-dihydroxy-hept-2-ene-

1,7-dioic acid. The enzymes involved are HpaBC, HPA monooxygenase; HpaD, HPC 

2,3 dioxygenase; HpaE, CHMS dehydrogenase; HpaF, CHM isomerase; HpaG, OPET 

decarboxylase; HpaH, hydratase; HpaI, HHED aldolase; HpaX, HPA transport protein 

(adapted from Diaz et al., 2001). 
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In addition, salicylate hydroxylase (SalA) and gentisate 1,2-dioxygenase (GD) genes 

were present in the BP5 genome. These genes play vital function in the lower pathways 

of PAHs degradation. 

 

Degradation of the two ringed PAH naphthalene may take place via salicylate and 

gentisate (Grund et al. 1992). In a study on Rhodococcus sp. strain B4 which was isolated 

from soil contaminated by PAHs salicylate and gentisate were identified as intermediates 

in the degradation of naphthalene. Similarly, in the degradation of other PAHs such as 

anthracene and phenanthrene, involvement of salicylate hydroxylase (SalA) and gentisate 

1,2-deoxygenase (GD) has been suspected in the lower stages of degradation pathways 

(Habe and Omari, 2003). 

 

The presence of salicylate hydroxylase (SalA) and gentisate 1,2-dioxygenase (GD) genes 

was detected in the strain BP5. Salicylate is oxidized by the action of SalA to gentisic 

acid. Further oxidation of gentisic acid takes place by GD. The product of this reaction is 

maleylpyruvic acid which undergoes further oxidation to fumarylpyruvic acid and then 

pyruvic acid. 

 

Conversion of salicylate to catechol is also catalyzed by SalA. In addition, 1-hydroxy-2-

napthoate is also converted to 1,2-dihydroxynapthoate by the action of SalA. 

Degradation of pyrene may occur via the phenanthrene pathway hence this gene is of 

utmost importance in the degradation of anthracene, pyrene and phenanthrene (Figures 

5.9 and 5.10). 
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Figure 5.9: Degradation of naphthalene (A), anthracene (B) and phenanthrene (C) via salicylic 

and gentisic acid pathway. In the lower degradation pathway, the conversion of salicylic acid to 

gentisic acid is catalyzed by salicylate hydroxylase. The conversion of gentisic acid to 

malylpyruvic acid is catalyzed by gentisate 1,2-dioxygenase. Note: degradation of pyrene may 

occur via the phenanthrene pathway. 
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Figure 5.10: Involvement of salicylic hydroxylase (SalA, EC 1.14.13.1, in red) in anthracene, pyrene and 

phenanthrene degradation (source: KEGG). 
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6.1 GENERAL DISCUSSION 
 

Bacteria have amazing adaptive capabilities and biotechnological potential which haven’t 

been fully explored or harnessed. Most divisions of bacteria do not have even a single 

cultivable representative and their existence has been affirmed by 16S rDNA obtained 

directly from the environment (Lewis, 2010). Many of these uncultivated phyla are found 

in diverse habitats with some representatives in surprising abundance. In vital 

environments such as seawater, soda lakes, anoxic sediments, subsurface aquifers, oxic 

and anoxic soils, many biologically, geochemically and biotechnologically significant 

organisms are remotely related to strains characterized by phenotype or genome 

sequencing (Rappé and Giovannoni, 2003). Conversely, many uncultured organisms may 

be close relatives of common bacteria such as Pseudomonas aeruginosa or Bacillus 

subtilis (Lewis, 2010). 

 

Halomonas are common inhabitants of soda lakes. For example, Halomonas magadii was 

isolated from a soda lake of East African Rift Valley (Duckworth et al., 2000). In 

addition Halomonas mongoliensis and Halomonas kenyensis were isolated from soda 

lakes in Mongolia and Kenya respectively (Boltianskaia et al., 2007). Strain ML-15, 

isolated from Mono Lake, California is an aerobic haloalkaliphile belonging to the genus 

Halomonas. Mono Lake has been the centre of attention for astrobiology studies. 

Although Mono Lake is an extreme environment, it contains a thriving ecosystem. There 

are no fish in Mono Lake but it hosts a variety of micro-organisms, diatoms, filamentous 

algae, cyanobacteria, brine shrimps and alkaline flies. The limestone tufa towers 

protruding out of the lake are of significance as they contain fossils of micro-organisms 
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which could be preserved for billions of years. Scientists from National Aeronautics and 

Space Administration (NASA), USA are hoping to unearth similar limestone tufa towers 

on Mars which could give an insight into the life forms which thrived billions of years 

ago. Mono Lake serves as an analog of microbial ecosystem which may have been 

present billions of years ago on Mars (NASA, 1999). Recently, controversial research 

funded by NASA claimed that the isolated Halomonas sp. strain GFAJ-1 could substitute 

arsenic in the DNA when starved of phosphorus (Wolfe-Simon et al., 2011). In addition, 

similarly interesting and significant organisms like the dissimilatory arsenate and selenate 

reducing Bacillus arsenicoselenatis (Blum et al., 1998) have been isolated from Mono 

Lake. 

 

Strain ML-15 was able to achieve almost complete removal of anthracene (93.45%), 

pyrene (94.76%) and phenanthrene (95.76%). Genome analysis revealed that based on 

functional characteristics, strain ML-15 was closely related to Chromohalobacter 

salexigens. Thirty genes were found to be involved in the metabolism of aromatic 

compounds especially in the lower steps of PAHs degradation following the β-

ketoadipate pathway. The β-ketoadipate pathway of aromatic compound degradation has 

also been confirmed in Halomonas campisalis (Alva and Peyton, 2003). In addition, 

genes involved in the metabolism of tyrosine which is a part of benzoate degradation 

branch followed in the PAH metabolism pathway have also been identified. Aromatic 

compounds may be introduced by the flora and fauna in Mono Lake such as alkali flies 

and brine shrimps and the bacteria may have developed mechanism to metabolize these 

compounds. 
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Strain BP5 was able to oxidize anthracene, pyrene and phenanthrene as sole carbon 

source coupled with simultaneous reduction of Fe(III). The isolate was from an oil 

reservoir in The Great Artesian Basin and is a facultative anaerobe closely related to 

Trabulsiella odontotermitis (99.1% 16S rRNA sequence similarity). An eight day 

degradation time course study indicated that 93.05% of anthracene, 87.25% of pyrene 

and 94.53% of phenanthrene was degraded. Genome sequencing and analysis revealed 

that BP5 was closely related to E. coli based on the functional similarities. Degradation of 

aromatic compounds has been documented in various strains of E. coli. Forty-one genes 

involved in aromatic degradation of hydrocarbons were identified. These are primarily 

involved in the lower stages of PAHs degradation, especially during the degradation of 

the metabolite salicylic acid.  

 

The ability to degrade aromatic hydrocarbons anaerobically is understandable given that 

GAB is an anaerobic environment and contains significant oil containing reservoirs. 

Strain BP5 is the first isolate able to degrade PAHs linked to the reduction of Fe(III) and 

strain ML-15 is one of only a few isolates capable of degrading PAHs under high saline 

and alkaline conditions. The products of degradation of PAHs by strains BP5 and ML-15 

could not be identified by GC-MS. This may be due to the complete breakdown of PAHs 

or the breakdown products being water soluble. Although, the initial PAH degradation 

mechanisms were not fully investigated in strains ML-15 and BP5, the present research 

acts as a precursor for further in-depth studies of degradation mechanisms to develop 

bioremediation strategies. 

 



CHAPTER SIX:  GENERAL DISCUSSION AND FUTURE DIRECTIONS 

 

 134 

6.2 FUTURE DIRECTIONS 
 

Isolation, characterization of PAH degradation and genome analysis of strains ML-15 and 

BP5 present vital insights for the development of bioremediation strategies. Identification 

of metabolites formed during PAH degradation could be done to further reveal pathways 

of degradation. Microcosms and field studies can be investigated for bioremediation 

potential. Further bioinformatics analysis of the unidentified genes in these strains can be 

performed. Clean-up of subsurface contaminated aquifers may be achieved by strains like 

BP5 which can degrade contaminants whilst simultaneously reduce Fe(III). In addition, 

organisms like strain ML-15 can be used to remediate contaminated extreme 

environments such as saline and alkaline lakes. Many industrial hydrocarbon wastes are 

also saline and alkaline in nature and these can be attenuated by introduction of strains 

like ML-15 and stimulating degradation by the addition of nutrients. Furthermore, 

analysis and characterization of biosurfactants produced by strain ML-15 can be 

performed to understand their role in PAH degradation and to develop bioremediation 

strategies. 
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APPENDIX 1: FUNCTIONAL PROTEINS IDENTIFIED IN BP5 

 

Rhs-family protein 

putative exported protein 

VgrG protein 

hypothetical protein 

Hcp 

Uncharacterized protein ImpB 

Uncharacterized protein ImpC 

Uncharacterized protein similar to VCA0109 

Protein ImpG/VasA 

Uncharacterized protein ImpH/VasB 

Uncharacterized protein ImpI/VasC 

Uncharacterized protein ImpI/VasC 

Type VI secretion lipoprotein/VasD 

Uncharacterized protein ImpJ/VasE 

Outer membrane protein ImpK/VasF, OmpA/MotB domain 

ClpB protein 

Type VI secretion protein VasI 

Uncharacterized protein ImpA 

IcmF-related protein 

IcmF-related protein 

Secreted protein Hcp 

FIG00638493: hypothetical protein 

putative aminopeptidase 

Chromosome partitioning ATPase in PFGI-1-like cluster, ParA-like 

Replicative DNA helicase (EC 3.6.1.-) in PFGI-1-like cluster 

Protein with ParB-like nuclease domain in PFGI-1-like cluster 

hypothetical protein 

FIG004780: hypothetical protein in PFGI-1-like cluster 

FIG004780: hypothetical protein in PFGI-1-like cluster 

FIG01046891: hypothetical protein 

hypothetical protein 

FIG141751: hypothetical protein in PFGI-1-like cluster 

FIG141694: hypothetical protein in PFGI-1-like cluster 

DNA topoisomerase III (EC 5.99.1.2) in PFGI-1-like cluster 

hypothetical protein 

Putative uncharacterized protein STY4534 (Putative uncharacterized protein) 

Single-stranded DNA-binding protein 

FIG032766: hypothetical protein 

FIG001353: Acetyltransferase 

IncI1 plasmid conjugative transfer protein PilL 

IncI1 plasmid conjugative transfer protein PilM 

IncI1 plasmid conjugative transfer lipoprotein PilN 

IncI1 plasmid pilus assembly protein PilO 

IncI1 plasmid pilus assembly protein PilP 

IncI1 plasmid conjugative transfer ATPase PilQ 

IncI1 plasmid conjugative transfer inner membrane protein PilR 
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IncI1 plasmid conjugative transfer prepilin PilS 

IncI1 plasmid conjugative transfer putative membrane protein PilT 

Type-IV sectretion leader peptidase/N-methyltransferase 

IncI1 plasmid conjugative transfer pilus-tip adhesin protein PilV 

Shufflon-specific DNA recombinase 

putative membrane protein 

probable exported protein STY4558 

FIG01045994: hypothetical protein 

hypothetical protein 

putative membrane protein 

hypothetical protein 

hypothetical protein 

Type IV secretory pathway, VirD4 components 

putative membrane protein 

hypothetical protein 

hypothetical protein 

FIG01045568: hypothetical protein 

hypothetical protein 

FIG00635051: hypothetical protein 

FIG01210734: hypothetical protein 

Possible exported protein 

FIG01212985: hypothetical protein 

putative exported protein 

putative lipoprotein 

Type IV secretory pathway, VirB4 components 

Type IV secretory pathway, VirB4 components 

hypothetical protein 

hypothetical protein 

FIG00460623: hypothetical protein 

corresponds to STY4575 from Accession AL513382: Salmonella typhi CT18 

FIG01047964: hypothetical protein 

FIG00715740: hypothetical protein 

hypothetical protein 

FIG00635582: hypothetical protein 

hypothetical protein 

NADH dehydrogenase (EC 1.6.99.3) 

Transcriptional regulator, ArsR family 

Non-specific DNA-binding protein Dps / Iron-binding ferritin-like antioxidant protein / Ferroxidase 

(EC 1.16.3.1) 

hypothetical protein 

hypothetical protein 

HTH DNA-binding protein 

Mobile element protein 

Lipoprotein NlpD 

Protein-L-isoaspartate O-methyltransferase (EC 2.1.1.77) 

5-nucleotidase SurE (EC 3.1.3.5) 

tRNA pseudouridine 13 synthase (EC 4.2.1.-) 

2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (EC 4.6.1.12) 

2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (EC 2.7.7.60) 

Cell division protein DivIC (FtsB), stabilizes FtsL against RasP cleavage 

Putative cytochrome oxidase subunit 
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Adenylylsulfate kinase (EC 2.7.1.25) 

Sulfate adenylyltransferase subunit 1 (EC 2.7.7.4) 

Sulfate adenylyltransferase subunit 2 (EC 2.7.7.4) 

hypothetical protein 

Alkaline phosphatase isozyme conversion protein precursor (EC 3.4.11.-) 

Phosphoadenylyl-sulfate reductase [thioredoxin] (EC 1.8.4.8) 

Sulfite reductase [NADPH] hemoprotein beta-component (EC 1.8.1.2) 

Sulfite reductase [NADPH] flavoprotein alpha-component (EC 1.8.1.2) 

hypothetical protein 

Queuosine biosynthesis QueD, PTPS-I 

Glycerol uptake operon antiterminator regulatory protein 

Putative electron transfer flavoprotein subunit YgcQ 

Putative electron transfer flavoprotein subunit YgcR 

Inner membrane metabolite transport protein YgcS 

Predicted FAD containing dehydrogenase 

2-deoxy-D-gluconate 3-dehydrogenase (EC 1.1.1.125) 

Inner membrane protein YqcE 

Inner membrane protein YqcE 

Uncharacterized sugar kinase YgcE (EC 2.7.1.-) 

hypothetical protein 

VgrG protein 

Queuosine Biosynthesis QueE Radical SAM 

N-acetylmannosamine-6-phosphate 2-epimerase (EC 5.1.3.9) 

RpiR family transcriptional regulator 

Enolase (EC 4.2.1.11) 

CTP synthase (EC 6.3.4.2) 

CTP synthase (EC 6.3.4.2) 

Nucleoside triphosphate pyrophosphohydrolase MazG (EC 3.6.1.8) 

GTP pyrophosphokinase (EC 2.7.6.5), (p)ppGpp synthetase I 

23S rRNA (Uracil-5-) -methyltransferase RumA (EC 2.1.1.-) 

BarA sensory histidine kinase (= VarS = GacS) 

BarA sensory histidine kinase (= VarS = GacS) 

Glycerate kinase (EC 2.7.1.31) 

Glucarate dehydratase (EC 4.2.1.40) 

Glucarate dehydratase (EC 4.2.1.40) 

D-glucarate permease 

Hypothetical flavoprotein YqcA (clustered with tRNA pseudouridine synthase C) 

tRNA pseudouridine synthase C (EC 4.2.1.70) 

Hypothetical protein YqcC (clustered with tRNA pseudouridine synthase C) 

Syd protein 

NADPH dependent preQ0 reductase (EC 1.7.1.13) 

Decarboxylase family protein 

Serine transporter 

L-serine dehydratase (EC 4.3.1.17) 

DNA polymerase I (EC 2.7.7.7) 

LSU rRNA 2'-O-methyl-C2498 methyltransferase RlmM 

COG2363 

Glycine cleavage system transcriptional activator GcvA 

probable lipoprotein 

Cysteine desulfurase CsdA-CsdE (EC 2.8.1.7), main protein CsdA 

Cysteine desulfurase CsdA-CsdE, sulfur acceptor protein CsdE 
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HesA/MoeB/ThiF family protein related to EC-YgdL 

CsdL (EC-YgdL) protein of the HesA/MoeB/ThiF family, part of the CsdA-E-L sulfur transfer 

pathway 

Membrane-bound lytic murein transglycosylase A precursor (EC 3.2.1.-) 

tRNA-Met-CAT 

tRNA-Met-CAT 

N-acetylmuramoyl-L-alanine amidase (EC 3.5.1.28) 

N-acetylglutamate synthase (EC 2.3.1.1) 

Exodeoxyribonuclease V alpha chain (EC 3.1.11.5) 

Exodeoxyribonuclease V beta chain (EC 3.1.11.5) 

Protease III precursor (EC 3.4.24.55) 

Exodeoxyribonuclease V gamma chain (EC 3.1.11.5) 

FIG004136: Prepilin peptidase dependent protein C precursor 

FIG006270: hypothetical protein 

FIG004819: Prepilin peptidase dependent protein B precursor 

Prepilin peptidase dependent protein A precursor 

hypothetical protein 

Thymidylate synthase (EC 2.1.1.45) 

Prolipoprotein diacylglyceryl transferase (EC 2.4.99.-) 

FIG001592: Phosphocarrier protein kinase/phosphorylase, nitrogen regulation associated 

Adenosine (5')-pentaphospho-(5'')-adenosine pyrophosphohydrolase (EC 3.6.1.-) 

DNA mismatch repair endonuclease MutH 

FIG003462: membrane protein 

FIG003462: membrane protein 

Hypothetical lipoprotein ygdR precursor 

Oxidoreductase, aldo/keto reductase family 

Lysophospholipid transporter LplT 

2-acylglycerophosphoethanolamine acyltransferase (EC 2.3.1.40) / Acyl-[acyl-carrier-protein] 

synthetase (EC 6.2.1.20) 

2-acylglycerophosphoethanolamine acyltransferase (EC 2.3.1.40) / Acyl-[acyl-carrier-protein] 

synthetase (EC 6.2.1.20) 

Galactose operon repressor, GalR-LacI family of transcriptional regulators 

Putative acetyltransferase, (GNAT) family 

Galactose operon repressor, GalR-LacI family of transcriptional regulators 

Diaminopimelate decarboxylase (EC 4.1.1.20) 

Transcriptional activator protein LysR 

Transcriptional activator protein LysR 

Aspartate racemase (EC 5.1.1.13) 

Ferric enterobactin uptake protein FepE 

2-deoxy-D-gluconate 3-dehydrogenase (EC 1.1.1.125) 

4-deoxy-L-threo-5-hexosulose-uronate ketol-isomerase (EC 5.3.1.17) 

hypothetical protein 

3-ketoacyl-CoA thiolase (EC 2.3.1.16) @ Acetyl-CoA acetyltransferase (EC 2.3.1.9) 

LysR-family transcriptional regulator STM3020 

FIG00732405: hypothetical protein 

Serine transporter 

Aldo-keto reductase 

hypothetical protein 

Inner membrane protein 

Fimbriae-like adhesin SfmA 

Putative fimbrial chaperone 
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type 1 fimbriae anchoring protein FimD 

probable exported protein YPO4040 

GGDEF/EAL domain protein YhjH 

FIG01220424: hypothetical protein 

FIG01220424: hypothetical protein 

hypothetical protein 

N-acetylneuraminic acid outer membrane channel protein NanC 

Hexuronate transporter 

Pectin degradation protein KdgF 

Di/tripeptide permease YjdL 

Lysine decarboxylase, inducible (EC 4.1.1.18) 

Lysine/cadaverine antiporter membrane protein CadB 

Transcriptional activator of cad operon 

hypothetical protein 

N-ethylmaleimide reductase (EC 1.-.-.-) 

Anaerobic dimethyl sulfoxide reductase chain A (EC 1.8.99.-) 

Mobile element protein 

Anaerobic dimethyl sulfoxide reductase chain A (EC 1.8.99.-) 

Anaerobic dimethyl sulfoxide reductase chain B (EC 1.8.99.-) 

Anaerobic dimethyl sulfoxide reductase chain C (EC 1.8.99.-) 

Putative oxidoreductase component of anaerobic dehydrogenases; Chaperone protein TorD 

Ferredoxin-type protein NapF (periplasmic nitrate reductase) 

hypothetical protein 

hypothetical protein 

Sugar-1-epimerase YihR 

Shikimate transporter 

Putative transport protein 

Alcohol dehydrogenase (EC 1.1.1.1) 

Aldolase YihT 

Oxidoreductase YihU 

Sugar kinase YihV 

DeoR-type transcriptional regulator YihW 

Putative sugar transporter 

mandelate racemase/muconate lactonizing enzyme family protein 

Transcriptional regulator, LacI family 

Probable lipoprotein 

Probable lipoprotein 

lipoprotein, putative 

Purine nucleoside phosphorylase (EC 2.4.2.1) 

hypothetical protein 

hypothetical membrane protein 

Channel-forming transporter/cytolysins activator of TpsB family 

Putative large exoprotein involved in heme utilization or adhesion of ShlA/HecA/FhaA family 

Tryptophan halogenase 

Outer membrane protein C precursor 

PTS system, arbutin-, cellobiose-, and salicin-specific IIBC component (EC 2.7.1.69) 

FIG01204831: hypothetical protein 

FIG01202231: hypothetical protein 

Adenylosuccinate lyase (EC 4.3.2.2) 

Predicted transcriptional regulator of the myo-inositol catabolic operon 

Anaerobic C4-dicarboxylate transporter DcuC 
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NAD-dependent malic enzyme (EC 1.1.1.38) 

LysR family transcriptional regulator YnfL 

D-threo-aldose 1-dehydrogenase (EC 1.1.1.122) 

3-oxoacyl-[acyl-carrier protein] reductase (EC 1.1.1.100) 

XoxI 

Putative n-hydroxybenzoate hydroxylase 

Maleylacetoacetate isomerase (EC 5.2.1.2) @ Glutathione S-transferase, zeta (EC 2.5.1.18) 

Fumarylacetoacetase (EC 3.7.1.2) 

Gentisate 1,2-dioxygenase (EC 1.13.11.4) 

4-hydroxybenzoate transporter 

Putative transcriptional regulator 

Transcriptional regulator, TetR family 

Probable RND efflux membrane fusion protein 

RND efflux system, inner membrane transporter CmeB 

RND efflux system, outer membrane lipoprotein CmeC 

RND efflux system, outer membrane lipoprotein CmeC 

(AJ250023) putative polyketide synthase 

Acetoacetyl-CoA reductase (EC 1.1.1.36) 

Transcriptional regulator, TetR family 

Right origin-binding protein 

RND efflux system, membrane fusion protein CmeA 

RND multidrug efflux transporter; Acriflavin resistance protein 

Rrf2 family transcriptional regulator, group III 

oxidoreductase, aldo/keto reductase family 

Aldo-keto reductase 

Transcriptional regulator, LysR family 

Transcriptional regulatory protein zraR 

Sorbitol-6-phosphate 2-dehydrogenase (EC 1.1.1.140) 

PTS system, mannose-specific IIA component (EC 2.7.1.69) / PTS system, mannose-specific IIB 

component (EC 2.7.1.69) 

PTS system, mannose-specific IIA component (EC 2.7.1.69) / PTS system, mannose-specific IIB 

component (EC 2.7.1.69) 

PTS system, gluconate-specific IIC component (EC 2.7.1.69) 

PTS system, mannose-specific IID component (EC 2.7.1.69) 

Mannitol-1-phosphate 5-dehydrogenase (EC 1.1.1.17) 

Putative dihydroxyacetone kinase (EC 2.7.1.29), ADP-binding subunit 

Putative dihydroxyacetone kinase (EC 2.7.1.29), dihydroxyacetone binding subunit 

D-arabino-3-hexulose 6-phosphate formaldehyde lyase 

6-phospho-3-hexuloisomerase 

tRNA-Gly-CCC 

Uncharacterized lipoprotein YgeR precursor 

Lysyl-tRNA synthetase (class II) (EC 6.1.1.6) 

Peptide chain release factor 2; programmed frameshift-containing 

Single-stranded-DNA-specific exonuclease RecJ (EC 3.1.-.-) 

Single-stranded-DNA-specific exonuclease RecJ (EC 3.1.-.-) 

Thiol:disulfide interchange protein DsbC 

Tyrosine recombinase XerD 

Flavodoxin 2 

FIG00622612: hypothetical protein 

YgfY COG2938 

Folate-dependent protein for Fe/S cluster synthesis/repair in oxidative stress 
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COG1272: Predicted membrane protein hemolysin III homolog 

Glycine dehydrogenase [decarboxylating] (glycine cleavage system P protein) (EC 1.4.4.2) 

Glycine dehydrogenase [decarboxylating] (glycine cleavage system P protein) (EC 1.4.4.2) 

Glycine cleavage system H protein 

Aminomethyltransferase (glycine cleavage system T protein) (EC 2.1.2.10) 

2-octaprenyl-3-methyl-6-methoxy-1,4-benzoquinol hydroxylase (EC 1.14.13.-) 

2-octaprenyl-6-methoxyphenol hydroxylase (EC 1.14.13.-) 

Xaa-Pro aminopeptidase (EC 3.4.11.9) 

FIG001590: Putative conserved exported protein precursor 

Z-ring-associated protein ZapA 

5-formyltetrahydrofolate cyclo-ligase (EC 6.3.3.2) 

D-3-phosphoglycerate dehydrogenase (EC 1.1.1.95) 

Ribose 5-phosphate isomerase A (EC 5.3.1.6) 

Chromosome initiation inhibitor 

Protein of unknown function DUF541 

Transporter, LysE family 

Protein involved in stability of MscS mechanosensitive channel 

Fructose-bisphosphate aldolase class II (EC 4.1.2.13) 

Phosphoglycerate kinase (EC 2.7.2.3) 

D-erythrose-4-phosphate dehydrogenase (EC 1.2.1.72) 

Transketolase (EC 2.2.1.1) 

Transketolase (EC 2.2.1.1) 

Putative metalloprotease yggG (EC 3.4.24.-) 

hypothetical protein 

Chaperone protein EcpD 

Outer membrane usher protein HtrE 

hypothetical protein 

Fimbrial protein YadL 

Fimbrial protein YadK 

hypothetical protein 

Agmatinase (EC 3.5.3.11) 

Biosynthetic arginine decarboxylase (EC 4.1.1.19) 

hypothetical protein 

S-adenosylmethionine synthetase (EC 2.5.1.6) 

hypothetical protein 

Arabinose-proton symporter 

Protein sprT 

Extracellular deoxyribonuclease Dns (EC 3.1.21.-) 

Ribosomal RNA small subunit methyltransferase E (EC 2.1.1.-) 

Glutathione synthetase (EC 6.3.2.3) 

UPF0301 protein YqgE 

Putative Holliday junction resolvase (EC 3.1.-.-) 

Transcriptional regulator CsgD for 2nd curli operon 

hypothetical protein 

Twitching motility protein PilT 

Hypothetical protein YggS, proline synthase co-transcribed bacterial homolog PROSC 

Integral membrane protein YggT, involved in response to extracytoplasmic stress (osmotic shock) 

UPF0235 protein VC0458 

Nucleoside 5-triphosphatase RdgB (dHAPTP, dITP, XTP-specific) (EC 3.6.1.15) 

Radical SAM family enzyme, similar to coproporphyrinogen III oxidase, oxygen-independent, 

clustered with nucleoside-triphosphatase RdgB 



APPENDICES 

 

 168 

Putative alpha helix chain 

FIG004016: Uncharacterized protein YggN 

FIG002060: uncharacterized protein YggL 

tRNA (guanine46-N7-)-methyltransferase (EC 2.1.1.33) 

A/G-specific adenine glycosylase (EC 3.2.2.-) 

FIG001341: Probable Fe(2+)-trafficking protein YggX 

Membrane-bound lytic murein transglycosylase C precursor (EC 3.2.1.-) 

Ornithine decarboxylase (EC 4.1.1.17) 

Putative inner membrane protein YqgA 

tRNA-Phe-GAA 

Integrase 

FIG01047345: hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

FIG00642834: hypothetical protein 

hypothetical protein 

Mobile element protein 

COG0286: Type I restriction-modification system methyltransferase subunit 

hypothetical protein 

Antirestriction protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Origin specific replication initiation factor 

Replication protein P 

Ren protein 

Phage NinC 

Phage NinG rap recombination 

Phage protein 

Phage NinI serine/threonine phosphatase 

Phage antitermination protein Q 

Phage tail fiber protein 

Phage tail fiber protein 

Phage tail fiber assembly protein 

Phage protein 

unknown 

hypothetical protein 

Recombinational DNA repair protein RecT (prophage associated) 

Mobile element protein 

Kil protein 

Single stranded DNA-binding protein, phage-associated 

Phage restriction alleviation ral 
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Phage antitermination protein N 

Phage repressor 

Regulatory protein cro 

Phage repressor 

Large Subunit Ribosomal RNA; lsuRNA; LSU rRNA 

5S RNA 

Homoserine O-succinyltransferase (EC 2.3.1.46) 

Malate synthase (EC 2.3.3.9) 

Isocitrate lyase (EC 4.1.3.1) 

Isocitrate dehydrogenase phosphatase (EC 2.7.11.5)/kinase (EC 3.1.3.-) 

Phosphatidate cytidylyltransferase (EC 2.7.7.41) 

1-acyl-sn-glycerol-3-phosphate acyltransferase (EC 2.3.1.51) 

CDP-diacylglycerol--glycerol-3-phosphate 3-phosphatidyltransferase (EC 2.7.8.5) 

Acetate operon repressor 

5-methyltetrahydrofolate--homocysteine methyltransferase (EC 2.1.1.13) 

Sodium-dependent phosphate transporter 

Addiction module antidote protein 

hypothetical protein 

Ribosomal large subunit pseudouridine synthase F (EC 4.2.1.70) 

FIG00638401: hypothetical protein 

Sodium-dependent transporter 

Aspartokinase (EC 2.7.2.4) 

Glucose-6-phosphate isomerase (EC 5.3.1.9) 

YjbE secreted protein 

YjbF outer membrane lipoprotein 

YjbG polysaccharide synthesis-related protein 

YjbG polysaccharide synthesis-related protein 

YjbH outer membrane lipoprotein 

PsiE protein 

Maltose/maltodextrin ABC transporter, permease protein MalG 

Maltose/maltodextrin ABC transporter, permease protein MalF 

Maltose/maltodextrin ABC transporter, substrate binding periplasmic protein MalE 

Maltose/maltodextrin ABC transporter, substrate binding periplasmic protein MalE 

Maltose/maltodextrin transport ATP-binding protein MalK (EC 3.6.3.19) 

Maltoporin (maltose/maltodextrin high-affinity receptor, phage lambda receptor protein) 

Maltose operon periplasmic protein MalM 

Chorismate--pyruvate lyase (EC 4.1.3.40) 

4-hydroxybenzoate polyprenyltransferase (EC 2.5.1.39) 

Glycerol-3-phosphate acyltransferase (EC 2.3.1.15) 

Diacylglycerol kinase (EC 2.7.1.107) 

SOS-response repressor and protease LexA (EC 3.4.21.88) 

DNA-damage-inducible protein F 

UPF0337 protein yjbJ 

Zinc uptake regulation protein ZUR 

Putative exported protein 

tRNA dihydrouridine synthase A (EC 1.-.-.-) 

FIG00638223: hypothetical protein 

Quinone oxidoreductase (EC 1.6.5.5) 

Replicative DNA helicase (EC 3.6.1.-) 

Alanine racemase, biosynthetic (EC 5.1.1.1) 

Biosynthetic Aromatic amino acid aminotransferase alpha (EC 2.6.1.57) 
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NMN phosphatase (EC 3.1.3.5); Class B acid phosphatase precursor (EC 3.1.3.2) 

Protein yjbR 

Putative inner membrane protein 

hypothetical protein 

Excinuclease ABC subunit A 

Single-stranded DNA-binding protein 

YjcB protein 

two-component sensor histidine kinase 

Sensory box/GGDEF family protein 

Regulatory protein SoxS 

Redox-sensitive transcriptional activator SoxR 

hypothetical protein 

Glutathione S-transferase (EC 2.5.1.18) 

Guanine-hypoxanthine permease 

Putative Na(+)/H(+) exchanger protein, CPA1 family precursor 

LysR family regulatory protein CidR 

Holin-like protein CidA 

CidA-associated membrane protein CidB 

Acetate permease ActP (cation/acetate symporter) 

Acetate permease ActP (cation/acetate symporter) 

Putative membrane protein, clustering with ActP 

Acetyl-coenzyme A synthetase (EC 6.2.1.1) 

Proton/glutamate symport protein @ Proton/aspartate symport protein 

Putative exported protein 

Formate dehydrogenase H (EC 1.2.1.2) @ selenocysteine-containing 

Formate dehydrogenase H (EC 1.2.1.2) @ selenocysteine-containing 

Formate dehydrogenase H (EC 1.2.1.2) @ selenocysteine-containing 

hypothetical protein 

FIG00638130: hypothetical protein 

Metal-dependent hydrolases of the beta-lactamase superfamily I; PhnP protein 

ATP-binding protein PhnN; Guanylate kinase (EC 2.7.4.8) 

Metal-dependent hydrolase involved in phosphonate metabolism 

Phosphonates transport ATP-binding protein PhnL 

Phosphonates transport ATP-binding protein PhnK 

PhnJ protein 

PhnI protein 

PhnH protein 

PhnG protein 

Transcriptional regulator PhnF 

PhnB protein; putative DNA binding 3-demethylubiquinone-9 3-methyltransferase domain protein 

Alkylphosphonate utilization operon protein PhnA 

Putative vimentin 

Methyl-accepting chemotaxis protein 

L-Proline/Glycine betaine transporter ProP 

Beta-lactamase (EC 3.5.2.6) 

Glycine cleavage system transcriptional activator 

putative membrane protein 

Chaperone-modulator protein CbpM 

DnaJ-class molecular chaperone CbpA 

Polysaccharide export lipoprotein Wza 

Low molecular weight protein-tyrosine-phosphatase Wzb (EC 3.1.3.48) 
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Tyrosine-protein kinase Wzc (EC 2.7.10.2) 

hypothetical protein 

Uncharacterized protein ImpB 

Uncharacterized protein ImpC 

Uncharacterized protein similar to VCA0109 

Protein ImpG/VasA 

Uncharacterized protein ImpH/VasB 

Uncharacterized protein ImpI/VasC 

Type VI secretion lipoprotein/VasD 

Uncharacterized protein ImpJ/VasE 

Uncharacterized protein ImpJ/VasE 

Outer membrane protein ImpK/VasF, OmpA/MotB domain 

ClpB protein 

ClpB protein 

hypothetical protein 

Type VI secretion protein VasI 

Uncharacterized protein ImpA 

IcmF-related protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein; Unknown protein 

FIG00626352: hypothetical protein 

Secreted protein Hcp 

Hcp 

VgrG protein 

hypothetical protein 

hypothetical protein 

Rhs-family protein 

hypothetical protein 

FIG00626352: hypothetical protein 

Glutamate transport membrane-spanning protein 

Glutamate Aspartate transport system permease protein GltJ (TC 3.A.1.3.4) 

Methionine ABC transporter ATP-binding protein 

Cystine-binding protein 

hypothetical protein 

FIG01221934: hypothetical protein 

FIG01221934: hypothetical protein 

N-formylglutamate deformylase (EC 3.5.1.68) 

Formiminoglutamic iminohydrolase (EC 3.5.3.13) 

Histidine utilization repressor 

Lysine-arginine-ornithine-binding periplasmic protein precursor (TC 3.A.1.3.1) 

ABC-type amino acid transport system, permease component 

Amino acid ABC transporter, ATP-binding protein 

hypothetical protein 

FIG01078324: hypothetical protein 

Histidine ammonia-lyase (EC 4.3.1.3) 

Urocanate hydratase (EC 4.2.1.49) 

Chromosome partitioning ATPase in PFGI-1-like cluster, ParA-like 

Replicative DNA helicase (EC 3.6.1.-) in PFGI-1-like cluster 

Protein with ParB-like nuclease domain in PFGI-1-like cluster 
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hypothetical protein 

FIG004780: hypothetical protein in PFGI-1-like cluster 

FIG004780: hypothetical protein in PFGI-1-like cluster 

FIG01046891: hypothetical protein 

hypothetical protein 

FIG141751: hypothetical protein in PFGI-1-like cluster 

FIG141694: hypothetical protein in PFGI-1-like cluster 

DNA topoisomerase III (EC 5.99.1.2) in PFGI-1-like cluster 

hypothetical protein 

Putative uncharacterized protein STY4534 (Putative uncharacterized protein) 

FIG01045377: hypothetical protein 

hypothetical protein 

FIG01048024: hypothetical protein 

IncI1 plasmid conjugative transfer protein PilL 

IncI1 plasmid conjugative transfer protein PilM 

IncI1 plasmid conjugative transfer lipoprotein PilN 

IncI1 plasmid pilus assembly protein PilO 

IncI1 plasmid pilus assembly protein PilP 

IncI1 plasmid conjugative transfer ATPase PilQ 

hypothetical protein 

IncI1 plasmid conjugative transfer inner membrane protein PilR 

IncI1 plasmid conjugative transfer prepilin PilS 

IncI1 plasmid conjugative transfer putative membrane protein PilT 

Type-IV sectretion leader peptidase/N-methyltransferase 

IncI1 plasmid conjugative transfer pilus-tip adhesin protein PilV 

hypothetical protein 

Shufflon-specific DNA recombinase 

putative membrane protein 

probable exported protein STY4558 

hypothetical protein 

putative membrane protein 

Type IV secretory pathway, VirD4 components 

putative membrane protein 

FIG01045568: hypothetical protein 

putative membrane protein 

FIG01047748: hypothetical protein 

FIG01210734: hypothetical protein 

Possible exported protein 

FIG01047200: hypothetical protein 

putative exported protein 

FIG01049047: hypothetical protein 

putative lipoprotein 

Type IV secretory pathway, VirB4 components 

FIG01218871: hypothetical protein 

hypothetical protein 

corresponds to STY4575 from Accession AL513382: Salmonella typhi CT18 

FIG01047964: hypothetical protein 

FIG01047596: hypothetical protein 

FIG00635582: hypothetical protein 

hypothetical protein 

hypothetical protein 
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hypothetical protein 

putative exported protein 

hypothetical protein 

Osmosensitive K+ channel histidine kinase KdpD (EC 2.7.3.-) 

Copper-sensing two-component system response regulator CusR 

Cation efflux system protein CusC precursor 

hypothetical protein 

Cation efflux system protein CusF precursor 

Cobalt/zinc/cadmium efflux RND transporter, membrane fusion protein, CzcB family 

Cobalt-zinc-cadmium resistance protein CzcA; Cation efflux system protein CusA 

Cobalt-zinc-cadmium resistance protein CzcA; Cation efflux system protein CusA 

CopG protein 

Lead, cadmium, zinc and mercury transporting ATPase (EC 3.6.3.3) (EC 3.6.3.5); Copper-

translocating P-type ATPase (EC 3.6.3.4) 

FIG00643033: hypothetical protein 

Cell wall endopeptidase, family M23/M37 

FIG00642830: hypothetical protein 

Multicopper oxidase 

Copper resistance protein B 

Copper resistance protein C precursor 

hypothetical protein 

Copper resistance protein D 

Transcriptional regulatory protein pcoR 

Heavy metal sensor histidine kinase 

probable copper-binding protein 

hypothetical protein 

hypothetical protein 

putative phage integrase 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Antirestriction protein 

hypothetical protein 

COG0286: Type I restriction-modification system methyltransferase subunit 

Mobile element protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

FIG01047345: hypothetical protein 

Probable phage integrase 

tRNA-Phe-GAA 

Transcriptional regulator, TetR family 

Cytochrome c-type biogenesis protein DsbD, protein-disulfide reductase (EC 1.8.1.8) 

Periplasmic divalent cation tolerance protein CutA 

C4-dicarboxylate transporter DcuA 

Aspartate ammonia-lyase (EC 4.3.1.1) 
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FxsA protein 

Putative permease 

Heat shock protein 60 family co-chaperone GroES 

Heat shock protein 60 family chaperone GroEL 

probable membrane protein yjeI 

Putative uncharacterized protein yjeJ 

hypothetical protein 

Lysyl-lysine 2,3-aminomutase 

Translation elongation factor P 

Putative luxR family bacterial regulatory protein 

Quaternary ammonium compound-resistance protein SugE 

Outer membrane lipoprotein Blc 

Fumarate reductase subunit D 

Fumarate reductase subunit C 

Succinate dehydrogenase iron-sulfur protein (EC 1.3.99.1) 

Succinate dehydrogenase flavoprotein subunit (EC 1.3.99.1) 

Translation elongation factor P Lys34:lysine transferase 

Potassium efflux system KefA protein / Small-conductance mechanosensitive channel 

Phosphatidylserine decarboxylase (EC 4.1.1.65) 

Ribosome small subunit-stimulated GTPase EngC 

3'-to-5' oligoribonuclease (orn) 

tRNA-Gly-GCC 

tRNA-Gly-GCC 

tRNA-Gly-GCC 

Iron-sulfur cluster-binding protein 

NAD(P)HX epimerase / NAD(P)HX dehydratase 

ATPase YjeE, predicted to have essential role in cell wall biosynthesis 

N-acetylmuramoyl-L-alanine amidase (EC 3.5.1.28) 

DNA mismatch repair protein MutL 

tRNA delta(2)-isopentenylpyrophosphate transferase (EC 2.5.1.8) 

RNA-binding protein Hfq 

GTP-binding protein HflX 

HflK protein 

HflC protein 

Putative inner membrane protein YjeT (clustered with HflC) 

Adenylosuccinate synthetase (EC 6.3.4.4) 

Nitrite-sensitive transcriptional repressor NsrR 

3'-to-5' exoribonuclease RNase R 

1-aminocyclopropane-1-carboxylate deaminase (EC 3.5.99.7) 

Aspartate racemase (EC 5.1.1.13) 

FIG00904449: hypothetical protein 

FIG00905417: hypothetical protein 

FIG00905417: hypothetical protein 

ABC-type nitrate/sulfonate/bicarbonate transport system, ATPase component 

23S rRNA (guanosine-2'-O-) -methyltransferase rlmB (EC 2.1.1.-) 

Acyl-CoA dehydrogenase (EC 1.3.99.3) 

Putative uncharacterized protein YjfN 

Putative exported protein 

hypothetical protein 

YjfP protein 

Ascorbate utilization transcriptional regulator UlaR, HTH-type 



APPENDICES 

 

 175 

Probable L-ascorbate-6-phosphate lactonase UlaG (EC 3.1.1.-) (L-ascorbate utilization protein G) 

Ascorbate-specific PTS system, EIIC component 

Ascorbate-specific PTS system, EIIB component (EC 2.7.1.69) 

Ascorbate-specific PTS system, EIIA component (EC 2.7.1.-) 

3-keto-L-gulonate-6-phosphate decarboxylase UlaD (EC 4.1.1.85) (L-ascorbate utilization protein 

D) 

L-ribulose-5-phosphate 3-epimerase UlaE (EC 5.1.3.22) (L-ascorbate utilization protein E) 

L-ribulose-5-phosphate 4-epimerase UlaF (EC 5.1.3.4) (L-ascorbate utilization protein F) 

UPF0379 protein yjfY precursor 

SSU ribosomal protein S6p 

hypothetical protein 

SSU ribosomal protein S18p @ SSU ribosomal protein S18p, zinc-independent 

LSU ribosomal protein L9p 

Putative cell envelope opacity-associated protein A 

FKBP-type peptidyl-prolyl cis-trans isomerase FklB (EC 5.2.1.8) 

D-serine/D-alanine/glycine transporter 

D-serine/D-alanine/glycine transporter 

Nitric oxide-dependent regulator DnrN or NorA 

Putative membrane protein 

Transcriptional regulator, AraC family 

NADPH:quinone oxidoreductase 2 

Redox-sensing transcriptional regulator QorR 

2',3'-cyclic-nucleotide 2'-phosphodiesterase (EC 3.1.4.16) 

3'(2'),5'-bisphosphate nucleotidase (EC 3.1.3.7) 

Protein ytfJ precursor 

FIG00614015: hypothetical protein 

Putative membrane protein 

hypothetical protein 

Rhamnogalacturonide transporter RhiT 

predicted dehydrogenase 

oxidoreductase domain protein 

Oxidoreductase 

Gluconokinase (EC 2.7.1.12) / oxidoreductase domain 

FIG00626577: hypothetical protein 

Peptide methionine sulfoxide reductase MsrA (EC 1.8.4.11) 

Uncharacterized protein YtfM precursor 

Uncharacterized protein YtfN 

UPF0131 protein YtfP 

hypothetical protein 

Programmed cell death antitoxin ChpS 

Programmed cell death toxin ChpB 

Inorganic pyrophosphatase (EC 3.6.1.1) 

hypothetical protein 

Putative sugar ABC transport system, periplasmic binding protein YtfQ precursor 

Putative sugar ABC transport system, ATP-binding protein YtfR (EC 3.6.3.17) 

Putative sugar ABC transport system, permease protein YtfT 

Putative sugar ABC transport system, permease protein YjfF 

Methyl-accepting chemotaxis protein I (serine chemoreceptor protein) 

Fructose-1,6-bisphosphatase, type I (EC 3.1.3.11) 

UDP-N-acetylmuramate:L-alanyl-gamma-D-glutamyl-meso-diaminopimelate ligase (EC 6.3.2.-) 

FIG138315: Putative alpha helix protein 
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TldE/PmbA protein, part of proposed TldE/TldD proteolytic complex (PMID 12029038) 

Soluble cytochrome b562 

FIG00732777: hypothetical protein 

FIG00628496: hypothetical protein 

Putative cytoplasmic protein 

Putative inner membrane protein 

Putative inner membrane protein 

Metallo-dependent hydrolases, subgroup B 

Metallo-dependent hydrolases, subgroup B 

L-seryl-tRNA(Sec) selenium transferase-related protein 

4-Hydroxy-2-oxoglutarate aldolase (EC 4.1.3.16) 

Putative hemagglutinin-related protein 

Putative BglB-family transcriptional antiterminator 

RelB/StbD replicon stabilization protein (antitoxin to RelE/StbE) 

RelE antibacterial toxin protein 

Ribonucleotide reductase of class III (anaerobic), activating protein (EC 1.97.1.4) 

Ribonucleotide reductase of class III (anaerobic), large subunit (EC 1.17.4.2) 

Trehalose-6-phosphate hydrolase (EC 3.2.1.93) 

PTS system, trehalose-specific IIB component (EC 2.7.1.69) / PTS system, trehalose-specific IIC 

component (EC 2.7.1.69) 

Trehalose operon transcriptional repressor 

hypothetical protein 

Mg(2+) transport ATPase, P-type (EC 3.6.3.2) 

COG0613, Predicted metal-dependent phosphoesterases (PHP family) 

Endoribonuclease L-PSP 

Aspartate carbamoyltransferase regulatory chain (PyrI) 

Aspartate carbamoyltransferase (EC 2.1.3.2) 

Arginine pathway regulatory protein ArgR, repressor of arg regulon 

Arginine/ornithine antiporter ArcD 

Ornithine carbamoyltransferase (EC 2.1.3.3) 

Carbamate kinase (EC 2.7.2.2) 

Arginine deiminase (EC 3.5.3.6) 

hypothetical protein 

probable beta-D-galactosidase 

Ornithine carbamoyltransferase (EC 2.1.3.3) 

Ribonuclease E inhibitor RraB 

tRNA-(ms[2]io[6]A)-hydroxylase (EC 1.-.-.-) 

Uncharacterized acetyltransferase YjgM (EC 2.3.1.-) 

Putative membrane protein 

Valyl-tRNA synthetase (EC 6.1.1.9) 

DNA polymerase III chi subunit (EC 2.7.7.7) 

Cytosol aminopeptidase PepA (EC 3.4.11.1) 

FIG000988: Predicted permease 

FIG000906: Predicted Permease 

Luciferase-like monooxygenase (EC 1.14.-.-) 

FIG139928: Putative protease 

FIG139552: Putative protease 

FIG138517: Putative lipid carrier protein 

FIG002208: Acetyltransferase (EC 2.3.1.-) 

FIG137864: putative endonuclease containing a URI domain 

FIG01219785: hypothetical protein 
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Oxidoreductase (EC 1.1.1.-) 

FIG006303: protein yraQ 

21 kDa hemolysin precursor 

Phosphoheptose isomerase (EC 5.3.1.-) 

Predicted endonuclease distantly related to archaeal Holliday junction resolvase 

LppC putative lipoprotein 

rRNA small subunit methyltransferase I 

Galactosamine-6-phosphate isomerase (galactosamine-6-phosphate deaminase) (EC 5.3.1.-) 

PTS system, galactosamine-specific IID component (EC 2.7.1.69) 

PTS system, galactosamine-specific IIC component (EC 2.7.1.69) 

PTS system, N-acetylgalactosamine-specific IIB component (EC 2.7.1.69) 

Tagatose 1,6-bisphosphate aldolase (EC 4.1.2.40) 

Galactosamine-6-phosphate isomerase (EC 5.3.1.-) 

hypothetical protein 

N-acetylglucosamine-6-phosphate deacetylase (EC 3.5.1.25) 

PTS system, N-acetylgalactosamine- and galactosamine-specific IIA component (EC 2.7.1.69) 

PTS system, N-acetylgalactosamine-specific IID component (EC 2.7.1.69) 

PTS system, N-acetylgalactosamine-specific IIC component (EC 2.7.1.69) 

PTS system, N-acetylgalactosamine-specific IIB component (EC 2.7.1.69) 

Tagatose-6-phosphate kinase AgaZ (EC 2.7.1.144) 

Transcriptional repressor of aga operon 

D-galactarate dehydratase (EC 4.2.1.42) 

D-galactarate dehydratase (EC 4.2.1.42) 

D-galactarate permease 

2-dehydro-3-deoxyglucarate aldolase (EC 4.1.2.20) 

2-dehydro-3-deoxyglucarate aldolase (EC 4.1.2.20) 

2-hydroxy-3-oxopropionate reductase (EC 1.1.1.60) 

Glycerate kinase (EC 2.7.1.31) 

Glycerate kinase (EC 2.7.1.31) 

hypothetical protein 

hypothetical protein 

Threonine catabolic operon transcriptional activator TdcA 

Threonine dehydratase, catabolic (EC 4.3.1.19) 

L-threonine transporter, anaerobically inducible 

Propionate kinase (EC 2.7.2.15) / Acetate kinase (EC 2.7.2.1) 

2-ketobutyrate formate-lyase (EC 2.3.1.-) / Pyruvate formate-lyase (EC 2.3.1.54) 

Endoribonuclease L-PSP 

L-serine dehydratase (EC 4.3.1.17) 

hypothetical protein 

Serine transporter 

Putative inner membrane protein 

Pirin-like protein YhaK 

LysR-family transcriptional regulator YhaJ 

conserved hypothetical protein 

HIPA PROTEIN 

Glutathione S-transferase, omega (EC 2.5.1.18) 

Inner membrane protein YqjF 

Inner membrane protein YqjK 

Inner membrane protein YqjE 

Uncharacterized membrane protein YqjD 

Periplasmic protein YqjC 



APPENDICES 

 

 178 

Uncharacterized protein YqjB 

DedA family inner membrane protein YqjA 

Hexuronate utilization operon transcriptional repressor ExuR 

Hexuronate transporter 

Uronate isomerase (EC 5.3.1.12) 

Altronate hydrolase (EC 4.2.1.7) 

Sodium:dicarboxylate symporter 

Integral membrane protein TerC 

Possible oxidoreductase 

COG1451: Predicted metal-dependent hydrolase 

23S rRNA (guanine-N-2-) -methyltransferase rlmG (EC 2.1.1.-) 

2,4-dienoyl-CoA reductase [NADPH] (EC 1.3.1.34) 

Autoinducer 2 (AI-2) kinase LsrK (EC 2.7.1.-) 

LsrR, transcriptional repressor of lsr operon 

Autoinducer 2 (AI-2) ABC transport system, fused AI2 transporter subunits and ATP-binding 

component 

Autoinducer 2 (AI-2) ABC transport system, membrane channel protein LsrC 

Autoinducer 2 (AI-2) ABC transport system, membrane channel protein LsrD 

Autoinducer 2 (AI-2) ABC transport system, periplasmic AI-2 binding protein LsrB 

Autoinducer 2 (AI-2) aldolase LsrF (EC 4.2.1.-) 

Autoinducer 2 (AI-2) modifying protein LsrG 

Putative isomerase 

FIG00639150: hypothetical protein 

Putative oxidoreductase 

Evolved beta-D-galactosidase, beta subunit 

Evolved beta-D-galactosidase, alpha subunit 

Evolved beta-D-galactosidase transcriptional repressor 

tRNA-binding protein YgjH 

Transcriptional activator of 4-hydroxyphenylacetate 3-monooxygenase operon, XylS/AraC family 

4-hydroxyphenylacetate symporter, major facilitator superfamily (MFS) 

2,4-dihydroxyhept-2-ene-1,7-dioic acid aldolase (EC 4.1.2.-) 

2-oxo-hepta-3-ene-1,7-dioic acid hydratase (EC 4.2.-.-) 

hypothetical protein 

5-carboxymethyl-2-hydroxymuconate delta-isomerase (EC 5.3.3.10) 

3,4-dihydroxyphenylacetate 2,3-dioxygenase (EC 1.13.11.15) 

5-carboxymethyl-2-hydroxymuconate semialdehyde dehydrogenase (EC 1.2.1.60) 

5-carboxymethyl-2-oxo-hex-3- ene-1,7-dioate decarboxylase (EC 4.1.1.68) / 2-hydroxyhepta-2,4-

diene-1,7-dioate isomerase (EC 5.3.3.-) 

Homoprotocatechuate degradative operon repressor 

hypothetical protein 

hypothetical protein 

FIG00638031: hypothetical protein 

hypothetical protein 

Putative LysR-family transcriptional regulator 

proton/glutamate symporter family protein, putative 

Cystathionine beta-lyase (EC 4.4.1.8) 

FIG00510169: hypothetical protein 

Putative inner membrane protein 

Putative metal chaperone, involved in Zn homeostasis, GTPase of COG0523 family 

COG2879, Hypothetical small protein yjiX 

Carbon starvation protein A paralog 
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Virulence genes transcriptional activator 

hypothetical protein 

hypothetical protein 

hypothetical protein 

nematicidal protein 

hypothetical protein 

Endolysin (EC 3.2.1.-) 

Methyl-accepting chemotaxis protein I (serine chemoreceptor protein) 

Histone acetyltransferase HPA2 and related acetyltransferases 

hypothetical protein 

hypothetical protein 

Phosphoglycerol transferase I (EC 2.7.8.20) 

DNA replication protein DnaC 

Primosomal protein I 

Organic hydroperoxide resistance protein 

FIG001826: putative inner membrane protein 

FIG023911: putative membrane protein 

hypothetical protein 

Putative regulator 

Transcriptional regulator (Activator) of bgl operon 

tRNA proofreading protein STM4549 

hypothetical protein 

PTS system, cellobiose-specific IIC component (EC 2.7.1.69) 

Ferric reductase (1.6.99.14) 

Putative membrane protein 

Putative inner membrane protein 

tRNA-Leu-CAG 

tRNA-Leu-CAG 

tRNA-Leu-CAG 

Ribosomal RNA small subunit methyltransferase C (EC 2.1.1.52) 

DNA polymerase III psi subunit (EC 2.7.7.7) 

Ribosomal-protein-S18p-alanine acetyltransferase (EC 2.3.1.-) 

5'-nucleotidase YjjG (EC 3.1.3.5) 

Peptide chain release factor 3 

Osmotically inducible protein OsmY 

Putative exported protein 

FIG00732094: hypothetical protein 

Putative deoxyribonuclease YjjV 

radical activating enzyme 

FIG00638118: hypothetical protein 

Deoxyribose-phosphate aldolase (EC 4.1.2.4) 

Thymidine phosphorylase (EC 2.4.2.4) 

Phosphopentomutase (EC 5.4.2.7) 

Purine nucleoside phosphorylase (EC 2.4.2.1) 

Lipoate-protein ligase A 

Lipoate-protein ligase A 

Phosphoserine phosphatase (EC 3.1.3.3) 

DNA repair protein RadA 

NadR transcriptional regulator / Nicotinamide-nucleotide adenylyltransferase, NadR family (EC 

2.7.7.1) / Ribosylnicotinamide kinase (EC 2.7.1.22) 

ABC transporter, ATP-binding protein 
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Soluble lytic murein transglycosylase precursor (EC 3.2.1.-) 

Transcriptional repressor protein TrpR 

Inosine/xanthosine triphosphatase (EC 3.6.1.-) 

Phosphoglycerate mutase (EC 5.4.2.1) 

Right origin-binding protein 

Conserved uncharacterized protein CreA 

Two-component response regulator CreB 

Two-component response regulator CreC 

Inner membrane protein CreD 

Aerobic respiration control protein arcA 

RNA methyltransferase, TrmH family, group 1 

Aspartokinase (EC 2.7.2.4) / Homoserine dehydrogenase (EC 1.1.1.3) 

Homoserine kinase (EC 2.7.1.39) 

Threonine synthase (EC 4.2.3.1) 

UPF0246 protein YaaA 

Putative alanine/glycine transport protein 

Transaldolase (EC 2.2.1.2) 

Molybdopterin biosynthesis Mog protein, molybdochelatase 

L-Proline/Glycine betaine transporter ProP 

YaaH protein 

Chaperone protein DnaK 

Chaperone protein DnaJ 

Putative membrane protein 

Chitinase (EC 3.2.1.14) 

Putative hydroxymethyltransferase 

Na+/H+ antiporter NhaA type 

Transcriptional activator NhaR 

Transcriptional activator NhaR 

SSU ribosomal protein S20p 

Riboflavin kinase (EC 2.7.1.26) / FMN adenylyltransferase (EC 2.7.7.2) 

Isoleucyl-tRNA synthetase (EC 6.1.1.5) 

Lipoprotein signal peptidase (EC 3.4.23.36) 

FKBP-type peptidyl-prolyl cis-trans isomerase SlpA (EC 5.2.1.8) 

4-hydroxy-3-methylbut-2-enyl diphosphate reductase (EC 1.17.1.2) 

Glucose-6-phosphate isomerase, archaeal (EC 5.3.1.9) 

Glucose-6-phosphate isomerase (EC 5.3.1.9) 

PTS system, fructose- and mannose-inducible IID component (EC 2.7.1.69) 

PTS system, mannose-specific IIC component (EC 2.7.1.69) 

PTS system, mannose-specific IIB component (EC 2.7.1.69) / PTS system, mannose-specific IIA 

component (EC 2.7.1.69) 

PTS system, mannose-specific IIB component (EC 2.7.1.69) / PTS system, mannose-specific IIA 

component (EC 2.7.1.69) 

mannose-6-phosphate isomerase, class I 

Maltose regulon regulatory protein MalI (repressor for malXY) 

Dihydrodipicolinate reductase (EC 1.3.1.26) 

hypothetical protein 

Carbamoyl-phosphate synthase small chain (EC 6.3.5.5) 

Carbamoyl-phosphate synthase large chain (EC 6.3.5.5) 

probable lipoprotein 

Transcriptional activatory protein CaiF 

Carnitine operon protein CaiE 



APPENDICES 

 

 181 

Carnitine racemase (EC 5.-.-.-) / Carnitinyl-CoA dehydratase (EC 4.2.1.-) 

Crotonobetaine carnitine-CoA ligase (EC 6.3.2.-) 

Crotonobetaine carnitine-CoA ligase (EC 6.3.2.-) 

Crotonobetainyl-CoA:carnitine CoA-transferase (EC 2.8.3.-) 

Crotonobetainyl-CoA dehydrogenase (EC 1.3.99.-) 

L-carnitine/gamma-butyrobetaine antiporter 

hypothetical protein 

Electron transfer flavoprotein, beta subunit FixA 

Electron transfer flavoprotein, alpha subunit FixB 

Probable electron transfer flavoprotein-quinone oxidoreductase FixC (EC 1.5.5.-) 

Ferredoxin-like protein FixX 

Putative metabolite transport protein yaaU 

Glutathione-regulated potassium-efflux system ancillary protein KefF 

Glutathione-regulated potassium-efflux system protein KefC 

hypothetical protein 

Dihydrofolate reductase (EC 1.5.1.3) 

Bis(5'-nucleosyl)-tetraphosphatase, symmetrical (EC 3.6.1.41) 

ApaG protein 

Dimethyladenosine transferase (EC 2.1.1.-) 

4-hydroxythreonine-4-phosphate dehydrogenase (EC 1.1.1.262) 

Survival protein SurA precursor (Peptidyl-prolyl cis-trans isomerase SurA) (EC 5.2.1.8) 

Outer membrane protein Imp, required for envelope biogenesis / Organic solvent tolerance protein 

precursor 

DnaJ-like protein DjlA 

Ribosomal large subunit pseudouridine synthase A (EC 4.2.1.70) 

RNA polymerase associated protein RapA (EC 3.6.1.-) 

RNA polymerase associated protein RapA (EC 3.6.1.-) 

DNA polymerase II (EC 2.7.7.7) 

L-ribulose-5-phosphate 4-epimerase (EC 5.1.3.4) 

L-arabinose isomerase (EC 5.3.1.4) 

Ribulokinase (EC 2.7.1.16) 

Arabinose operon regulatory protein 

DedA family inner membrane protein YabI 

Thiamin ABC transporter, ATPase component / Thiamine transport ATP-binding protein thiQ 

Thiamin ABC transporter, transmembrane component 

Thiamin ABC transporter, substrate-binding component 

SgrR, sugar-phosphate stress, transcriptional activator of SgrS small RNA 

hypothetical protein 

Putative transport protein 

hypothetical protein 

3-isopropylmalate dehydratase small subunit (EC 4.2.1.33) 

3-isopropylmalate dehydratase large subunit (EC 4.2.1.33) 

3-isopropylmalate dehydrogenase (EC 1.1.1.85) 

2-isopropylmalate synthase (EC 2.3.3.13) 

Probable transcriptional activator for leuABCD operon 

Acetolactate synthase large subunit (EC 2.2.1.6) 

Acetolactate synthase large subunit (EC 2.2.1.6) 

Acetolactate synthase small subunit (EC 2.2.1.6) 

Fructose repressor FruR, LacI family 

Cell division protein MraZ 

rRNA small subunit methyltransferase H 
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Cell division protein FtsL 

Cell division protein FtsI [Peptidoglycan synthetase] (EC 2.4.1.129) 

UDP-N-acetylmuramoylalanyl-D-glutamate--2,6-diaminopimelate ligase (EC 6.3.2.13) 

UDP-N-acetylmuramoylalanyl-D-glutamyl-2,6-diaminopimelate--D-alanyl-D-alanine ligase (EC 

6.3.2.10) 

Phospho-N-acetylmuramoyl-pentapeptide-transferase (EC 2.7.8.13) 

UDP-N-acetylmuramoylalanine--D-glutamate ligase (EC 6.3.2.9) 

Cell division protein FtsW 

UDP-N-acetylglucosamine--N-acetylmuramyl-(pentapeptide) pyrophosphoryl-undecaprenol N-

acetylglucosamine transferase (EC 2.4.1.227) 

UDP-N-acetylmuramate--alanine ligase (EC 6.3.2.8) 

UDP-N-acetylmuramate--alanine ligase (EC 6.3.2.8) 

D-alanine--D-alanine ligase (EC 6.3.2.4) 

Cell division protein FtsQ 

Cell division protein FtsA 

Cell division protein FtsZ (EC 3.4.24.-) 

UDP-3-O-[3-hydroxymyristoyl] N-acetylglucosamine deacetylase (EC 3.5.1.-) 

Secretion monitor precursor 

Protein export cytoplasm protein SecA ATPase RNA helicase (TC 3.A.5.1.1) 

Mutator mutT protein (7,8-dihydro-8-oxoguanine-triphosphatase) (EC 3.6.1.-) 

FIG003276: zinc-binding protein 

FIG002842: hypothetical protein 

Dephospho-CoA kinase (EC 2.7.1.24) 

hypothetical protein 

GMP reductase (EC 1.7.1.7) 

Type IV fimbrial assembly protein PilC 

Type IV fimbrial assembly, ATPase PilB 

Type IV pilin PilA 

Quinolinate phosphoribosyltransferase [decarboxylating] (EC 2.4.2.19) 

N-acetylmuramoyl-L-alanine amidase (EC 3.5.1.28) AmpD 

AmpE protein 

Alpha-L-arabinofuranosidase II precursor (EC 3.2.1.55) 

Possible GPH family transporter (TC 2.A.2) for arabinosides 

Aromatic amino acid transport protein AroP 

Transcriptional repressor for pyruvate dehydrogenase complex 

Pyruvate dehydrogenase E1 component (EC 1.2.4.1) 

Dihydrolipoamide acetyltransferase component of pyruvate dehydrogenase complex (EC 2.3.1.12) 

Glutathione reductase (EC 1.8.1.7) 

Probable secreted protein 

Aconitate hydratase 2 (EC 4.2.1.3) @ 2-methylisocitrate dehydratase (EC 4.2.1.99) 

Aconitate hydratase 2 (EC 4.2.1.3) 

FIG00638902: hypothetical protein 

2-keto-3-deoxygluconate permease (KDG permease) 

FIG01166657: hypothetical protein 

Candidate type III effector Hop protein 

4-hydroxythreonine-4-phosphate dehydrogenase (EC 1.1.1.262) 

Transcriptional regulator, ArsR family 

hypothetical protein 

S-adenosylmethionine decarboxylase proenzyme (EC 4.1.1.50), prokaryotic class 1A 

Spermidine synthase (EC 2.5.1.16) 

Predicted chaperone lipoprotein YacC, potentially involved in protein secretion 
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Blue copper oxidase CueO precursor 

Glucose dehydrogenase, PQQ-dependent (EC 1.1.5.2) 

Hypoxanthine-guanine phosphoribosyltransferase (EC 2.4.2.8) 

Carbonic anhydrase (EC 4.2.1.1) 

ABC-type multidrug transport system, ATPase component 

ABC-type multidrug transport system, permease component 

Putative PTS system IIA component yadI (EC 2.7.1.69) 

Polysaccharide deacetylase 

Aspartate 1-decarboxylase (EC 4.1.1.11) 

Pantoate--beta-alanine ligase (EC 6.3.2.1) 

3-methyl-2-oxobutanoate hydroxymethyltransferase (EC 2.1.2.11) 

2-amino-4-hydroxy-6-hydroxymethyldihydropteridine pyrophosphokinase (EC 2.7.6.3) 

Poly(A) polymerase (EC 2.7.7.19) 

glutamyl-Q-tRNA synthetase 

C4-type zinc finger protein, DksA/TraR family 

Sugar/maltose fermentation stimulation protein homolog 

2'-5' RNA ligase 

ATP-dependent helicase HrpB 

ATP-dependent helicase HrpB 

Multimodular transpeptidase-transglycosylase (EC 2.4.1.129) (EC 3.4.-.-) 

Ferric hydroxamate outer membrane receptor FhuA 

Ferric hydroxamate ABC transporter (TC 3.A.1.14.3), ATP-binding protein FhuC 

Ferric hydroxamate ABC transporter (TC 3.A.1.14.3), periplasmic substrate binding protein FhuD 

Ferric hydroxamate ABC transporter (TC 3.A.1.14.3), permease component FhuB 

Glutamate-1-semialdehyde aminotransferase (EC 5.4.3.8) 

H(+)/Cl(-) exchange transporter ClcA 

probable iron binding protein from the HesB_IscA_SufA family 

Putative inner membrane protein 

Vitamin B12 ABC transporter, B12-binding component BtuF 

5'-methylthioadenosine nucleosidase (EC 3.2.2.16) / S-adenosylhomocysteine nucleosidase (EC 

3.2.2.9) 

Deoxyguanosinetriphosphate triphosphohydrolase (EC 3.1.5.1) 

Deoxyguanosinetriphosphate triphosphohydrolase (EC 3.1.5.1) 

HtrA protease/chaperone protein 

HtrA protease/chaperone protein 

Sugar diacid utilization regulator SdaR 

Chromosome segregation ATPase 

2,3,4,5-tetrahydropyridine-2,6-dicarboxylate N-succinyltransferase (EC 2.3.1.117) 

[Protein-PII] uridylyltransferase (EC 2.7.7.59) 

Methionine aminopeptidase (EC 3.4.11.18) 

SSU ribosomal protein S2p (SAe) 

Translation elongation factor Ts 

Uridylate kinase (EC 2.7.4.-) 

Ribosome recycling factor 

1-deoxy-D-xylulose 5-phosphate reductoisomerase (EC 1.1.1.267) 

Undecaprenyl pyrophosphate synthetase (EC 2.5.1.31) 

Phosphatidate cytidylyltransferase (EC 2.7.7.41) 

Membrane-associated zinc metalloprotease 

Outer membrane protein assembly factor YaeT precursor 

Outer membrane protein H precursor 

UDP-3-O-[3-hydroxymyristoyl] glucosamine N-acyltransferase (EC 2.3.1.-) 
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(3R)-hydroxymyristoyl-[acyl carrier protein] dehydratase (EC 4.2.1.-) 

Acyl-[acyl-carrier-protein]--UDP-N-acetylglucosamine O-acyltransferase (EC 2.3.1.129) 

Lipid-A-disaccharide synthase (EC 2.4.1.182) 

Lipid-A-disaccharide synthase (EC 2.4.1.182) 

Ribonuclease HII (EC 3.1.26.4) 

DNA polymerase III alpha subunit (EC 2.7.7.7) 

Acetyl-coenzyme A carboxyl transferase alpha chain (EC 6.4.1.2) 

Lysine decarboxylase 2, constitutive (EC 4.1.1.18) 

FIG01280259: hypothetical protein 

tRNA(Ile)-lysidine synthetase 

Rho-specific inhibitor of transcription termination (YaeO) 

FIG00905232: hypothetical protein 

YaeQ protein 

YaeQ protein 

Hypothetical protein YaeJ with similarity to translation release factor 

Copper homeostasis protein CutF precursor / Lipoprotein NlpE involeved in surface adhesion 

Prolyl-tRNA synthetase (EC 6.1.1.15) 

COG1720: Uncharacterized conserved protein 

Protein RcsF 

Methionine ABC transporter substrate-binding protein 

Methionine ABC transporter permease protein 

Methionine ABC transporter ATP-binding protein 

D-glycero-D-manno-heptose 1,7-bisphosphate phosphatase (EC 3.1.1.-) 

Small Subunit Ribosomal RNA; ssuRNA; SSU rRNA 

Phage tail fiber protein 

Attachment invasion locus protein precursor 

Phage tail fiber protein 

Phage tail fiber protein 

Phage tail assembly protein I 

Phage tail assembly protein 

Phage minor tail protein 

Phage minor tail protein 

Phage tail length tape-measure protein 1 

Phage tail length tape-measure protein 1 

Phage tail length tape-measure protein 1 

Phage minor tail protein #Phage minor tail protein T 

Phage minor tail protein 

Phage tail assembly 

Phage minor tail protein 

Phage tail completion protein 

Phage capsid and scaffold 

Phage capsid and scaffold 

Phage major capsid protein 

Head decoration protein 

Phage capsid and scaffold 

Phage capsid and scaffold 

Phage portal protein 

Phage holin 

Phage lysin, 1,4-beta-N-acetylmuramidase (EC 3.2.1.17) or lysozyme #Protein S in phage lambda 

Phage outer membrane lytic protein Rz; Endopeptidase (EC 3.4.-.-) 

Lipoprotein Bor 
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FIG00638683: hypothetical protein 

FIG00638841: hypothetical protein 

Mobile element protein 

Phage protein 

FIG00638841: hypothetical protein 

unknown protein encoded by prophage CP-933K 

putative enzyme; Integration, recombination (Phage or Prophage Related) 

VgrG protein 

L,D-transpeptidase YcfS 

Transcription-repair coupling factor 

FIG00638640: hypothetical protein 

Lipoprotein releasing system transmembrane protein LolC 

Lipoprotein releasing system ATP-binding protein LolD 

Lipoprotein releasing system transmembrane protein LolE 

Latent glucokinase ycfX 

NAD-dependent protein deacetylase of SIR2 family 

ABC transporter, periplasmic spermidine putrescine-binding protein PotD (TC 3.A.1.11.1) 

Spermidine Putrescine ABC transporter permease component potC (TC_3.A.1.11.1) 

Spermidine Putrescine ABC transporter permease component PotB (TC 3.A.1.11.1) 

Putrescine transport ATP-binding protein PotA (TC 3.A.1.11.1) 

Tripeptide aminopeptidase (EC 3.4.11.4) 

FIG002776: hypothetical protein 

Sensor protein PhoQ (EC 2.7.13.3) 

Transcriptional regulatory protein PhoP 

Adenylosuccinate lyase (EC 4.3.2.2) 

FIG002903: a protein of unknown function perhaps involved in purine metabolism 

tRNA-specific 2-thiouridylase MnmA 

Nudix-like NDP and NTP phosphohydrolase YmfB 

Ribosomal large subunit pseudouridine synthase E (EC 4.2.1.70) 

Isocitrate dehydrogenase [NADP] (EC 1.1.1.42) 

Integrase 

hypothetical protein 

Hypothetical protein yfdR 

tRNA-Pseudo-TCT 

FIG00643513: hypothetical protein 

hypothetical protein 

FIG00510947: hypothetical protein 

hypothetical protein 

FIG01047124: hypothetical protein 

hypothetical protein 

Protein NinG 

Phage antitermination protein Q 

Putative inner membrane protein 

Phage protein 

hypothetical protein 

Lysozyme (EC 3.2.1.17) 

probable bacteriophage protein STY2043 

Cold shock protein CspG 

hypothetical protein 

hypothetical protein 

Terminase small subunit 
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Phage terminase, large subunit 

Phage head-tail joining protein 

Phage portal protein 

Phage capsid and scaffold 

Head decoration protein 

Phage major capsid protein 

Phage capsid and scaffold 

Phage capsid and scaffold 

Phage tail completion protein 

Phage minor tail protein 

Phage tail fibers 

Phage minor tail protein 

Phage minor tail protein 

Phage tail length tape-measure protein 1 

Phage minor tail protein 

Phage minor tail protein 

Phage tail assembly protein 

Phage tail fibers 

hypothetical protein 

Phage tail fiber protein 

Phage protein 

Phage super-infection exclusion protein, cor 

Phage minor tail protein 

hypothetical protein 

hypothetical protein 

Arsenic efflux pump protein 

Arsenate reductase (EC 1.20.4.1) 

Isocitrate dehydrogenase [NADP] (EC 1.1.1.42) 

Fosfomycin resistance protein FosA 

Fimbrial protein precursor 

Chaperone 

Putative outer membrane fimbrial usher porin precursor 

Putative fimbrial componenet 

Chaperone 

hypothetical protein 

Phage minor tail protein 

hypothetical protein 

FIG00904985: hypothetical protein 

LysR family transcriptional regulator YnfL 

Putative autotransporter protein 

hypothetical protein 

Putative sensory transducer 

Pirin 

Transcriptional regulator, LysR family 

Miscellaneous; Hypothetical/Global homology 

Organic hydroperoxide resistance transcriptional regulator 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Dehydrogenases with different specificities (related to short-chain alcohol dehydrogenases) 

Transcriptional regulator, AraC family 
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hypothetical protein 

hypothetical protein 

Phenazine biosynthesis protein PhzF 

hypothetical protein 

putative inner membrane protein 

hypothetical protein 

hypothetical protein 

FIG016027: protein of unknown function YeaO 

CTP synthase (EC 6.3.4.2) 

hypothetical protein 

FIG00627017: hypothetical protein 

Transcriptional regulator, AraC family 

Putative inner membrane protein 

hypothetical protein 

Putative uncharacterized protein YeaK 

UPF0229 protein YeaH 

Uncharacterized protein YeaG 

hypothetical protein 

MltA-interacting protein MipA 

hypothetical protein 

putative exported protein 

putative exported protein 

putative exported protein 

Aldose 1-epimerase family protein YeaD 

NAD-dependent glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12) 

Peptide methionine sulfoxide reductase MsrB (EC 1.8.4.12) 

Uncharacterized protein YeaC 

Chitinase (EC 3.2.1.14) 

Chitinase (EC 3.2.1.14) 

Nicotinamidase (EC 3.5.1.19) 

L-asparaginase (EC 3.5.1.1) 

Protease IV (EC 3.4.21.-) 

Protein ydjA 

Selenide,water dikinase (EC 2.7.9.3) 

DNA topoisomerase III (EC 5.99.1.2) 

NADP-specific glutamate dehydrogenase (EC 1.4.1.4) 

probable exported protein YPO2166 

5-methyl-dCTP pyrophosphohydrolase (EC 3.6.1.-) 

FIG00922551: hypothetical protein 

Putative phosphatidylglycerophosphate synthase 

Putative thiosulfate sulfurtransferase ynjE (EC 2.8.1.1) 

ABC transporter, ATP-binding protein YnjD 

ABC transporter, permease protein YnjC 

ABC transporter, periplasmic substrate-binding protein YnjB 

COG0398: uncharacterized membrane protein / PF00070 family, FAD-dependent NAD(P)-

disulphide oxidoreductase 

Exodeoxyribonuclease III (EC 3.1.11.2) 

Succinylornithine transaminase (EC 2.6.1.81) 

Arginine N-succinyltransferase (EC 2.3.1.109) 

Succinylglutamic semialdehyde dehydrogenase (EC 1.2.1.71) 

Succinylarginine dihydrolase (EC 3.5.3.23) 
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Succinylglutamate desuccinylase (EC 3.5.1.96) 

hypothetical protein 

type 1 fimbriae major subunit FimA 

Chaperone protein lpfB precursor 

type 1 fimbriae anchoring protein FimD 

Fimbriae-like adhesin SfmH 

Fimbriae-like adhesin SfmA 

hypothetical protein 

Periplasmic protein related to spheroblast formation 

Conserved hypothetical protein (perhaps related to histidine degradation) 

NAD synthetase (EC 6.3.1.5) 

Osmotically inducible lipoprotein E precursor 

PTS system, chitobiose-specific IIB component (EC 2.7.1.69) 

PTS system, chitobiose-specific IIC component (EC 2.7.1.69) 

PTS system, cellobiose-specific IIA component (EC 2.7.1.69) 

Chitobiose-specific regulator ChbR, AraC family 

Chitobiose-specific 6-phospho-beta-glucosidase ChbF (EC 3.2.1.86) 

Cellobiose phosphotransferase system YdjC-like protein 

Catalase (EC 1.11.1.6) 

Cell division activator cedA 

L-cystine uptake protein TcyP 

L-cystine uptake protein TcyP 

FIG00638530: hypothetical protein 

2-deoxyglucose-6-phosphate hydrolase YniC 

Putative membrane protein 

Acyl-CoA thioesterase YciA, involved in membrane biogenesis 

Intracellular septation protein IspA 

Membrane protein YciC, linked to IspA 

Ferredoxin 

Outer membrane protein W precursor 

hypothetical protein 

Tryptophan synthase alpha chain (EC 4.2.1.20) 

Tryptophan synthase beta chain (EC 4.2.1.20) 

Indole-3-glycerol phosphate synthase (EC 4.1.1.48) / Phosphoribosylanthranilate isomerase (EC 

5.3.1.24) 

Anthranilate synthase, amidotransferase component (EC 4.1.3.27) / Anthranilate 

phosphoribosyltransferase (EC 2.4.2.18) 

Anthranilate synthase, aminase component (EC 4.1.3.27) 

Anthranilate synthase, aminase component (EC 4.1.3.27) 

COG0613, Predicted metal-dependent phosphoesterases (PHP family) 

YciO family 

Citrate Succinate antiporter (TC 2.A.47.3.2) 

L(+)-tartrate dehydratase beta subunit (EC 4.2.1.32) 

L(+)-tartrate dehydratase alpha subunit (EC 4.2.1.32) 

Putative transcriptional regulator LYSR-type 

Ribosomal large subunit pseudouridine synthase B (EC 4.2.1.70) 

Putative exported protein precursor 

Putative membrane protein precursor 

Putative membrane protein precursor 

Cob(I)alamin adenosyltransferase (EC 2.5.1.17) 

Putative oxidoreductase 
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Possible protease sohB (EC 3.4.21.-) 

Protein yciN 

hypothetical protein 

DNA topoisomerase I (EC 5.99.1.2) 

Cys regulon transcriptional activator CysB 

Cys regulon transcriptional activator CysB 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Aconitate hydratase (EC 4.2.1.3) @ 2-methylisocitrate dehydratase (EC 4.2.1.99) 

GTP cyclohydrolase II (EC 3.5.4.25) 

Phosphatidylglycerophosphatase B (EC 3.1.3.27) 

Inner membrane protein yciS 

Heat shock (predicted periplasmic) protein YciM, precursor 

Orotidine 5'-phosphate decarboxylase (EC 4.1.1.23) 

Translation initiation factor SUI1-related protein 

Osmotically inducible lipoprotein B precursor 

Transcriptional regulatory protein YciT 

hypothetical protein 

hypothetical protein 

FIG00637999: hypothetical protein 

Exoribonuclease II (EC 3.1.13.1) 

FIG01220641: hypothetical protein 

FIG01220641: hypothetical protein 

Enoyl-[acyl-carrier-protein] reductase [NADH] (EC 1.3.1.9) 

Peptide transport system ATP-binding protein SapF 

Peptide transport system ATP-binding protein SapD 

Peptide transport system permease protein SapC 

Peptide transport system permease protein SapB 

Peptide transport system permease protein SapB 

Peptide transport periplasmic protein SapA 

Putative periplasmic or exported protein 

Psp operon transcriptional activator 

Phage shock protein A 

Phage shock protein B 

Phage shock protein C 

Phage shock protein D 

Conserved protein YcjX with nucleoside triphosphate hydrolase domain 

Membrane protein YcjF 

Transcriptional repressor protein TyrR 

Thiol peroxidase, Tpx-type (EC 1.11.1.15) 

L-alanine-DL-glutamate epimerase 

L-alanine-DL-glutamate epimerase 

Gamma-D-Glutamyl-meso-Diaminopimelate Amidase 

Periplasmic Murein Peptide-Binding Protein MppA 

hypothetical protein 

Sensory box/GGDEF family protein 

Putative methyl-accepting chemotaxis protein 

FOG: GGDEF domain 

Zinc transport protein ZntB 

hypothetical protein 
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hypothetical protein 

tRNA(Cytosine32)-2-thiocytidine synthetase 

GGDEF/EAL domain protein YhjH 

Pyruvate-flavodoxin oxidoreductase (EC 1.2.7.-) 

Hemolysin E, chromosomal 

probable lipoprotein YPO2331 

Heat shock protein hslJ 

D-lactate dehydrogenase (EC 1.1.1.28) 

Putative transport protein 

Putative uncharacterized protein ydbH 

Uncharacterized protein ynbE; probable lipoprotein STY1424 

Putative uncharacterized protein ydbL, may be related to amine metabolism 

Transcriptional activator feaR 

Phenylacetaldehyde dehydrogenase (EC 1.2.1.39) 

putative exported protein 

hypothetical protein 

5S RNA 

tRNA-Asp-GTC 

Methylglyoxal reductase, acetol producing (EC 1.1.1.-) / 2,5-diketo-D-gluconic acid reductase B 

(EC 1.1.1.274) 

LysR family transcriptional regulator YafC 

FIG00613320: hypothetical protein 

SAM-dependent methyltransferase YafE (UbiE paralog) 

Membrane-bound lytic murein transglycosylase D precursor (EC 3.2.1.-) 

Hydroxyacylglutathione hydrolase (EC 3.1.2.6) 

FIG005121: SAM-dependent methyltransferase (EC 2.1.1.-) 

Ribonuclease HI (EC 3.1.26.4) 

DNA polymerase III epsilon subunit (EC 2.7.7.7) 

hypothetical protein 

tRNA-Asp-GTC 

Omega amidase (Nit2 homolog) 

Butyryl-CoA dehydrogenase (EC 1.3.99.2) 

Phosphoheptose isomerase 1 (EC 5.3.1.-) 

Predicted glutamine amidotransferase 

probable exported protein STY0357 

Na(+)-translocating NADH-quinone reductase subunit A (EC 1.6.5.-) 

Na(+)-translocating NADH-quinone reductase subunit B (EC 1.6.5.-) 

Na(+)-translocating NADH-quinone reductase subunit C (EC 1.6.5.-) 

Na(+)-translocating NADH-quinone reductase subunit D (EC 1.6.5.-) 

Na(+)-translocating NADH-quinone reductase subunit E (EC 1.6.5.-) 

Na(+)-translocating NADH-quinone reductase subunit F (EC 1.6.5.-) 

Probable exported or periplasmic protein in ApbE locus 

DNA polymerase IV (EC 2.7.7.7) 

Aminoacyl-histidine dipeptidase (Peptidase D) (EC 3.4.13.3) 

Xanthine-guanine phosphoribosyltransferase (EC 2.4.2.22) 

Fermentation/respiration switch protein 

Curlin genes transcriptional activator 

Outer membrane pore protein E precursor 

hypothetical protein 

Glutamate 5-kinase (EC 2.7.2.11) 

Gamma-glutamyl phosphate reductase (EC 1.2.1.41) 
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tRNA-Thr-CGT 

FIG00905906: hypothetical protein 

Secreted protein Hcp 

hypothetical protein 

hypothetical protein 

FIG00905073: hypothetical protein 

RNA polymerase sigma-54 factor RpoN 

FIG01056096: hypothetical protein 

hypothetical protein 

Probable taurine catabolism dioxygenase 

Fumarate reductase flavoprotein subunit (EC 1.3.99.1) 

Ferric iron ABC transporter, permease protein 

Putrescine transport ATP-binding protein PotA (TC 3.A.1.11.1) 

hypothetical protein 

Immune-responsive protein 1 

Lactaldehyde reductase (EC 1.1.1.77) 

L-fuculose phosphate aldolase (EC 4.1.2.17) 

Fucose permease 

L-fucose isomerase (EC 5.3.1.25) 

L-fuculokinase (EC 2.7.1.51) 

L-fucose mutarotase 

L-fucose operon activator 

Inositol-1-monophosphatase (EC 3.1.3.25) 

Transcriptional regulator, LacI family 

ABC transporter ATP-binding protein 

FIG00731721: hypothetical protein 

FIG00731721: hypothetical protein 

ABC transporter, permease 

FIG00731890: hypothetical protein 

FIG00644922: hypothetical protein 

PTS system, galactitol-specific IIA component (EC 2.7.1.69) 

PTS system, galactitol-specific IIC component (EC 2.7.1.69) 

Ribulose-phosphate 3-epimerase (EC 5.1.3.1) 

3-oxoacyl-[acyl-carrier protein] reductase (EC 1.1.1.100) 

6-phospho-3-hexuloisomerase 

Putative autotransporter protein 

Arsenical-resistance protein ACR3 

Taurine-binding periplasmic protein TauA 

Taurine transport ATP-binding protein TauB 

Taurine transport system permease protein TauC 

Alpha-ketoglutarate-dependent taurine dioxygenase (EC 1.14.11.17) 

Putative hemolysin 

Porphobilinogen synthase (EC 4.2.1.24) 

Putative flagellin structural protein 

hypothetical protein 

Penicillin-binding protein AmpH 

Penicillin-binding protein AmpH 

Amidases related to nicotinamidase 

SbmA protein 

SbmA protein 

putative lipoprotein 
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Putative inner membrane protein 

hypothetical protein 

Putative inner membrane protein 

D-alanine--D-alanine ligase (EC 6.3.2.4) 

Possible efflux pump 

Cytoplasmic protein YaiB 

Alkaline phosphatase (EC 3.1.3.1) 

Phosphate starvation-inducible protein PsiF 

Pyrroline-5-carboxylate reductase (EC 1.5.1.2) 

hypothetical protein 

Protein YaiI 

Shikimate kinase III (EC 2.7.1.71) 

AroM protein 

Cytoplasmic protein YaiE 

DNA recombination-dependent growth factor C 

Glucokinase, ROK family (EC 2.7.1.2) 

Exonuclease SbcC 

Exonuclease SbcD 

hypothetical protein 

Phosphate regulon transcriptional regulatory protein PhoB (SphR) 

Phosphate regulon sensor protein PhoR (SphS) (EC 2.7.13.3) 

Branched-chain amino acid transport system carrier protein 

hypothetical protein 

Proline-specific permease proY 

Maltodextrin glucosidase (EC 3.2.1.20) 

hypothetical protein 

Maltodextrin glucosidase (EC 3.2.1.20) 

FIG00509783: hypothetical protein 

Probable transmembrane protein 

Alkyl hydroperoxide reductase subunit C-like protein 

Acyl carrier protein phosphodiesterase (EC 3.1.4.14) 

S-adenosylmethionine:tRNA ribosyltransferase-isomerase (EC 5.-.-.-) 

tRNA-guanine transglycosylase (EC 2.4.2.29) 

Preprotein translocase subunit YajC (TC 3.A.5.1.1) 

Protein-export membrane protein SecD (TC 3.A.5.1.1) 

Protein-export membrane protein SecF (TC 3.A.5.1.1) 

Glyoxalase family protein 

Transcriptional regulator, DeoR family 

Nucleoside-specific channel-forming protein Tsx precursor 

Hypothetical lipoprotein yajI 

Ribonucleotide reductase transcriptional regulator NrdR 

Diaminohydroxyphosphoribosylaminopyrimidine deaminase (EC 3.5.4.26) / 5-amino-6-(5-

phosphoribosylamino)uracil reductase (EC 1.1.1.193) 

6,7-dimethyl-8-ribityllumazine synthase (EC 2.5.1.78) 

Transcription termination protein NusB 

Thiamine-monophosphate kinase (EC 2.7.4.16) 

Phosphatidylglycerophosphatase A (EC 3.1.3.27) 

Putative oxidoreductase 

1-deoxy-D-xylulose 5-phosphate synthase (EC 2.2.1.7) 
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Octaprenyl-diphosphate synthase (EC 2.5.1.-) / Dimethylallyltransferase (EC 2.5.1.1) / 

Geranyltranstransferase (farnesyldiphosphate synthase) (EC 2.5.1.10) / Geranylgeranyl 

pyrophosphate synthetase (EC 2.5.1.29) 

Exodeoxyribonuclease VII small subunit (EC 3.1.11.6) 

tRNA S(4)U 4-thiouridine synthase (former ThiI) / Rhodanese-like domain required for thiamine 

synthesis 

DJ-1/YajL/PfpI superfamily, includes chaperone protein YajL (former ThiJ), parkinsonism-

associated protein DJ-1, peptidases PfpI, Hsp31 

2-dehydropantoate 2-reductase (EC 1.1.1.169) 

UPF0234 protein YajQ 

Putative transport protein 

Heme O synthase, protoheme IX farnesyltransferase (EC 2.5.1.-) COX10-CtaB 

Cytochrome O ubiquinol oxidase subunit IV (EC 1.10.3.-) 

Cytochrome O ubiquinol oxidase subunit III (EC 1.10.3.-) 

Cytochrome O ubiquinol oxidase subunit I (EC 1.10.3.-) 

Cytochrome O ubiquinol oxidase subunit II (EC 1.10.3.-) 

AmpG permease 

Hypothetical lipoprotein YajG precursor 

Cell division protein BolA 

hypothetical protein 

Cell division trigger factor (EC 5.2.1.8) 

ATP-dependent Clp protease proteolytic subunit (EC 3.4.21.92) 

ATP-dependent Clp protease ATP-binding subunit ClpX 

ATP-dependent protease La (EC 3.4.21.53) Type I 

DNA-binding protein HU-beta 

Peptidyl-prolyl cis-trans isomerase ppiD (EC 5.2.1.8) 

Putative exported protein 

4-hydroxybenzoyl-CoA thioesterase family active site 

FIG00453398: hypothetical protein 

DNA-binding protein, CopG family 

Queuosine Biosynthesis QueC ATPase 

Oligopeptide ABC transporter, periplasmic oligopeptide-binding protein OppA (TC 3.A.1.5.1) 

Hydrolase (HAD superfamily) 

Putative HTH-type transcriptional regulator ybaO 

ATP-binding component of a transport system 

Multidrug resistance-like ATP-binding protein mdlB 

Nitrogen regulatory protein P-II, glnK 

Ammonium transporter 

Acyl-CoA thioesterase II (EC 3.1.2.-) 

Glycoprotein-polysaccharide metabolism 

methylated-DNA--protein-cysteine methyltransferase-related protein 

hypothetical protein 

Transcriptional regulator, TetR family 

Gfa-like protein 

hypothetical protein 

hypothetical protein 

Transcriptional regulator, GntR family domain / Aspartate aminotransferase (EC 2.6.1.1) 

putative integral membrane protein 

Beta-galactosidase (EC 3.2.1.23) 

RNA signal recognition particle 4.5S RNA 

Inner membrane protein 
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Inner membrane protein 

probable alpha helix chain yaiN 

Flavoredoxin 

Uncharacterized protein ylaB 

Methionine ABC transporter permease protein 

Methionine ABC transporter ATP-binding protein 

Methionine ABC transporter substrate-binding protein 

2-Oxobutyrate oxidase, putative 

GCN5-related N-acetyltransferase 

GNAT family acetyltransferase PA5433 

Putative inner membrane protein 

Haemolysin expression modulating protein 

FIG00948312: hypothetical protein 

RND efflux system, inner membrane transporter CmeB 

Membrane fusion protein of RND family multidrug efflux pump 

Transcription repressor of multidrug efflux pump acrAB operon, TetR (AcrR) family 

Potassium efflux system KefA protein / Small-conductance mechanosensitive channel 

Mobile element protein 

Putative inner membrane protein 

Primosomal replication protein N prime prime 

Hypothetical protein DUF454 

Adenine phosphoribosyltransferase (EC 2.4.2.7) 

DNA polymerase III subunits gamma and tau (EC 2.7.7.7) 

FIG000557: hypothetical protein co-occurring with RecR 

Recombination protein RecR 

Chaperone protein HtpG 

Adenylate kinase (EC 2.7.4.3) 

Ferrochelatase, protoheme ferro-lyase (EC 4.99.1.1) 

Acetyl esterase (EC 3.1.1.-) 

Inosine-guanosine kinase (EC 2.7.1.73) 

POTASSIUM/PROTON ANTIPORTER ROSB 

Fosmidomycin resistance protein 

UDP-sugar hydrolase (EC 3.6.1.45); 5'-nucleotidase (EC 3.1.3.5) 

Cys-tRNA(Pro) deacylase YbaK 

FIG01199637: hypothetical protein 

Lead, cadmium, zinc and mercury transporting ATPase (EC 3.6.3.3) (EC 3.6.3.5); Copper-

translocating P-type ATPase (EC 3.6.3.4) 

HTH-type transcriptional regulator cueR 

Putative activity regulator of membrane protease YbbK 

Putative stomatin/prohibitin-family membrane protease subunit YbbK 

YbbL ABC transporter ATP-binding protein 

YbbM seven transmembrane helix protein 

COG3118: Thioredoxin domain-containing protein EC-YbbN 

Putative NAD(P)-dependent oxidoreductase EC-YbbO 

Arylesterase precursor (EC 3.1.1.2) 

Uncharacterized metabolite ABC transporter in Enterobacteriaceae, ATP-binding protein EC-YbbA 

FIG00809136: hypothetical protein 

FIG00809136: hypothetical protein 

Selenophosphate-dependent tRNA 2-selenouridine synthase 

Phosphoribosylaminoimidazole carboxylase ATPase subunit (EC 4.1.1.21) 

Phosphoribosylaminoimidazole carboxylase catalytic subunit (EC 4.1.1.21) 
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hypothetical protein 

hypothetical protein 

UDP-2,3-diacylglucosamine hydrolase (EC 3.6.1.-) 

Peptidyl-prolyl cis-trans isomerase PpiB (EC 5.2.1.8) 

Cysteinyl-tRNA synthetase (EC 6.1.1.16) 

Putative membrane-bound metal-dependent hydrolases 

Maltose regulon regulatory protein MalI (repressor for malXY) 

PTS system, glucose-specific IIC component (EC 2.7.1.69) / PTS system, glucose-specific IIB 

component (EC 2.7.1.69) / PTS system, glucose-specific IIA component (EC 2.7.1.69) 

FIG002958: hypothetical protein 

Methylenetetrahydrofolate dehydrogenase (NADP+) (EC 1.5.1.5) / Methenyltetrahydrofolate 

cyclohydrolase (EC 3.5.4.9) 

Fimbriae-like adhesin SfmA 

Fimbriae-like adhesin FimI 

chaperone FimC 

Outer membrane usher protein SfmD 

Fimbriae-like adhesin SfmH 

Fimbriae-like periplasmic protein SfmF 

Transcriptional regulator of fimbriae expression FimZ (LuxR/UhpA family) 

Transcriptional regulator of fimbriae expression FimY 

Carbon starvation induced protein CsiD 

L-2-hydroxyglutarate oxidase (EC 1.1.3.15) 

L-2-hydroxyglutarate oxidase (EC 1.1.3.15) 

CsiR, transcriptional repressor of CsiD 

tRNA-Arg-TCT 

Proline iminopeptidase (EC 3.4.11.5) 

Transcriptional regulator ahyR/asaR family 

hypothetical protein 

Hemolysin 

Channel-forming transporter/cytolysins activator of TpsB family 

Two-component response regulator yesN 

Xyloside transporter XynT 

Beta-xylosidase (EC 3.2.1.37) 

Putative periplasmic or exported protein 

Gluconate permease, Bsu4004 homolog 

Dihydroxy-acid dehydratase (EC 4.2.1.9) 

Dihydrodipicolinate synthase (EC 4.2.1.52) homolog 

Transcriptional regulator, IclR family 

Phosphoserine phosphatase (EC 3.1.3.3) 

Homoserine lactone synthase YpeI 

Quorum-sensing transcriptional activator YpeR 

Putative autotransporter protein 

hypothetical protein 

hypothetical protein 

Transcriptional regulator, AraC family 

Chloramphenicol acetyltransferase (EC 2.3.1.28) 

Phosphonate ABC transporter ATP-binding protein (TC 3.A.1.9.1) 

Phosphonate ABC transporter phosphate-binding periplasmic component (TC 3.A.1.9.1) 

Phosphonate ABC transporter permease protein phnE2 (TC 3.A.1.9.1) 

Phosphonate ABC transporter permease protein phnE1 (TC 3.A.1.9.1) 

hypothetical protein 
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Catalase (EC 1.11.1.6) 

Cytochrome B561, bacterial precursor 

RNA polymerase sigma-54 factor RpoN 

Transmembrane regulator protein PrtR 

Oxidoreductase, short-chain dehydrogenase/reductase family 

3-oxoacyl-[acyl-carrier protein] reductase (EC 1.1.1.100) 

Transcriptional regulator 

L-fucose mutarotase 

3-oxoacyl-[acyl-carrier protein] reductase (EC 1.1.1.100) 

Ribose operon repressor 

Predicted gluconate TRAP family transporter, DctM subunit 

TRAP-type C4-dicarboxylate transport system, periplasmic component 

hypothetical protein 

hypothetical protein 

Large repetitive protein 

Outer membrane protein A precursor 

ABC transporter, transmembrane region:ABC transporter:Peptidase C39, bacteriocin processing 

HlyD family secretion protein 

hypothetical protein 

Agglutination protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Small Subunit Ribosomal RNA; ssuRNA; SSU rRNA 

Protoporphyrinogen IX oxidase, oxygen-independent, HemG (EC 1.3.-.-) 

Potassium uptake protein TrkH 

FIG000605: protein co-occurring with transport systems (COG1739) 

Xaa-Pro dipeptidase PepQ (EC 3.4.13.9) 

Xaa-Pro dipeptidase PepQ (EC 3.4.13.9) 

Enoyl-CoA hydratase (EC 4.2.1.17) / Delta(3)-cis-delta(2)-trans-enoyl-CoA isomerase (EC 5.3.3.8) 

/ 3-hydroxyacyl-CoA dehydrogenase (EC 1.1.1.35) / 3-hydroxybutyryl-CoA epimerase (EC 5.1.2.3) 

3-ketoacyl-CoA thiolase (EC 2.3.1.16) @ Acetyl-CoA acetyltransferase (EC 2.3.1.9) 

NAD(P)H-flavin reductase (EC 1.5.1.29) (EC 1.16.1.3) 

3-polyprenyl-4-hydroxybenzoate carboxy-lyase (EC 4.1.1.-) 

Transcriptional activator RfaH 

Deoxyribonuclease TatD 

Twin-arginine translocation protein TatC 

Twin-arginine translocation protein TatB 

Twin-arginine translocation protein TatA 

Ubiquinone biosynthesis monooxygenase UbiB 

Protein YigP (COG3165) clustered with ubiquinone biosynthetic genes 

Ubiquinone/menaquinone biosynthesis methyltransferase UbiE (EC 2.1.1.-) @ 2-heptaprenyl-1,4-

naphthoquinone methyltransferase (EC 2.1.1.163) 

hypothetical protein 

DNA recombination protein RmuC 

Uridine phosphorylase (EC 2.4.2.3) 

Putative carboxymethylenebutenolidase (EC 3.1.1.45) 

5-methyltetrahydropteroyltriglutamate--homocysteine methyltransferase (EC 2.1.1.14) 

Putative acetate efflux pump, MadN 

FIG01289452: hypothetical protein 

Lysophospholipase L2 (EC 3.1.1.5) 



APPENDICES 

 

 197 

Homoserine/homoserine lactone efflux protein 

Mobile element protein 

Mobile element protein 

hypothetical protein 

putative kinase 

VgrG protein 

Branched-chain amino acid ABC transporter, amino acid-binding protein (TC 3.A.1.4.1) 

probable acetyltransferase YPO3809 

High-affinity leucine-specific transport system, periplasmic binding protein LivK (TC 3.A.1.4.1) 

High-affinity branched-chain amino acid transport system permease protein LivH (TC 3.A.1.4.1) 

Branched-chain amino acid transport system permease protein LivM (TC 3.A.1.4.1) 

Branched-chain amino acid transport ATP-binding protein LivG (TC 3.A.1.4.1) 

Branched-chain amino acid transport ATP-binding protein LivF (TC 3.A.1.4.1) 

Glycerol-3-phosphate ABC transporter, periplasmic glycerol-3-phosphate-binding protein (TC 

3.A.1.1.3) 

Glycerol-3-phosphate ABC transporter, permease protein UgpA (TC 3.A.1.1.3) 

Glycerol-3-phosphate ABC transporter, permease protein UgpE (TC 3.A.1.1.3) 

Glycerol-3-phosphate ABC transporter, ATP-binding protein UgpC (TC 3.A.1.1.3) 

Glycerophosphoryl diester phosphodiesterase (EC 3.1.4.46) 

FIG00638953: hypothetical protein 

Gamma-glutamyltranspeptidase (EC 2.3.2.2) 

Putative oxidoreductase 

Qercetin 2,3-dioxygenase 

Gluconate utilization system Gnt-I transcriptional repressor 

Gluconokinase (EC 2.7.1.12) 

Low-affinity gluconate/H+ symporter GntU 

Aspartate-semialdehyde dehydrogenase (EC 1.2.1.11) 

1,4-alpha-glucan (glycogen) branching enzyme, GH-13-type (EC 2.4.1.18) 

1,4-alpha-glucan (glycogen) branching enzyme, GH-13-type (EC 2.4.1.18) 

Glycogen debranching enzyme (EC 3.2.1.-) 

Glucose-1-phosphate adenylyltransferase (EC 2.7.7.27) 

Glycogen synthase, ADP-glucose transglucosylase (EC 2.4.1.21) 

Glycogen phosphorylase (EC 2.4.1.1) 

Aerobic glycerol-3-phosphate dehydrogenase (EC 1.1.5.3) 

Thiosulfate sulfurtransferase GlpE (EC 2.8.1.1) 

GlpG protein (membrane protein of glp regulon) 

Glycerol-3-phosphate regulon repressor, DeoR family 

Transcriptional activator of maltose regulon, MalT 

probable membrane protein YPO2863 

Secreted protein Hcp 

Maltodextrin phosphorylase (EC 2.4.1.1) 

4-alpha-glucanotransferase (amylomaltase) (EC 2.4.1.25) 

High-affinity gluconate transporter GntT 

NfuA Fe-S protein maturation 

Competence protein F homolog, phosphoribosyltransferase domain; protein YhgH required for 

utilization of DNA as sole source of carbon and energy 

Biotin synthesis protein bioH 

Putative exported protein precursor 

Ferrous iron-sensisng transcriptional regulator FeoC 

Ferrous iron transport protein B 

Ferrous iron transport protein A 
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Transcription accessory protein (S1 RNA-binding domain) 

Transcription elongation factor GreB 

Two-component system response regulator OmpR 

Osmolarity sensory histidine kinase EnvZ 

Phosphoenolpyruvate carboxykinase [ATP] (EC 4.1.1.49) 

33 kDa chaperonin (Heat shock protein 33) (HSP33) 

Ribosome-associated heat shock protein implicated in the recycling of the 50S subunit (S4 paralog) 

FIG001957: putative hydrolase 

IgaA: a membrane protein that prevents overactivation of the Rcs regulatory system 

ADP compounds hydrolase NudE (EC 3.6.1.-) 

Multimodular transpeptidase-transglycosylase (EC 2.4.1.129) (EC 3.4.-.-) 

Type IV pilus biogenesis protein PilM 

Type IV pilus biogenesis protein PilN 

Type IV pilus biogenesis protein PilO 

Type IV pilus biogenesis protein PilP 

Type IV pilus biogenesis protein PilQ 

Shikimate kinase I (EC 2.7.1.71) 

3-dehydroquinate synthase (EC 4.2.3.4) 

DamX, an inner membrane protein involved in bile resistance 

Methyl-directed repair DNA adenine methylase (EC 2.1.1.72) 

Ribulose-phosphate 3-epimerase (EC 5.1.3.1) 

Phosphoglycolate phosphatase (EC 3.1.3.18) 

Tryptophanyl-tRNA synthetase (EC 6.1.1.2) 

putative outer membrane lipoprotein 

Hypothetical protein YhfZ 

Protein containing PTS-regulatory domain 

Protein containing an Alanine Racemase Domain 

Phosphopentomutase like (EC 5.4.2.7) 

Phosphotriesterase like protein 

FIG128630: Hypothetical protein 

FIG006427: Putative transport system permease protein 

Aspartate aminotransferase family 

Siroheme synthase / Precorrin-2 oxidase (EC 1.3.1.76) / Sirohydrochlorin ferrochelatase (EC 

4.99.1.4) / Uroporphyrinogen-III methyltransferase (EC 2.1.1.107) 

hypothetical protein 

Nitrite reductase [NAD(P)H] small subunit (EC 1.7.1.4) 

Nitrite reductase [NAD(P)H] large subunit (EC 1.7.1.4) 

hypothetical protein 

Cytosine deaminase (EC 3.5.4.1) 

TsgA protein homolog 

Peptidyl-prolyl cis-trans isomerase PpiA precursor (EC 5.2.1.8) 

hypothetical protein 

Cell filamentation protein fic 

Para-aminobenzoate synthase, amidotransferase component (EC 2.6.1.85) 

Acetylornithine aminotransferase (EC 2.6.1.11) / N-succinyl-L,L-diaminopimelate aminotransferase 

(EC 2.6.1.17) 

FIG00638035: hypothetical protein 

Cyclic AMP receptor protein 

OsmC/Ohr family protein 

Phosphoribulokinase (EC 2.7.1.19) homolog, function unknown 

Hydrolase, alpha/beta fold family functionally coupled to Phosphoribulokinase 
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Protein ydhR precursor 

Glutathione-regulated potassium-efflux system ATP-binding protein 

Glutathione-regulated potassium-efflux system ancillary protein KefG 

Glutathione-regulated potassium-efflux system protein KefB 

Putative cytoplasmic protein ,probably associated with Glutathione-regulated potassium-efflux 

FKBP-type peptidyl-prolyl cis-trans isomerase SlyD (EC 5.2.1.8) 

Protein slyX 

FKBP-type peptidyl-prolyl cis-trans isomerase FkpA precursor (EC 5.2.1.8) 

YheO-like PAS domain 

tRNA 5-methylaminomethyl-2-thiouridine synthase TusD 

tRNA 5-methylaminomethyl-2-thiouridine synthase TusC 

tRNA 5-methylaminomethyl-2-thiouridine synthase TusB 

SSU ribosomal protein S12p (S23e) 

SSU ribosomal protein S7p (S5e) 

Translation elongation factor G 

Translation elongation factor Tu 

hypothetical protein 

Preprotein translocase subunit SecE (TC 3.A.5.1.1) 

Transcription antitermination protein NusG 

LSU ribosomal protein L11p (L12e) 

LSU ribosomal protein L1p (L10Ae) 

LSU ribosomal protein L10p (P0) 

LSU ribosomal protein L7/L12 (P1/P2) 

DNA-directed RNA polymerase beta subunit (EC 2.7.7.6) 

DNA-directed RNA polymerase beta' subunit (EC 2.7.7.6) 

PTS system, diacetylchitobiose-specific IIA component (EC 2.7.1.69) 

PTS system, cellobiose-specific IIB component (EC 2.7.1.69) 

diguanylate cyclase/phosphodiesterase (GGDEF & EAL domains) with PAS/PAC sensor(s) 

Thiazole biosynthesis protein ThiH 

Thiazole biosynthesis protein ThiG 

Sulfur carrier protein ThiS 

Sulfur carrier protein adenylyltransferase ThiF 

Thiamin-phosphate pyrophosphorylase (EC 2.5.1.3) 

Hydroxymethylpyrimidine phosphate synthase ThiC 

Regulator of sigma D 

NADH pyrophosphatase (EC 3.6.1.22) 

Uroporphyrinogen III decarboxylase (EC 4.1.1.37) 

Endonuclease V (EC 3.1.21.7) 

FIG01200173: hypothetical protein 

DNA-binding protein HU-alpha 

Uncharacterized protein YjaH 

Zinc resistance-associated protein 

Sensor protein of zinc sigma-54-dependent two-component system 

Response regulator of zinc sigma-54-dependent two-component system 

Phosphoribosylamine--glycine ligase (EC 6.3.4.13) 

IMP cyclohydrolase (EC 3.5.4.10) / Phosphoribosylaminoimidazolecarboxamide formyltransferase 

(EC 2.1.2.3) 

Small Subunit Ribosomal RNA; ssuRNA; SSU rRNA 

Mobile element protein 

Putative phage protein 

Putative phosphatase 
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Putative phosphatase 

6-phosphogluconolactonase (EC 3.1.1.31) 

hypothetical protein 

hypothetical protein 

Pectinesterase (EC 3.1.1.11) 

Imidazolonepropionase (EC 3.5.2.7) 

Formiminoglutamase (EC 3.5.3.8) 

Histidine utilization repressor 

Urocanate hydratase (EC 4.2.1.49) 

Histidine ammonia-lyase (EC 4.3.1.3) 

Histidine transport protein (permease) 

UPF0098 protein ybhB 

Adenosylmethionine-8-amino-7-oxononanoate aminotransferase (EC 2.6.1.62) 

Biotin synthase (EC 2.8.1.6) 

8-amino-7-oxononanoate synthase (EC 2.3.1.47) 

Biotin synthesis protein BioC 

Dethiobiotin synthetase (EC 6.3.3.3) 

Excinuclease ABC subunit B 

Sensor protein basS/pmrB (EC 2.7.3.-) 

Transcriptional regulatory protein basR/pmrA 

Phosphoethanolamine transferase EptA specific for the 1 phosphate group of core-lipid A 

Hypothetical protein UPF0052 

Molybdenum cofactor biosynthesis protein MoaA 

Molybdenum cofactor biosynthesis protein MoaB 

Molybdenum cofactor biosynthesis protein MoaC 

Molybdenum cofactor biosynthesis protein MoaD 

Molybdenum cofactor biosynthesis protein MoaE; Molybdopterin converting factor subunit 2 

Putative membrane protein 

Inner membrane protein YbhQ 

Cardiolipin synthetase (EC 2.7.8.-) 

Endonuclease/Exonuclease/phosphatase family protein 

Putative inner membrane protein 

ABC transport system, permease component YbhR 

ABC transport system, permease component YbhS 

ABC transporter multidrug efflux pump, fused ATP-binding domains 

Predicted membrane fusion protein (MFP) component of efflux pump, membrane anchor protein 

YbhG 

Transcriptional regulator YbiH, TetR family 

ATP-dependent RNA helicase RhlE 

ATP-dependent helicase DinG/Rad3 

Anthranilate phosphoribosyltransferase like (EC 2.4.2.18) 

Putative exported protein 

Hypothetical Zinc-finger containing protein 

Putative exported protein 

Nitrilotriacetate monooxygenase component B (EC 1.14.13.-) 

Ribosomal RNA large subunit methyltransferase F (EC 2.1.1.51) 

Potassium efflux system KefA protein / Small-conductance mechanosensitive channel 

Glutamate transport ATP-binding protein 

Glutamate transport membrane-spanning protein 

Glutamine ABC transporter, periplasmic glutamine-binding protein (TC 3.A.1.3.2) 
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Non-specific DNA-binding protein Dps / Iron-binding ferritin-like antioxidant protein / Ferroxidase 

(EC 1.16.3.1) 

Putative DMT superfamily metabolite efflux protein precursor 

Outer membrane protein X precursor 

Putative integral membrane protein 

Putative integral membrane protein 

FIG00626879: hypothetical protein 

Mn-dependent transcriptional regulator MntR 
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APPENDIX 2: FUNCTIONAL PROTEINS IDENTIFIED IN ML-15 

 

dTDP-4-dehydrorhamnose reductase (EC 1.1.1.133) 

dTDP-glucose 4 

dTDP-4-dehydrorhamnose 3 

Glucose-1-phosphate thymidylyltransferase (EC 2.7.7.24) 

Phosphoheptose isomerase (EC 5.3.1.-) 

D-glycero-D-manno-heptose 1-phosphate guanosyltransferase 

dTDP-4-dehydrorhamnose 3 

D-glycero-D-manno-heptose 1 

N-acetylneuraminate synthase (EC 2.5.1.56) 

N-Acetylneuraminate cytidylyltransferase (EC 2.7.7.43) 

UDP-N-acetylglucosamine 2-epimerase (EC 5.1.3.14) 

Polysaccharide export lipoprotein Wza 

Tyrosine-protein kinase Wzc (EC 2.7.10.2) 

D-glycero-D-manno-heptose 1-phosphate guanosyltransferase 

O-antigen flippase Wzx 

Oxidoreductase 

Low molecular weight protein-tyrosine-phosphatase Wzb (EC 3.1.3.48) 

UDP-glucose 4-epimerase (EC 5.1.3.2) 

dTDP-4-dehydrorhamnose reductase (EC 1.1.1.133) 

putative glycosyltransferase - possibly involved in cell wall localization and side chain formation of 

rhamnose-glucose polysaccharide 

dTDP-glucose 4 

dTDP-4-dehydrorhamnose 3 

Glucose-1-phosphate thymidylyltransferase (EC 2.7.7.24) 

Glucosamine-1-phosphate N-acetyltransferase (EC 2.3.1.157) 

Transcriptional regulator NanR 

Glucosamine--fructose-6-phosphate aminotransferase [isomerizing] (EC 2.6.1.16) 

UDP-N-acetylglucosamine 2-epimerase (EC 5.1.3.14) 

TRAP-type transport system 

N-acetylneuraminate synthase (EC 2.5.1.56) 

Phosphoglucosamine mutase (EC 5.4.2.10) 

N-acetylglucosamine-1-phosphate uridyltransferase (EC 2.7.7.23) 

TRAP-type transport system 

TRAP-type transport system 

N-Acetylneuraminate cytidylyltransferase (EC 2.7.7.43) 

Uncharacterized ABC transporter 

Lipoprotein releasing system transmembrane protein LolC 

Outer membrane protein YfgL 

Outer membrane lipoprotein carrier protein LolA 

Outer membrane lipoprotein SmpA 

Outer membrane protein assembly factor YaeT precursor 

Lipopolysaccharide ABC transporter 

Probable component of the lipoprotein assembly complex (forms a complex with YaeT 

Uncharacterized ABC transporter 

LptA 

HtrA protease/chaperone protein 

Inner membrane protein YrbG 

Lipoprotein releasing system ATP-binding protein LolD 
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Survival protein SurA precursor (Peptidyl-prolyl cis-trans isomerase SurA) (EC 5.2.1.8) 

Outer membrane protein NlpB 

LPS-assembly lipoprotein RlpB precursor (Rare lipoprotein B) 

Outer membrane protein Imp 

Outer membrane protein H precursor 

Uncharacterized ABC transporter 

Uncharacterized ABC transporter 

Arabinose 5-phosphate isomerase (EC 5.3.1.13) 

Acyl-[acyl-carrier-protein]--UDP-N-acetylglucosamine O-acyltransferase (EC 2.3.1.129) 

3-deoxy-D-manno-octulosonic-acid transferase (EC 2.-.-.-) 

O-antigen flippase Wzx 

UDP-3-O-[3-hydroxymyristoyl] N-acetylglucosamine deacetylase (EC 3.5.1.108) 

DNA internalization-related competence protein ComEC/Rec2 

Lipopolysaccharide ABC transporter 

Lipid A biosynthesis lauroyl acyltransferase (EC 2.3.1.-) 

3-deoxy-manno-octulosonate cytidylyltransferase (EC 2.7.7.38) 

LPS-assembly lipoprotein RlpB precursor (Rare lipoprotein B) 

Lipid-A-disaccharide synthase (EC 2.4.1.182) 

2-Keto-3-deoxy-D-manno-octulosonate-8-phosphate synthase (EC 2.5.1.55) 

3-deoxy-D-manno-octulosonate 8-phosphate phosphatase (EC 3.1.3.45) 

LptA 

Tetraacyldisaccharide 4&#39;-kinase (EC 2.7.1.130) 

Phosphoheptose isomerase (EC 5.3.1.-) 

O-antigen ligase 

ADP-heptose synthase (EC 2.7.-.-) 

ADP-L-glycero-D-manno-heptose-6-epimerase (EC 5.1.3.20) 

3-deoxy-D-manno-octulosonic-acid transferase (EC 2.-.-.-) 

D-glycero-D-manno-heptose 1 

ADP-heptose--lipooligosaccharide heptosyltransferase II (EC 2.4.1.-) 

D-glycero-beta-D-manno-heptose 7-phosphate kinase 

Lipoprotein releasing system transmembrane protein LolC 

Lipoprotein releasing system ATP-binding protein LolD 

Outer membrane lipoprotein carrier protein LolA 

Membrane-bound lytic murein transglycosylase D precursor (EC 3.2.1.-) 

Beta N-acetyl-glucosaminidase (EC 3.2.1.52) 

N-acetylmuramoyl-L-alanine amidase (EC 3.5.1.28) 

D-alanyl-D-alanine carboxypeptidase (EC 3.4.16.4) 

Soluble lytic murein transglycosylase precursor (EC 3.2.1.-) 

Membrane-bound lytic murein transglycosylase B precursor (EC 3.2.1.-) 

Glucosamine-1-phosphate N-acetyltransferase (EC 2.3.1.157) 

UDP-N-acetylmuramoylalanyl-D-glutamate--2 

Monofunctional biosynthetic peptidoglycan transglycosylase (EC 2.4.2.-) 

D-alanyl-D-alanine carboxypeptidase (EC 3.4.16.4) 

Cell division protein FtsI [Peptidoglycan synthetase] (EC 2.4.1.129) 

UDP-N-acetylenolpyruvoylglucosamine reductase (EC 1.1.1.158) 

Glutamine synthetase type I (EC 6.3.1.2) 

Rare lipoprotein A precursor 

UDP-N-acetylglucosamine 1-carboxyvinyltransferase (EC 2.5.1.7) 

Membrane-bound lytic murein transglycosylase B precursor (EC 3.2.1.-) 

UDP-N-acetylmuramoylalanine--D-glutamate ligase (EC 6.3.2.9) 
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UDP-N-acetylglucosamine--N-acetylmuramyl-(pentapeptide) pyrophosphoryl-undecaprenol N-

acetylglucosamine transferase (EC 2.4.1.227) 

Rod shape-determining protein RodA 

UDP-N-acetylmuramoylalanyl-D-glutamyl-2 

Glutamate racemase (EC 5.1.1.3) 

UDP-N-acetylmuramate--alanine ligase (EC 6.3.2.8) 

Penicillin-binding protein 2 (PBP-2) 

D-alanine--D-alanine ligase (EC 6.3.2.4) 

Phospho-N-acetylmuramoyl-pentapeptide-transferase (EC 2.7.8.13) 

N-acetylglucosamine-1-phosphate uridyltransferase (EC 2.7.7.23) 

Multimodular transpeptidase-transglycosylase (EC 2.4.1.129) (EC 3.4.-.-) 

UDP-N-acetylenolpyruvoylglucosamine reductase (EC 1.1.1.158) 

Glucosamine-1-phosphate N-acetyltransferase (EC 2.3.1.157) 

Glucosamine--fructose-6-phosphate aminotransferase [isomerizing] (EC 2.6.1.16) 

UDP-N-acetylglucosamine 1-carboxyvinyltransferase (EC 2.5.1.7) 

Phosphoglucosamine mutase (EC 5.4.2.10) 

N-acetylglucosamine-1-phosphate uridyltransferase (EC 2.7.7.23) 

TsaB protein 

NAD(P)HX epimerase 

TsaE protein 

NAD(P)HX dehydratase 

Beta N-acetyl-glucosaminidase (EC 3.2.1.52) 

Anhydro-N-acetylmuramic acid kinase (EC 2.7.1.-) 

UDP-N-acetylmuramate:L-alanyl-gamma-D-glutamyl-meso-diaminopimelate ligase (EC 6.3.2.-) 

N-acetylmuramoyl-L-alanine amidase (EC 3.5.1.28) 

AmpG permease 

Aminoacyl-histidine dipeptidase (Peptidase D) (EC 3.4.13.3) 

UDP-N-acetylmuramate:L-alanyl-gamma-D-glutamyl-meso-diaminopimelate ligase (EC 6.3.2.-) 

UDP-N-acetylmuramate--alanine ligase (EC 6.3.2.8) 

UDP-N-acetylmuramoylalanine--D-glutamate ligase (EC 6.3.2.9) 

UDP-N-acetylmuramoylalanyl-D-glutamate--2 

D-alanine--D-alanine ligase (EC 6.3.2.4) 

UDP-N-acetylmuramoylalanyl-D-glutamyl-2 

 ribosomally synthesized antibacterial peptides 

 ribosomally synthesized antibacterial peptides 

 ribosomally synthesized antibacterial peptides 

 ribosomally synthesized antibacterial peptides 

 ribosomally synthesized antibacterial peptides 

 ribosomally synthesized antibacterial peptides 

 ribosomally synthesized antibacterial peptides 

 ribosomally synthesized antibacterial peptides 

Copper homeostasis 

Copper homeostasis 

Copper homeostasis 

Copper homeostasis 

Copper homeostasis 

Copper homeostasis 

Copper homeostasis 

Copper homeostasis 

Cobalt-zinc-cadmium resistance 

Cobalt-zinc-cadmium resistance 
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Cobalt-zinc-cadmium resistance 

Cobalt-zinc-cadmium resistance 

Zinc resistance 

Mercuric reductase 

Mercuric reductase 

Mercury resistance operon 

Mercury resistance operon 

Resistance to fluoroquinolones 

Resistance to fluoroquinolones 

Resistance to fluoroquinolones 

Resistance to fluoroquinolones 

Arsenic resistance 

Arsenic resistance 

Arsenic resistance 

Arsenic resistance 

Arsenic resistance 

Copper homeostasis: copper tolerance 

Copper homeostasis: copper tolerance 

Beta-lactamase 

Beta-lactamase 

Beta-lactamase 

Resistance to chromium compounds 

Multidrug Resistance Efflux Pumps 

Multidrug Resistance Efflux Pumps 

Multidrug Resistance Efflux Pumps 

Multidrug Resistance Efflux Pumps 

Multidrug Resistance Efflux Pumps 

Multidrug Resistance Efflux Pumps 

Multidrug Resistance Efflux Pumps 

Multidrug Resistance Efflux Pumps 

Mycobacterium virulence operon involved in protein synthesis (SSU ribosomal proteins) 

Mycobacterium virulence operon involved in protein synthesis (SSU ribosomal proteins) 

Mycobacterium virulence operon involved in protein synthesis (SSU ribosomal proteins) 

Mycobacterium virulence operon involved in protein synthesis (SSU ribosomal proteins) 

Mycobacterium virulence operon involved in DNA transcription 

Mycobacterium virulence operon involved in DNA transcription 

Mycobacterium virulence operon possibly involved in quinolinate biosynthesis 

Mycobacterium virulence operon possibly involved in quinolinate biosynthesis 

Mycobacterium virulence operon possibly involved in quinolinate biosynthesis 

Mycobacterium virulence operon involved in protein synthesis (LSU ribosomal proteins) 

Mycobacterium virulence operon involved in protein synthesis (LSU ribosomal proteins) 

Mycobacterium virulence operon involved in protein synthesis (LSU ribosomal proteins) 

FKBP-type peptidyl-prolyl cis-trans isomerase SlyD (EC 5.2.1.8) 

Trk system potassium uptake protein TrkA 

Potassium efflux system KefA protein 

Potassium uptake protein TrkH 

Glutathione-regulated potassium-efflux system ATP-binding protein 

Potassium voltage-gated channel subfamily KQT 

Trk system potassium uptake protein TrkA 

Potassium uptake protein TrkH 

Glutathione-regulated potassium-efflux system ATP-binding protein 
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Glutathione-regulated potassium-efflux system protein KefB 

Nitric oxide-dependent regulator DnrN or NorA 

PaaD-like protein (DUF59) involved in Fe-S cluster assembly 

FIG001341: Probable Fe(2+)-trafficking protein YggX 

Ferredoxin 

NfuA Fe-S protein maturation 

Thiamin biosynthesis lipoprotein ApbE 

Sulfur acceptor protein SufE for iron-sulfur cluster assembly 

Iron-sulfur cluster regulator IscR 

Iron-sulfur cluster assembly ATPase protein SufC 

Iron binding protein IscA for iron-sulfur cluster assembly 

Scaffold protein for [4Fe-4S] cluster assembly ApbC 

probable iron binding protein from the HesB_IscA_SufA family 

Cysteine desulfurase (EC 2.8.1.7) 

Cysteine desulfurase (EC 2.8.1.7) 

Iron-sulfur cluster assembly protein SufB 

Folate-dependent protein for Fe/S cluster synthesis/repair in oxidative stress 

Methionyl-tRNA synthetase (EC 6.1.1.10) 

Iron-sulfur cluster-binding protein 

PaaD-like protein (DUF59) involved in Fe-S cluster assembly 

S-adenosylmethionine:tRNA ribosyltransferase-isomerase (EC 5.-.-.-) 

HflK protein 

Epoxyqueuosine (oQ) reductase QueG 

Scaffold protein for [4Fe-4S] cluster assembly ApbC 

HflC protein 

tRNA-guanine transglycosylase (EC 2.4.2.29) 

TsaE protein 

HtrA protease/chaperone protein 

Adenosine (5&#39;)-pentaphospho-(5&#39;&#39;)-adenosine pyrophosphohydrolase (EC 3.6.1.-) 

Phosphoglycerate mutase (EC 5.4.2.1) 

Carboxyl-terminal protease (EC 3.4.21.102) 

2 

Phosphoglycerate mutase family 

DedA protein 

Ku domain protein 

ATP-dependent DNA ligase (EC 6.5.1.1) clustered with Ku protein 

YbbM seven transmembrane helix protein 

YrbA protein 

UPF0225 protein YchJ 

UPF0028 protein YchK 

Putative oxidoreductase YncB 

FIG002473: Protein YcaR in KDO2-Lipid A biosynthesis cluster 

FIG001943: hypothetical protein YajQ 

Plasmids 

Phosphonate ABC transporter permease protein phnE2 (TC 3.A.1.9.1) 

Phosphonate ABC transporter permease protein phnE (TC 3.A.1.9.1) 

Phosphonate ABC transporter ATP-binding protein (TC 3.A.1.9.1) 

Phosphonate ABC transporter permease protein phnE1 (TC 3.A.1.9.1) 

Phosphonate ABC transporter phosphate-binding periplasmic component (TC 3.A.1.9.1) 

ABC-type tungstate transport system 

ABC-type tungstate transport system 
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ABC-type tungstate transport system 

Oligopeptide transport system permease protein OppC (TC 3.A.1.5.1) 

Oligopeptide transport system permease protein OppB (TC 3.A.1.5.1) 

Oligopeptide transport ATP-binding protein OppF (TC 3.A.1.5.1) 

Oligopeptide transport ATP-binding protein OppD (TC 3.A.1.5.1) 

Oligopeptide ABC transporter 

High-affinity branched-chain amino acid transport system permease protein LivH (TC 3.A.1.4.1) 

Branched-chain amino acid transport ATP-binding protein LivF (TC 3.A.1.4.1) 

Branched-chain amino acid transport system permease protein LivM (TC 3.A.1.4.1) 

Branched-chain amino acid ABC transporter 

Branched-chain amino acid transport ATP-binding protein LivG (TC 3.A.1.4.1) 

Dipeptide transport system permease protein DppB (TC 3.A.1.5.2) 

Dipeptide transport ATP-binding protein DppF (TC 3.A.1.5.2) 

Dipeptide transport ATP-binding protein DppD (TC 3.A.1.5.2) 

Dipeptide transport system permease protein DppC (TC 3.A.1.5.2) 

Dipeptide-binding ABC transporter 

Signal recognition particle receptor protein FtsY (=alpha subunit) (TC 3.A.5.1.1) 

Twin-arginine translocation protein TatC 

Twin-arginine translocation protein TatA 

Deoxyribonuclease TatD 

Twin-arginine translocation protein TatB 

Copper resistance protein CopD 

Copper resistance protein CopC 

Magnesium and cobalt transport protein CorA 

Magnesium and cobalt efflux protein CorC 

Mg/Co/Ni transporter MgtE 

HupE-UreJ family metal transporter 

Copper resistance protein CopD 

Copper-translocating P-type ATPase (EC 3.6.3.4) 

Copper resistance protein CopC 

Halocyanin 

Na(+) H(+) antiporter subunit F 

Na(+) H(+) antiporter subunit E 

Na(+) H(+) antiporter subunit B 

Na(+) H(+) antiporter subunit A 

Na(+) H(+) antiporter subunit C 

Na(+) H(+) antiporter subunit D 

Na(+) H(+) antiporter subunit G 

 NhaD and Sodium-dependent phosphate transporters 

Tricarboxylate transport membrane protein TctA 

Tricarboxylate transport protein TctB 

Tricarboxylate transport protein TctC 

Ferric siderophore transport system 

TonB-dependent receptor 

Outer membrane lipoprotein omp16 precursor 

TPR repeat containing exported protein 

Biopolymer transport protein ExbD/TolR 

TolA protein 

TonB system biopolymer transport component 

MotA/TolQ/ExbB proton channel family protein 

TPR domain protein 
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Ferric siderophore transport system 

Peptidoglycan-associated lipoprotein precursor 

tolB protein precursor 

Protein-L-isoaspartate O-methyltransferase (EC 2.1.1.77) 

4-hydroxybenzoyl-CoA thioesterase family active site 

TonB-dependent hemin  

Type I secretion outer membrane protein 

TRAP-type uncharacterized transport system 

TRAP transporter solute receptor 

TRAP transporter solute receptor 

TRAP dicarboxylate transporter 

TRAP dicarboxylate transporter 

TRAP dicarboxylate transporter 

TRAP dicarboxylate transporter 

TRAP transporter solute receptor 

TRAP transporter solute receptor 

TRAP dicarboxylate transporter 

TRAP dicarboxylate transporter 

TRAP-type C4-dicarboxylate transport system 

TRAP-type C4-dicarboxylate transport system 

TRAP-type C4-dicarboxylate transport system 

TRAP dicarboxylate transporter 

TRAP transporter solute receptor 

TRAP dicarboxylate transporter 

TRAP transporter solute receptor 

TRAP transporter 

Type VI secretion systems 

Type VI secretion systems 

Type VI secretion systems 

Type VI secretion systems 

Type VI secretion systems 

Type VI secretion systems 

Type VI secretion systems 

Type VI secretion systems 

Type VI secretion systems 

Type VI secretion systems 

 ENP) 

 ENP) 

 ENP) 

Siderophore synthetase large component 

Siderophore synthetase component 

ABC-type Fe3+-siderophore transport system 

ABC-type Fe3+-siderophore transport system 

ABC-type hemin transport system 

Periplasmic hemin-binding protein 

Hemin ABC transporter 

Hemin transport protein HmuS 

TonB-dependent hemin  

Hypothetical protein GBAA1985 associated with anthrachelin biosynthesis 

Long-chain-fatty-acid--CoA ligase associated with anthrachelin biosynthesis 

Anthrachelin biosynthesis protein AsbB 
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Anthrachelin biosynthesis protein AsbA 

Hypothetical protein GBAA1986 associated with anthrachelin biosynthesis 

Acyl carrier protein associated with anthrachelin biosynthesis 

Ferric iron ABC transporter 

Ferric iron ABC transporter 

Ferric iron ABC transporter 

 hemin uptake and utilization systems in GramPositives 

 hemin uptake and utilization systems in GramPositives 

 hemin uptake and utilization systems in GramPositives 

 hemin uptake and utilization systems in GramPositives 

 hemin uptake and utilization systems in GramPositives 

 hemin uptake and utilization systems in GramPositives 

 hemin uptake and utilization systems in GramNegatives 

 hemin uptake and utilization systems in GramNegatives 

 hemin uptake and utilization systems in GramNegatives 

 hemin uptake and utilization systems in GramNegatives 

 hemin uptake and utilization systems in GramNegatives 

 hemin uptake and utilization systems in GramNegatives 

 hemin uptake and utilization systems in GramNegatives 

 hemin uptake and utilization systems in GramNegatives 

 hemin uptake and utilization systems in GramNegatives 

 hemin uptake and utilization systems in GramNegatives 

Periplasmic hemin-binding protein 

ABC-type hemin transport system 

Ferric siderophore transport system 

Hemin ABC transporter 

Hemin transport protein HmuS 

TonB-dependent hemin  

Ribosomal small subunit pseudouridine synthase A (EC 4.2.1.70) 

Ribosomal large subunit pseudouridine synthase F (EC 4.2.1.70) 

tRNA pseudouridine synthase C (EC 4.2.1.70) 

Ribosomal large subunit pseudouridine synthase D (EC 4.2.1.70) 

Ribosomal large subunit pseudouridine synthase C (EC 4.2.1.70) 

Ribosomal large subunit pseudouridine synthase B (EC 4.2.1.70) 

tRNA pseudouridine synthase B (EC 4.2.1.70) 

tRNA pseudouridine synthase A (EC 4.2.1.70) 

tRNA nucleotidyltransferase (EC 2.7.7.21) (EC 2.7.7.25) 

Polyribonucleotide nucleotidyltransferase (EC 2.7.7.8) 

Poly(A) polymerase (EC 2.7.7.19) 

RNA-binding protein Hfq 

tRNA nucleotidyltransferase (EC 2.7.7.21) (EC 2.7.7.25) 

tRNA-i(6)A37 methylthiotransferase 

Ribonuclease HII (EC 3.1.26.4) 

Metallo-beta-lactamase family protein 

bacterial 

Penicillin-binding protein 2 (PBP-2) 

Cell division protein FtsI [Peptidoglycan synthetase] (EC 2.4.1.129) 

rRNA small subunit methyltransferase H 

rRNA small subunit methyltransferase I 

Cell division protein FtsL 

tRNA 5-methylaminomethyl-2-thiouridine synthase TusC 
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GTPase and tRNA-U34 5-formylation enzyme TrmE 

Cysteine desulfurase (EC 2.8.1.7) 

tRNA 5-methylaminomethyl-2-thiouridine synthase TusB 

Cysteine desulfurase (EC 2.8.1.7) 

tRNA 5-methylaminomethyl-2-thiouridine synthase TusD 

tRNA 5-methylaminomethyl-2-thiouridine synthase TusA 

Ribonuclease HI (EC 3.1.26.4) 

Ribonuclease HII (EC 3.1.26.4) 

Queuosine Biosynthesis QueE Radical SAM 

Inosine-uridine preferring nucleoside hydrolase (EC 3.2.2.1) 

Putative preQ0 transporter 

GTP cyclohydrolase I (EC 3.5.4.16) type 2 

S-adenosylmethionine:tRNA ribosyltransferase-isomerase (EC 5.-.-.-) 

Permease of the drug/metabolite transporter (DMT) superfamily 

Radical SAM family enzyme 

Epoxyqueuosine (oQ) reductase QueG 

GTP cyclohydrolase I (EC 3.5.4.16) type 1 

Queuosine Biosynthesis QueC ATPase 

glutamyl-Q-tRNA synthetase 

Peptidyl-prolyl cis-trans isomerase PpiB (EC 5.2.1.8) 

tRNA-guanine transglycosylase (EC 2.4.2.29) 

Ribonuclease P protein component (EC 3.1.26.5) 

tRNA-i(6)A37 methylthiotransferase 

Ribonuclease D (EC 3.1.26.3) 

Ribonuclease T (EC 3.1.13.-) 

tRNA pseudouridine 13 synthase (EC 4.2.1.-) 

tRNA pseudouridine synthase B (EC 4.2.1.70) 

tRNA-specific adenosine-34 deaminase (EC 3.5.4.-) 

Ribonuclease PH (EC 2.7.7.56) 

tRNA pseudouridine synthase A (EC 4.2.1.70) 

2&#39;-5&#39; RNA ligase 

 bacterial sigma factors 

 bacterial sigma factors 

 bacterial sigma factors 

 bacterial sigma factors 

 bacterial sigma factors 

 bacterial sigma factors 

 bacterial sigma factors 

 bacterial sigma factors 

DNA-directed RNA polymerase alpha subunit (EC 2.7.7.6) 

DNA-directed RNA polymerase beta&#39; subunit (EC 2.7.7.6) 

DNA-directed RNA polymerase omega subunit (EC 2.7.7.6) 

DNA-directed RNA polymerase beta subunit (EC 2.7.7.6) 

Transcription termination protein NusB 

Transcription accessory protein (S1 RNA-binding domain) 

Transcription elongation factor GreA 

Transcription termination factor Rho 

Transcription antitermination protein NusG 

Transcription-repair coupling factor 

Regulator of nucleoside diphosphate kinase 

Transcriptional activator RfaH 
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Transcription elongation factor GreB 

Transcription termination protein NusA 

Nitrite-sensitive transcriptional repressor NsrR 

Iron-sulfur cluster regulator IscR 

Retron-type RNA-directed DNA polymerase (EC 2.7.7.49) 

Nucleoside diphosphate kinase (EC 2.7.4.6) 

Thymidylate kinase (EC 2.7.4.9) 

Cytosine deaminase (EC 3.5.4.1) 

Thioredoxin reductase (EC 1.8.1.9) 

Bis(5&#39;-nucleosyl)-tetraphosphatase (asymmetrical) (EC 3.6.1.17) 

Purine nucleoside phosphorylase (EC 2.4.2.1) 

Thymidylate synthase (EC 2.1.1.45) 

Cytidine deaminase (EC 3.5.4.5) 

Thymidine phosphorylase (EC 2.4.2.4) 

Uracil phosphoribosyltransferase (EC 2.4.2.9) 

CTP synthase (EC 6.3.4.2) 

Deoxycytidine triphosphate deaminase (EC 3.5.4.13) 

Uracil permease 

Beta-ureidopropionase (EC 3.5.1.6) 

Possible pyrimidine permease in reductive pathway 

Dihydropyrimidine dehydrogenase [NADP+] (EC 1.3.1.2) 

Pyridine nucleotide-disulphide oxidoreductase associated with reductive pyrimidine catabolism 

Dihydropyrimidinase (EC 3.5.2.2) 

Transcriptional regulator RutR of pyrimidine catabolism (TetR family) 

Uracil permease 

Orotidine 5&#39;-phosphate decarboxylase (EC 4.1.1.23) 

Aspartate carbamoyltransferase (EC 2.1.3.2) 

Dihydroorotate dehydrogenase (EC 1.3.3.1) 

Carbamoyl-phosphate synthase small chain (EC 6.3.5.5) 

Orotate phosphoribosyltransferase (EC 2.4.2.10) 

Carbamoyl-phosphate synthase large chain (EC 6.3.5.5) 

Dihydroorotase (EC 3.5.2.3) 

Uracil phosphoribosyltransferase (EC 2.4.2.9) 

Phosphoribosylamine--glycine ligase (EC 6.3.4.13) 

IMP cyclohydrolase (EC 3.5.4.10) 

Amidophosphoribosyltransferase (EC 2.4.2.14) 

Ribose-phosphate pyrophosphokinase (EC 2.7.6.1) 

Phosphoribosylaminoimidazole carboxylase catalytic subunit (EC 4.1.1.21) 

Phosphoribosylglycinamide formyltransferase (EC 2.1.2.2) 

Phosphoribosylaminoimidazole-succinocarboxamide synthase (EC 6.3.2.6) 

Adenylosuccinate lyase (EC 4.3.2.2) 

Phosphoribosylformylglycinamidine cyclo-ligase (EC 6.3.3.1) 

Phosphoribosylaminoimidazolecarboxamide formyltransferase (EC 2.1.2.3) 

Phosphoribosylformylglycinamidine synthase 

Phosphoribosylaminoimidazole carboxylase ATPase subunit (EC 4.1.1.21) 

Phosphoribosylformylglycinamidine synthase 

Xanthine/uracil/thiamine/ascorbate permease family protein 

Xanthine and CO dehydrogenases maturation factor 

Xanthine dehydrogenase 

Uracil-xanthine permease 

Cytosine/purine/uracil/thiamine/allantoin permease family protein 
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Guanine deaminase (EC 3.5.4.3) 

GMP synthase [glutamine-hydrolyzing] 

Glutamine amidotransferase class-I (EC 6.3.5.2) 

GMP synthase [glutamine-hydrolyzing] 

Nucleoside diphosphate kinase (EC 2.7.4.6) 

Inosine-uridine preferring nucleoside hydrolase (EC 3.2.2.1) 

Adenylate kinase (EC 2.7.4.3) 

Adenylosuccinate synthetase (EC 6.3.4.4) 

GMP synthase [glutamine-hydrolyzing] 

Inosine-5&#39;-monophosphate dehydrogenase (EC 1.1.1.205) 

Hypoxanthine-guanine phosphoribosyltransferase (EC 2.4.2.8) 

Purine nucleoside phosphorylase (EC 2.4.2.1) 

Adenylosuccinate lyase (EC 4.3.2.2) 

GMP synthase [glutamine-hydrolyzing] 

Adenine phosphoribosyltransferase (EC 2.4.2.7) 

Adenosine deaminase (EC 3.5.4.4) 

Xanthine-guanine phosphoribosyltransferase (EC 2.4.2.22) 

Guanine deaminase (EC 3.5.4.3) 

Guanylate kinase (EC 2.7.4.8) 

Ribonucleotide reductase of class III (anaerobic) 

Ribonucleotide reductase of class III (anaerobic) 

Ribonucleotide reductase of class II (coenzyme B12-dependent) (EC 1.17.4.1) 

Ribonucleotide reductase of class Ia (aerobic) 

Ribonucleotide reductase of class Ia (aerobic) 

Ribonucleotide reductase transcriptional regulator NrdR 

N-carbamoyl-L-amino acid hydrolase (EC 3.5.1.87) 

Beta-ureidopropionase (EC 3.5.1.6) 

D-hydantoinase (EC 3.5.2.2) 

Dihydropyrimidinase (EC 3.5.2.2) 

Hydantoin racemase (EC 5.1.99.-) 

Deacetylases 

S-adenosylhomocysteine nucleosidase (EC 3.2.2.9) 

Purine nucleoside phosphorylase (EC 2.4.2.1) 

5&#39;-methylthioadenosine nucleosidase (EC 3.2.2.16) 

MazG protein domain 

Nucleoside triphosphate pyrophosphohydrolase MazG (EC 3.6.1.8) 

Hypothetical nudix hydrolase YeaB 

ADP-ribose pyrophosphatase (EC 3.6.1.13) 

Thiamin-phosphate pyrophosphorylase-like protein 

NADH pyrophosphatase (EC 3.6.1.22) 

Deoxyuridine 5&#39;-triphosphate nucleotidohydrolase (EC 3.6.1.23) 

ADP compounds hydrolase NudE (EC 3.6.1.-) 

Adenosine (5&#39;)-pentaphospho-(5&#39;&#39;)-adenosine pyrophosphohydrolase (EC 3.6.1.-) 

Mutator mutT protein (7 

Deoxyuridine 5&#39;-triphosphate nucleotidohydrolase (EC 3.6.1.23) 

5-nucleotidase SurE (EC 3.1.3.5) 

Nucleoside 5-triphosphatase RdgB (dHAPTP 

Cof protein 

Heat shock protein 60 family co-chaperone GroES 

Heat shock protein 60 family chaperone GroEL 

Heat shock protein GrpE 
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Chaperone protein DnaK 

Chaperone protein DnaJ 

Chaperone protein HtpG 

ClpB protein 

Periplasmic thiol:disulfide oxidoreductase DsbB 

Cytochrome c-type biogenesis protein CcmG/DsbE 

Periplasmic thiol:disulfide interchange protein DsbA 

Thiol:disulfide interchange protein DsbC 

Cytochrome c-type biogenesis protein DsbD 

Survival protein SurA precursor (Peptidyl-prolyl cis-trans isomerase SurA) (EC 5.2.1.8) 

Peptidyl-prolyl cis-trans isomerase PpiD (EC 5.2.1.8) 

FKBP-type peptidyl-prolyl cis-trans isomerase SlyD (EC 5.2.1.8) 

Peptidyl-prolyl cis-trans isomerase PpiC (EC 5.2.1.8) 

Peptidyl-prolyl cis-trans isomerase PpiB (EC 5.2.1.8) 

Selenoprotein O and cysteine-containing homologs 

Selenophosphate-dependent tRNA 2-selenouridine synthase 

Selenide 

 Val 

 Met 

 Ile 

 Arg 

Translation initiation factor SUI1-related protein 

Translation initiation factor 1 

Methionyl-tRNA formyltransferase (EC 2.1.2.9) 

Translation initiation factor 3 

Translation initiation factor 2 

Ribosome-binding factor A 

 Gly 

 Gly 

Ribosome modulation factor 

Ribosome hibernation protein YhbH 

 Trp 

 Cys 

Protein-N(5)-glutamine methyltransferase PrmC 

Ribosome recycling factor 

Peptidyl-tRNA hydrolase (EC 3.1.1.29) 

Peptide deformylase (EC 3.5.1.88) 

Methionine aminopeptidase (EC 3.4.11.18) 

Hypothetical protein YaeJ with similarity to translation release factor 

Peptide chain release factor 3 

tmRNA-binding protein SmpB 

Peptide chain release factor 1 

 His 

 Asp and Asn 

 Asp and Asn 

 Asp and Asn 

 Asp and Asn 

 Asp and Asn 

Translation elongation factor G 

Translation elongation factor LepA 

Translation elongation factor Tu 
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Translation elongation factor Ts 

Translation elongation factor P 

 Thr 

 Pro 

Translation elongation factor G 

 Glu and Gln 

 Glu and Gln 

 Glu and Gln 

 Glu and Gln 

 Glu and Gln 

 Glu and Gln 

 Ser 

 Tyr 

Glycyl-tRNA synthetase alpha chain (EC 6.1.1.14) 

Glycyl-tRNA synthetase beta chain (EC 6.1.1.14) 

 Leu 

 Phe 

 Phe 

Translation elongation factor P Lys34:lysine transferase 

Lysyl-lysine 2 

Translation elongation factor P 

Protein-L-isoaspartate O-methyltransferase (EC 2.1.1.77) 

Apolipoprotein N-acyltransferase (EC 2.3.1.-) 

Lipoprotein signal peptidase (EC 3.4.23.36) 

Prolipoprotein diacylglyceryl transferase (EC 2.4.99.-) 

Signal peptidase I (EC 3.4.21.89) 

Lipoprotein signal peptidase (EC 3.4.23.36) 

FKBP-type peptidyl-prolyl cis-trans isomerase SlyD (EC 5.2.1.8) 

Urease accessory protein UreF 

Putative metal chaperone 

Urease gamma subunit (EC 3.5.1.5) 

Urease accessory protein UreE 

Urease alpha subunit (EC 3.5.1.5) 

Cobalamin synthesis protein/P47K family protein 

Urease accessory protein UreD 

Cob(I)alamin adenosyltransferase PduO (EC 2.5.1.17) 

Urease beta subunit (EC 3.5.1.5) 

Urease accessory protein UreG 

Ribulosamine/erythrulosamine 3-kinase potentially involved in protein deglycation 

Low molecular weight protein tyrosine phosphatase (EC 3.1.3.48) 

Peptide methionine sulfoxide reductase MsrA (EC 1.8.4.11) 

Peptide methionine sulfoxide reductase MsrB (EC 1.8.4.12) 

UDP-glucose 4-epimerase (EC 5.1.3.2) 

UDP-N-acetylglucosamine 4 

Alpha-1 

Phospholipid-lipopolysaccharide ABC transporter 

Lipid carrier : UDP-N-acetylgalactosaminyltransferase (EC 2.4.1.-) 

4-keto-6-deoxy-N-Acetyl-D-hexosaminyl-(Lipid carrier) aminotransferase 

Alpha-1 

Xaa-Pro aminopeptidase (EC 3.4.11.9) 

Membrane alanine aminopeptidase N (EC 3.4.11.2) 
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Cytosol aminopeptidase PepA (EC 3.4.11.1) 

Oligopeptidase A (EC 3.4.24.70) 

Leucyl/phenylalanyl-tRNA--protein transferase (EC 2.3.2.6) 

Arginine-tRNA-protein transferase (EC 2.3.2.8) 

Deblocking aminopeptidase (EC 3.4.11.-) 

Asp-X dipeptidase 

Aminopeptidase YpdF (MP- 

Isoaspartyl dipeptidase (EC 3.4.19.5) 

D-alanyl-D-alanine carboxypeptidase (EC 3.4.16.4) 

ATP-dependent Clp protease ATP-binding subunit ClpX 

ATP-dependent hsl protease ATP-binding subunit HslU 

ATP-dependent Clp protease proteolytic subunit (EC 3.4.21.92) 

ATP-dependent protease HslV (EC 3.4.25.-) 

ATP-dependent protease La (EC 3.4.21.53) Type I 

Xaa-Pro dipeptidase PepQ (EC 3.4.13.9) 

Aminoacyl-histidine dipeptidase (Peptidase D) (EC 3.4.13.3) 

Prolyl endopeptidase (EC 3.4.21.26) 

 ATP-dependent 

 ATP-dependent 

 ATP-dependent 

 ATP-dependent 

 ATP-dependent 

 ATP-dependent 

 ATP-dependent 

 ATP-dependent 

 ATP-dependent 

 ATP-dependent 

TsaD/Kae1/Qri7 protein 

TsaB protein 

TsaD/Kae1/Qri7 protein 

RNA polymerase sigma factor RpoD 

DNA primase (EC 2.7.7.-) 

SSU ribosomal protein S21p 

Carbamoyl-phosphate synthase small chain (EC 6.3.5.5) 

Carbamoyl-phosphate synthase large chain (EC 6.3.5.5) 

Flagellar motor switch protein FliM 

Positive regulator of CheA protein activity (CheW) 

Flagellar motor switch protein FliN 

Signal transduction histidine kinase CheA (EC 2.7.3.-) 

Maltose/maltodextrin ABC transporter 

Flagellar motor switch protein FliG 

Chemotaxis response regulator protein-glutamate methylesterase CheB (EC 3.1.1.61) 

Aerotaxis sensor receptor protein 

Methyl-accepting chemotaxis protein I (serine chemoreceptor protein) 

Chemotaxis protein methyltransferase CheR (EC 2.1.1.80) 

Ribose ABC transporter 

Dipeptide-binding ABC transporter 

Chemotaxis regulator - transmits chemoreceptor signals to flagelllar motor components CheY 

Chemotaxis response - phosphatase CheZ 

RNA polymerase sigma factor RpoD 

Flagellar biosynthesis protein FliL 



APPENDICES 

 

 216 

Flagellar hook-associated protein FliD 

Flagellar hook-associated protein FlgK 

Flagellar assembly protein FliH 

Flagellar biosynthesis protein FliR 

Flagellin protein FlaG 

Flagellar biosynthesis protein FliP 

Flagellar hook protein FlgE 

Flagellar M-ring protein FliF 

Flagellar basal-body rod modification protein FlgD 

Flagellar biosynthesis protein FliC 

Flagellar P-ring protein FlgI 

Flagellar basal-body rod protein FlgC 

Flagellar biosynthesis protein FlhB 

Flagellar hook-basal body complex protein FliE 

Flagellar basal-body rod protein FlgB 

Flagellar biosynthesis protein FliS 

Flagellar basal-body rod protein FlgF 

Flagellar L-ring protein FlgH 

Flagellar transcriptional activator FlhD 

Flagellar protein FlgJ [peptidoglycan hydrolase] (EC 3.2.1.-) 

Flagellar basal-body P-ring formation protein FlgA 

Flagellar motor switch protein FliN 

Flagellar protein FlhE 

Flagellar basal-body rod protein FlgG 

Flagellar biosynthesis protein FlgN 

RNA polymerase sigma-54 factor RpoN 

Flagellar motor rotation protein MotB 

Flagellar protein FliJ 

Flagellar hook-associated protein FlgL 

Flagellum-specific ATP synthase FliI 

Flagellar biosynthesis protein FlhA 

Flagellar biosynthesis protein FliQ 

Flagellar hook-length control protein FliK 

Flagellar transcriptional activator FlhC 

Flagellar motor switch protein FliM 

Flagellar biosynthesis protein FlhF 

Flagellar motor rotation protein MotA 

Flagellar motor switch protein FliG 

Negative regulator of flagellin synthesis FlgM 

RNA polymerase sigma factor for flagellar operon 

Flagellar biosynthesis protein FliT 

Flagellar motor switch protein FliM 

Flagellar L-ring protein FlgH 

Flagellar motor switch protein FliN 

Flagellar biosynthesis protein FlhB 

Signal transduction histidine kinase CheA (EC 2.7.3.-) 

Flagellar motor rotation protein MotA 

Flagellar biosynthesis protein FliR 

Flagellar biosynthesis protein FlhF 

RNA polymerase sigma-54 factor RpoN 

Flagellar motor rotation protein MotB 
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Flagellum-specific ATP synthase FliI 

Flagellar biosynthesis protein FlhA 

RNA polymerase sigma factor for flagellar operon 

Flagellar basal-body rod modification protein FlgD 

Chemotaxis regulator - transmits chemoreceptor signals to flagelllar motor components CheY 

cAMP-binding proteins - catabolite gene activator and regulatory subunit of cAMP-dependent 

protein kinases 

Predicted signal-transduction protein containing cAMP-binding and CBS domains 

Hydrolase 

ATP-dependent Clp protease proteolytic subunit (EC 3.4.21.92) 

Adenylate cyclase (EC 4.6.1.1) 

Adenine phosphoribosyltransferase (EC 2.4.2.7) 

3&#39; 

Hydrogen peroxide-inducible genes activator 

LysR family transcriptional regulator lrhA 

HTH-type transcriptional regulator IlvY 

Transcriptional activator MetR 

Transcriptional regulatory protein CitB 

Sensor kinase CitA 

Copper-sensing two-component system response regulator CpxR 

Transcriptional regulatory protein RstA 

Sensory histidine kinase in two-component regulatory system with RstA 

Glycine cleavage system transcriptional activator GcvA 

Dna binding response regulator PrrA (RegA) 

Sensor histidine kinase PrrB (RegB) (EC 2.7.3.-) 

LysR family transcriptional regulator lrhA 

LysR family transcriptional regulator YeiE 

Glycine cleavage system transcriptional activator GcvA 

Cys regulon transcriptional activator CysB 

Hydrogen peroxide-inducible genes activator 

HTH-type transcriptional regulator IlvY 

Transcriptional activator MetR 

Chromosome initiation inhibitor 

 strays 

 strays 

 strays 

 (p)ppGpp metabolism 

 (p)ppGpp metabolism 

 (p)ppGpp metabolism 

Carbonic anhydrase (EC 4.2.1.1) 

Putative metal chaperone 

N-acetylmuramoyl-L-alanine amidase (EC 3.5.1.28) 

GTP cyclohydrolase I (EC 3.5.4.16) type 2 

C4-type zinc finger protein 

Porphobilinogen synthase (EC 4.2.1.24) 

Zinc uptake regulation protein ZUR 

Cysteinyl-tRNA synthetase (EC 6.1.1.16) 

GTP cyclohydrolase I (EC 3.5.4.16) type 1 

Phosphoribosyl-AMP cyclohydrolase (EC 3.5.4.19) 

Dihydroorotase (EC 3.5.2.3) 

Excinuclease ABC subunit C 
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CDP-diacylglycerol--glycerol-3-phosphate 3-phosphatidyltransferase (EC 2.7.8.5) 

23S rRNA (Uracil-5-) -methyltransferase RumA (EC 2.1.1.-) 

GTP pyrophosphokinase (EC 2.7.6.5) 

BarA-associated response regulator UvrY (= GacA = SirA) 

Membrane protein YcjF 

Conserved protein YcjX with nucleoside triphosphate hydrolase domain 

LrgA-associated membrane protein LrgB 

Antiholin-like protein LrgA 

Preprotein translocase subunit SecG (TC 3.A.5.1.1) 

Cytidine deaminase (EC 3.5.4.5) 

tRNA-dihydrouridine synthase C (EC 1.-.-.-) 

HigB toxin protein 

YoeB toxin protein 

YefM protein (antitoxin to YoeB) 

HigA protein (antitoxin to HigB) 

Tryptophan synthase alpha chain (EC 4.2.1.20) 

Anthranilate phosphoribosyltransferase (EC 2.4.2.18) 

Tryptophan synthase beta chain (EC 4.2.1.20) 

Phosphoribosylanthranilate isomerase (EC 5.3.1.24) 

Uracil-DNA glycosylase 

 bacterial MutL-MutS system 

 bacterial MutL-MutS system 

 UvrABC system 

 UvrABC system 

 UvrABC system 

 bacterial photolyase 

 bacterial DinG and relatives 

 bacterial DinG and relatives 

Putative phosphatase YieH 

Phosphoglycolate phosphatase (EC 3.1.3.18) 

Similar to phosphoglycolate phosphatase 

Similar to phosphoglycolate phosphatase 

RecA protein 

Regulatory protein RecX 

 MutS and a hypothetical protein 

 MutS and a hypothetical protein 

 MutS and a hypothetical protein 

 MutS and a hypothetical protein 

bacterial UmuCD system 

 bacterial UmuCD system 

 bacterial UmuCD system 

 bacterial UmuCD system 

 bacterial RecFOR pathway 

 bacterial RecFOR pathway 

 bacterial RecFOR pathway 

 bacterial RecFOR pathway 

 bacterial RecFOR pathway 

 bacterial RecFOR pathway 

Ku domain protein 

ATP-dependent DNA ligase (EC 6.5.1.1) clustered with Ku protein 

 bacterial UvrD and related helicases 
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 bacterial UvrD and related helicases 

DNA polymerase II (EC 2.7.7.7) 

Uracil-DNA glycosylase 

DNA-3-methyladenine glycosylase (EC 3.2.2.20) 

Ku domain protein 

Endonuclease VIII 

ATP-dependent DNA ligase (EC 6.5.1.1) clustered with Ku protein 

Endonuclease III (EC 4.2.99.18) 

Single-stranded-DNA-specific exonuclease RecJ (EC 3.1.-.-) 

DNA polymerase I (EC 2.7.7.7) 

Exodeoxyribonuclease I (EC 3.1.11.1) 

CRISPR-associated protein 

CRISPR-associated protein Cas1 

CRISPR-associated helicase Cas3 

CRISPR-associated protein 

CRISPR-associated protein 

CRISPR-associated protein 

CRISPR-associated protein 

Type I restriction-modification system 

Type I restriction-modification system 

Type I restriction-modification system 

Type I restriction-modification system 

Type I restriction-modification system 

Type I restriction-modification system 

Putative DNA-binding protein in cluster with Type I restriction-modification system 

Ku domain protein 

ATP-dependent DNA ligase (EC 6.5.1.1) clustered with Ku protein 

Putative deoxyribonuclease YcfH 

Deoxyribonuclease TatD 

Putative deoxyribonuclease YjjV 

 bacterial 

 bacterial 

 bacterial 

 bacterial 

 bacterial 

3&#39;-phosphoadenosine 5&#39;-phosphosulfate sulfurtransferase DndC 

DNA sulfur modification protein DndD 

DNA sulfur modification protein DndB 

 Type I 

 Type I 

DNA primase (EC 2.7.7.-) 

ATP-dependent DNA helicase RecG (EC 3.6.1.-) 

Recombination protein RecR 

DNA polymerase III delta subunit (EC 2.7.7.7) 

DNA polymerase III alpha subunit (EC 2.7.7.7) 

Transcription-repair coupling factor 

Holliday junction DNA helicase RuvA 

Single-stranded-DNA-specific exonuclease RecJ (EC 3.1.-.-) 

DNA polymerase III delta prime subunit (EC 2.7.7.7) 

DNA polymerase I (EC 2.7.7.7) 

Replicative DNA helicase (EC 3.6.1.-) 
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DNA polymerase II (EC 2.7.7.7) 

DNA repair protein RecN 

Chromosomal replication initiator protein DnaA 

DNA polymerase III subunits gamma and tau (EC 2.7.7.7) 

Exodeoxyribonuclease V alpha chain (EC 3.1.11.5) 

DNA polymerase III epsilon subunit (EC 2.7.7.7) 

DNA polymerase III beta subunit (EC 2.7.7.7) 

Crossover junction endodeoxyribonuclease RuvC (EC 3.1.22.4) 

DNA polymerase III chi subunit (EC 2.7.7.7) 

Helicase PriA essential for oriC/DnaA-independent DNA replication 

RecA protein 

Holliday junction DNA helicase RuvB 

 Type II 

 Type II 

 Type II 

 Type II 

FIG000859: hypothetical protein YebC 

Crossover junction endodeoxyribonuclease RuvC (EC 3.1.22.4) 

Holliday junction DNA helicase RuvA 

Holliday junction DNA helicase RuvB 

DNA processing cluster 

DNA processing cluster 

DNA processing cluster 

DNA processing cluster 

DNA processing cluster 

Molybdenum cofactor biosynthesis protein MoaA 

Molybdenum cofactor biosynthesis protein MoaC 

Molybdenum cofactor biosynthesis protein MoaE 

Molybdenum cofactor biosynthesis protein MoaB 

Molybdopterin-guanine dinucleotide biosynthesis protein MobA 

Molybdopterin-guanine dinucleotide biosynthesis protein MobB 

Phospholipids 

Phospholipids 

Phospholipids 

Phospholipids 

Phospholipids 

Phospholipids 

Phospholipids 

Phospholipids 

Phospholipids 

Phospholipids 

Phospholipids 

Phospholipids 

Phospholipids 

Phospholipids 

Phospholipids 

Phospholipids 

Phospholipids 

Phospholipids 

Phospholipids 

Phospholipids 
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Phospholipids 

Phospholipids 

Triacylglycerols 

Triacylglycerols 

Fatty acids 

Fatty Acids 

Isoprenoids 

Ureidoglycolate dehydrogenase (EC 1.1.1.154) 

Ureidoglycolate hydrolase (EC 3.5.3.19) 

2-hydroxy-3-oxopropionate reductase (EC 1.1.1.60) 

Glyoxylate carboligase (EC 4.1.1.47) 

Glycerate kinase (EC 2.7.1.31) 

Cytochrome c55X precursor NirC 

Nitrite reductase associated c-type cytochorome NirN 

Heme d1 biosynthesis protein NirH 

Heme d1 biosynthesis protein NirL 

Heme d1 biosynthesis protein NirD 

Heme d1 biosynthesis protein NirG 

Cytochrome cd1 nitrite reductase (EC:1.7.2.1) 

Uroporphyrinogen-III methyltransferase (EC 2.1.1.107) 

Heme d1 biosynthesis protein NirJ 

Heme d1 biosynthesis protein NirF 

Nitric oxide-dependent regulator DnrN or NorA 

NnrS protein involved in response to NO 

Nitrite-sensitive transcriptional repressor NsrR 

Nitrate ABC transporter 

Respiratory nitrate reductase alpha chain (EC 1.7.99.4) 

Response regulator NasT 

Nitrate/nitrite transporter 

Cytochrome c-type protein NapC 

Nitrate reductase cytochrome c550-type subunit 

Periplasmic nitrate reductase component NapE 

Assimilatory nitrate reductase large subunit (EC:1.7.99.4) 

Respiratory nitrate reductase gamma chain (EC 1.7.99.4) 

Ferredoxin-type protein NapF (periplasmic nitrate reductase) 

Nitrate/nitrite sensor protein (EC 2.7.3.-) 

Nitrite reductase [NAD(P)H] small subunit (EC 1.7.1.4) 

Periplasmic nitrate reductase component NapD 

NrfD protein 

Periplasmic nitrate reductase precursor (EC 1.7.99.4) 

Nitrate ABC transporter 

Nitrate ABC transporter 

Respiratory nitrate reductase delta chain (EC 1.7.99.4) 

Respiratory nitrate reductase beta chain (EC 1.7.99.4) 

Nitrate/nitrite response regulator protein 

Nitrite reductase [NAD(P)H] large subunit (EC 1.7.1.4) 

Nitrogen regulatory protein P-II 

Nitrogen regulation protein NR(I) 

Glutamine amidotransferase 

Glutamate-ammonia-ligase adenylyltransferase (EC 2.7.7.42) 

Ammonium transporter 
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Nitrogen regulation protein NR(II) (EC 2.7.3.-) 

Glutamate synthase [NADPH] large chain (EC 1.4.1.13) 

[Protein-PII] uridylyltransferase (EC 2.7.7.59) 

Glutamine synthetase type I (EC 6.3.1.2) 

Glutamate synthase [NADPH] small chain (EC 1.4.1.13) 

Nitric oxide reductase activation protein NorE 

Respiratory nitrate reductase alpha chain (EC 1.7.99.4) 

Nitric-oxide reductase subunit C (EC 1.7.99.7) 

Nitric oxide reductase activation protein NorQ 

Nitrous oxide reductase maturation protein 

Nitric oxide reductase activation protein NorD 

Nitrous oxide reductase maturation protein NosD 

Nitrous oxide reductase maturation protein NosF (ATPase) 

Respiratory nitrate reductase gamma chain (EC 1.7.99.4) 

Respiratory nitrate reductase delta chain (EC 1.7.99.4) 

Respiratory nitrate reductase beta chain (EC 1.7.99.4) 

Nitrous oxide reductase maturation transmembrane protein NosY 

Nitrous-oxide reductase (EC 1.7.99.6) 

Copper-containing nitrite reductase (EC 1.7.2.1) 

Nitric-oxide reductase subunit B (EC 1.7.99.7) 

Nitric oxide reductase activation protein NorE 

NnrS protein involved in response to NO 

Nitric-oxide reductase subunit C (EC 1.7.99.7) 

Nitric oxide reductase activation protein NorQ 

Nitrous oxide reductase maturation protein 

Nitric oxide reductase activation protein NorD 

Nitrous oxide reductase maturation protein NosD 

Nitrous oxide reductase maturation protein NosF (ATPase) 

Cytochrome cd1 nitrite reductase (EC:1.7.2.1) 

NnrU family protein 

Nitrous oxide reductase maturation transmembrane protein NosY 

Nitric oxide -responding transcriptional regulator Dnr (Crp/Fnr family) 

Nitrous-oxide reductase (EC 1.7.99.6) 

Copper-containing nitrite reductase (EC 1.7.2.1) 

Nitric-oxide reductase subunit B (EC 1.7.99.7) 

HipA protein 

Ribosome modulation factor 

Cell division inhibitor 

Peptidyl-tRNA hydrolase (EC 3.1.1.29) 

Cytochrome c oxidase subunit CcoQ (EC 1.9.3.1) 

Cytochrome c oxidase subunit CcoN (EC 1.9.3.1) 

Cytochrome c oxidase polypeptide I (EC 1.9.3.1) 

Cytochrome c oxidase polypeptide II (EC 1.9.3.1) 

membrane c-type cytochrome cy 

Cytochrome c oxidase subunit CcoO (EC 1.9.3.1) 

Cytochrome c oxidase subunit CcoP (EC 1.9.3.1) 

Type cbb3 cytochrome oxidase biogenesis protein CcoS 

Cytochrome c oxidase polypeptide III (EC 1.9.3.1) 

Type cbb3 cytochrome oxidase biogenesis protein CcoG 

Electron transfer flavoprotein-ubiquinone oxidoreductase (EC 1.5.5.1) 

Formate dehydrogenase -O 
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Flavodoxin reductases (ferredoxin-NADPH reductases) family 1 

Ferredoxin reductase 

Arsenate reductase (EC 1.20.4.1) 

Methanol dehydrogenase large subunit protein (EC 1.1.99.8) 

Proline dehydrogenase (EC 1.5.99.8) (Proline oxidase) 

D-amino acid dehydrogenase large subunit (EC 1.4.99.1) 

Aerobic glycerol-3-phosphate dehydrogenase (EC 1.1.5.3) 

D-amino acid dehydrogenase small subunit (EC 1.4.99.1) 

Succinate dehydrogenase iron-sulfur protein (EC 1.3.99.1) 

Succinate dehydrogenase hydrophobic membrane anchor protein 

Succinate dehydrogenase cytochrome b-556 subunit 

Succinate dehydrogenase flavoprotein subunit (EC 1.3.99.1) 

Fumarate reductase flavoprotein subunit (EC 1.3.99.1) 

Quinone oxidoreductase (EC 1.6.5.5) 

Putative oxidoreductase YncB 

Heme A synthase 

Ferredoxin--NADP(+) reductase (EC 1.18.1.2) 

Cytochrome oxidase biogenesis protein Sco1/SenC/PrrC 

Copper metallochaperone 

Heme O synthase 

Cytochrome oxidase biogenesis protein Cox11-CtaG 

Cytochrome oxidase biogenesis protein Surf1 

Type cbb3 cytochrome oxidase biogenesis protein CcoI 

Type cbb3 cytochrome oxidase biogenesis protein CcoS 

Putative analog of CcoH 

Type cbb3 cytochrome oxidase biogenesis protein CcoG 

Putative formate dehydrogenase-specific chaperone 

Formate dehydrogenase chain D (EC 1.2.1.2) 

Formate dehydrogenase O alpha subunit (EC 1.2.1.2) 

Putative formate dehydrogenase iron-sulfur subunit (EC 1.2.1.2) 

Formate dehydrogenase-O 

Formate dehydrogenase-O 

tungsten-containing formate dehydrogenase beta subunit 

tungsten-containing formate dehydrogenase alpha subunit 

Formate hydrogenlyase subunit 3 

Formate dehydrogenase -O 

Hydrogenase-4 component B (EC 1.-.-.-) 

Periplasmic thiol:disulfide oxidoreductase DsbB 

Cytochrome c heme lyase subunit CcmH 

Cytochrome c-type biogenesis protein CcmC 

ABC transporter involved in cytochrome c biogenesis 

Cytochrome c-type biogenesis protein CcmE 

Periplasmic thiol:disulfide interchange protein DsbA 

Cytochrome c heme lyase subunit CcmL 

ABC transporter involved in cytochrome c biogenesis 

Cytochrome c heme lyase subunit CcmF 

Cytochrome c-type biogenesis protein CcmG/DsbE 

Cytochrome c-type biogenesis protein DsbD 

Cytochrome c553 

Cytochrome c-552 precursor 

Cytochrome c4 
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Ferredoxin 

Ferredoxin 

Oxaloacetate decarboxylase alpha chain (EC 4.1.1.3) 

Oxaloacetate decarboxylase beta chain (EC 4.1.1.3) 

Heat shock (predicted periplasmic) protein YciM 

Osmotically inducible lipoprotein B precursor 

Outer membrane protein A precursor 

Diaminobutyrate-pyruvate aminotransferase (EC 2.6.1.46) 

Ectoine hydroxylase (EC 1.17.-.-) 

L-ectoine synthase (EC 4.2.1.-) 

L-2 

Phosphoglycerol transferase I (EC 2.7.8.20) 

Sarcosine oxidase gamma subunit (EC 1.5.3.1) 

Sarcosine oxidase alpha subunit (EC 1.5.3.1) 

Sarcosine oxidase beta subunit (EC 1.5.3.1) 

High-affinity choline uptake protein BetT 

Betaine aldehyde dehydrogenase (EC 1.2.1.8) 

L-proline glycine betaine ABC transport system permease protein ProV (TC 3.A.1.12.1) 

HTH-type transcriptional regulator BetI 

GbcA Glycine betaine demethylase subunit A 

Sarcosine oxidase delta subunit (EC 1.5.3.1) 

L-proline glycine betaine binding ABC transporter protein ProX (TC 3.A.1.12.1) 

Choline dehydrogenase (EC 1.1.99.1) 

GbcB Glycine betaine demethylase subunit B 

L-proline glycine betaine ABC transport system permease protein ProW (TC 3.A.1.12.1) 

Peroxidase (EC 1.11.1.7) 

Manganese superoxide dismutase (EC 1.15.1.1) 

Superoxide dismutase [Cu-Zn] precursor (EC 1.15.1.1) 

Cytochrome c551 peroxidase (EC 1.11.1.5) 

Superoxide dismutase [Fe] (EC 1.15.1.1) 

Catalase (EC 1.11.1.6) 

Iron-binding ferritin-like antioxidant protein 

Redox-sensitive transcriptional activator SoxR 

NnrS protein involved in response to NO 

Alkyl hydroperoxide reductase subunit C-like protein 

Manganese superoxide dismutase (EC 1.15.1.1) 

Superoxide dismutase [Cu-Zn] precursor (EC 1.15.1.1) 

Paraquat-inducible protein B 

Superoxide dismutase [Fe] (EC 1.15.1.1) 

Hydrogen peroxide-inducible genes activator 

Nitrite-sensitive transcriptional repressor NsrR 

Catalase (EC 1.11.1.6) 

Fumarate and nitrate reduction regulatory protein 

Phytochrome 

Organic hydroperoxide resistance transcriptional regulator 

Zinc uptake regulation protein ZUR 

Non-specific DNA-binding protein Dps 

Ferroxidase (EC 1.16.3.1) 

Ferric uptake regulation protein FUR 

Peroxidase (EC 1.11.1.7) 

transcriptional regulator 
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Paraquat-inducible protein A 

Gamma-glutamyltranspeptidase (EC 2.3.2.2) 

Glutathione synthetase (EC 6.3.2.3) 

Glutamate--cysteine ligase (EC 6.3.2.2) 

Glutathione S-transferase 

Glutathione S-transferase (EC 2.5.1.18) 

Lactoylglutathione lyase (EC 4.4.1.5) 

FIG005121: SAM-dependent methyltransferase (EC 2.1.1.-) 

Hydroxyacylglutathione hydrolase (EC 3.1.2.6) 

Glutathione S-transferase 

Alkyl hydroperoxide reductase subunit C-like protein 

Rubredoxin-NAD(+) reductase (EC 1.18.1.1) 

Nicotinate phosphoribosyltransferase (EC 2.4.2.11) 

NADPH-dependent glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.13) 

Nicotinamidase (EC 3.5.1.19) 

NAD-dependent protein deacetylase of SIR2 family 

NAD-dependent glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12) 

Glutathione reductase (EC 1.8.1.7) 

Glutaredoxin 

Glutathione peroxidase (EC 1.11.1.9) 

Glutaredoxin 1 

Glutaredoxin 

Flavohemoprotein (Hemoglobin-like protein) (Flavohemoglobin) (Nitric oxide dioxygenase) (EC 

1.14.12.17) 

Glutaredoxin-related protein 

Glutaredoxin 1 

Cell wall endopeptidase 

 CspA family of proteins 

 CspA family of proteins 

FIG001341: Probable Fe(2+)-trafficking protein YggX 

Chaperone protein DnaK 

Glutathione synthetase (EC 6.3.2.3) 

Chaperone protein DnaJ 

Ribosomal RNA small subunit methyltransferase E (EC 2.1.1.-) 

tmRNA-binding protein SmpB 

Radical SAM family enzyme 

Heat shock protein GrpE 

RNA polymerase sigma factor RpoH 

Translation elongation factor LepA 

Ribosome-associated heat shock protein implicated in the recycling of the 50S subunit (S4 paralog) 

Nucleoside 5-triphosphatase RdgB (dHAPTP 

Ribosomal protein L11 methyltransferase (EC 2.1.1.-) 

Ribonuclease PH (EC 2.7.7.56) 

rRNA small subunit methyltransferase I 

Various polyols ABC transporter 

Sulfate and thiosulfate import ATP-binding protein CysA (EC 3.6.3.25) 

DedA protein 

S-formylglutathione hydrolase (EC 3.1.2.12) 

S-(hydroxymethyl)glutathione dehydrogenase (EC 1.1.1.284) 

Transcriptional regulator 

Glutathione-dependent formaldehyde-activating enzyme (EC 4.4.1.22) 



APPENDICES 

 

 226 

Flavohemoprotein (Hemoglobin-like protein) (Flavohemoglobin) (Nitric oxide dioxygenase) (EC 

1.14.12.17) 

Universal stress protein family 3 

Universal stress protein family 4 

diguanylate cyclase/phosphodiesterase (GGDEF & EAL domains) with PAS/PAC sensor(s) 

Flavohemoprotein (Hemoglobin-like protein) (Flavohemoglobin) (Nitric oxide dioxygenase) (EC 

1.14.12.17) 

Hypothetical protein in Cyanoglobin locus 

Cyanoglobin 

GTP-binding protein HflX 

HflC protein 

RNA-binding protein Hfq 

HflK protein 

Carbon storage regulator 

Carbon starvation protein A 

Stringent starvation protein A 

Stringent starvation protein B 

Survival protein SurA precursor (Peptidyl-prolyl cis-trans isomerase SurA) (EC 5.2.1.8) 

Sigma factor RpoE negative regulatory protein RseA 

Outer membrane protein H precursor 

Sigma factor RpoE negative regulatory protein RseB precursor 

Outer membrane stress sensor protease DegQ 

HtrA protease/chaperone protein 

3-dehydroquinate dehydratase II (EC 4.2.1.10) 

2-keto-4-pentenoate hydratase (EC 4.2.1.80) 

biphenyl-2 

3-oxoadipate CoA-transferase subunit B (EC 2.8.3.6) 

3-oxoadipate CoA-transferase subunit A (EC 2.8.3.6) 

Beta-ketoadipate enol-lactone hydrolase (EC 3.1.1.24) 

Beta-ketoadipyl CoA thiolase (EC 2.3.1.-) 

3-oxoadipate CoA-transferase subunit B (EC 2.8.3.6) 

3-oxoadipate CoA-transferase subunit A (EC 2.8.3.6) 

Succinyl-CoA:3-ketoacid-coenzyme A transferase subunit A (EC 2.8.3.5) 

Beta-ketoadipate enol-lactone hydrolase (EC 3.1.1.24) 

Succinyl-CoA:3-ketoacid-coenzyme A transferase subunit B (EC 2.8.3.5) 

Maleylacetoacetate isomerase (EC 5.2.1.2) 

Fumarylacetoacetate hydrolase family protein 

Transcriptional regulator 

Homogentisate 1 

4-hydroxyphenylpyruvate dioxygenase (EC 1.13.11.27) 

Maleylacetoacetate isomerase (EC 5.2.1.2) 

Maleylacetoacetate isomerase (EC 5.2.1.2) 

Fumarylacetoacetate hydrolase family protein 

aspartate 

Formiminoglutamase (EC 3.5.3.8) 

Imidazolonepropionase (EC 3.5.2.7) 

Urocanate hydratase (EC 4.2.1.49) 

Histidine utilization repressor 

Histidine ammonia-lyase (EC 4.3.1.3) 

Phosphoribosylformimino-5-aminoimidazole carboxamide ribotide isomerase (EC 5.3.1.16) 

Phosphoribosyl-ATP pyrophosphatase (EC 3.6.1.31) 
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Imidazole glycerol phosphate synthase amidotransferase subunit (EC 2.4.2.-) 

Histidinol-phosphate aminotransferase (EC 2.6.1.9) 

Imidazoleglycerol-phosphate dehydratase (EC 4.2.1.19) 

ATP phosphoribosyltransferase regulatory subunit (EC 2.4.2.17) 

Imidazole glycerol phosphate synthase cyclase subunit (EC 4.1.3.-) 

Phosphoribosyl-AMP cyclohydrolase (EC 3.5.4.19) 

ATP phosphoribosyltransferase (EC 2.4.2.17) 

Histidinol dehydrogenase (EC 1.1.1.23) 

Histidinol-phosphatase (EC 3.1.3.15) 

Putrescine utilization pathways 

Putrescine utilization pathways 

Putrescine utilization pathways 

Putrescine utilization pathways 

Polyamine Metabolism 

Polyamine Metabolism 

Polyamine Metabolism 

Polyamine Metabolism 

Polyamine Metabolism 

Polyamine Metabolism 

Polyamine Metabolism 

Polyamine Metabolism 

Polyamine Metabolism 

Polyamine Metabolism 

Polyamine Metabolism 

Polyamine Metabolism 

Polyamine Metabolism 

Polyamine Metabolism 

Polyamine Metabolism 

Arginine and Ornithine Degradation 

Arginine and Ornithine Degradation 

Arginine and Ornithine Degradation 

Arginine and Ornithine Degradation 

Arginine and Ornithine Degradation 

Arginine and Ornithine Degradation 

Arginine and Ornithine Degradation 

Arginine and Ornithine Degradation 

Arginine and Ornithine Degradation 

Arginine and Ornithine Degradation 

Arginine and Ornithine Degradation 

Arginine and Ornithine Degradation 

Arginine and Ornithine Degradation 

Arginine and Ornithine Degradation 

Arginine and Ornithine Degradation 

Arginine and Ornithine Degradation 

Arginine and Ornithine Degradation 

Arginine and Ornithine Degradation 

Arginine Biosynthesis -- gjo 

Arginine Biosynthesis -- gjo 

Arginine Biosynthesis -- gjo 

Arginine Biosynthesis -- gjo 

Arginine Biosynthesis -- gjo 
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Arginine Biosynthesis -- gjo 

Arginine Biosynthesis -- gjo 

Arginine Biosynthesis -- gjo 

Arginine Biosynthesis -- gjo 

Arginine Biosynthesis -- gjo 

Arginine Biosynthesis -- gjo 

Cyanophycin Metabolism 

Cyanophycin Metabolism 

Cyanophycin Metabolism 

Cyanophycin Metabolism 

Cyanophycin Metabolism 

Arginine Deiminase Pathway 

Arginine Deiminase Pathway 

Urease subunits 

Urease subunits 

Urease subunits 

Urease subunits 

Urease subunits 

Urease subunits 

Urease subunits 

Arginine Biosynthesis extended 

Arginine Biosynthesis extended 

Arginine Biosynthesis extended 

Arginine Biosynthesis extended 

Arginine Biosynthesis extended 

Arginine Biosynthesis extended 

Arginine Biosynthesis extended 

Arginine Biosynthesis extended 

Arginine Biosynthesis extended 

Arginine Biosynthesis extended 

Arginine Biosynthesis extended 

Urea decomposition 

Urea decomposition 

Urea decomposition 

Urea decomposition 

Urea decomposition 

Urea decomposition 

Urea decomposition 

Urea decomposition 

Urea decomposition 

Urea decomposition 

Urea decomposition 

Urea decomposition 

 methionine 

Sarcosine dehydrogenase (EC 1.5.99.1) 

Cytosine deaminase (EC 3.5.4.1) 

Creatinine amidohydrolase (EC 3.5.2.10) 

Acyl-CoA dehydrogenase 

Branched-chain amino acid aminotransferase (EC 2.6.1.42) 

Branched-chain alpha-keto acid dehydrogenase 

Enoyl-CoA hydratase (EC 4.2.1.17) 
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Dihydrolipoamide acyltransferase component of branched-chain alpha-keto acid dehydrogenase 

complex (EC 2.3.1.168) 

3-ketoacyl-CoA thiolase (EC 2.3.1.16) 

Branched-chain alpha-keto acid dehydrogenase 

3-hydroxyacyl-CoA dehydrogenase (EC 1.1.1.35) 

Branched-chain acyl-CoA dehydrogenase (EC 1.3.99.12) 

Hydroxymethylglutaryl-CoA lyase (EC 4.1.3.4) 

Branched-chain amino acid aminotransferase (EC 2.6.1.42) 

Methylglutaconyl-CoA hydratase (EC 4.2.1.18) 

Methylcrotonyl-CoA carboxylase carboxyl transferase subunit (EC 6.4.1.4) 

Branched-chain alpha-keto acid dehydrogenase 

Methylcrotonyl-CoA carboxylase biotin-containing subunit (EC 6.4.1.4) 

Succinyl-CoA:3-ketoacid-coenzyme A transferase subunit B (EC 2.8.3.5) 

Acetoacetyl-CoA synthetase (EC 6.2.1.16) 

Leucine dehydrogenase (EC 1.4.1.9) 

Dihydrolipoamide acyltransferase component of branched-chain alpha-keto acid dehydrogenase 

complex (EC 2.3.1.168) 

Succinyl-CoA:3-ketoacid-coenzyme A transferase subunit A (EC 2.8.3.5) 

Branched-chain alpha-keto acid dehydrogenase 

Branched-chain acyl-CoA dehydrogenase (EC 1.3.99.12) 

Dihydrolipoamide dehydrogenase (EC 1.8.1.4) 

3-isopropylmalate dehydratase small subunit (EC 4.2.1.33) 

2-isopropylmalate synthase (EC 2.3.3.13) 

Branched-chain amino acid aminotransferase (EC 2.6.1.42) 

Threonine dehydratase (EC 4.3.1.19) 

3-isopropylmalate dehydrogenase (EC 1.1.1.85) 

Threonine dehydratase 

3-isopropylmalate dehydratase large subunit (EC 4.2.1.33) 

Leucine dehydrogenase (EC 1.4.1.9) 

Ketol-acid reductoisomerase (EC 1.1.1.86) 

Threonine dehydratase biosynthetic (EC 4.3.1.19) 

Acetolactate synthase large subunit (EC 2.2.1.6) 

Dihydroxy-acid dehydratase (EC 4.2.1.9) 

Leucine-responsive regulatory protein 

Acetolactate synthase small subunit (EC 2.2.1.6) 

Predicted transcriptional regulator LiuR of leucine degradation pathway 

Hydroxymethylglutaryl-CoA lyase (EC 4.1.3.4) 

Acetoacetyl-CoA synthetase (EC 6.2.1.16) 

Methylglutaconyl-CoA hydratase (EC 4.2.1.18) 

Methylcrotonyl-CoA carboxylase carboxyl transferase subunit (EC 6.4.1.4) 

Methylcrotonyl-CoA carboxylase biotin-containing subunit (EC 6.4.1.4) 

Branched-chain amino acid aminotransferase (EC 2.6.1.42) 

3-hydroxyisobutyrate dehydrogenase (EC 1.1.1.31) 

Methylmalonate-semialdehyde dehydrogenase (EC 1.2.1.27) 

Branched-chain alpha-keto acid dehydrogenase 

3-hydroxyisobutyryl-CoA hydrolase (EC 3.1.2.4) 

Enoyl-CoA hydratase (EC 4.2.1.17) 

Dihydrolipoamide acyltransferase component of branched-chain alpha-keto acid dehydrogenase 

complex (EC 2.3.1.168) 

Branched-chain alpha-keto acid dehydrogenase 

3-hydroxyacyl-CoA dehydrogenase (EC 1.1.1.35) 
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Branched-chain acyl-CoA dehydrogenase (EC 1.3.99.12) 

3-isopropylmalate dehydratase small subunit (EC 4.2.1.33) 

3-isopropylmalate dehydratase large subunit (EC 4.2.1.33) 

2-isopropylmalate synthase (EC 2.3.3.13) 

Branched-chain amino acid aminotransferase (EC 2.6.1.42) 

3-isopropylmalate dehydrogenase (EC 1.1.1.85) 

Shikimate kinase I (EC 2.7.1.71) 

5-Enolpyruvylshikimate-3-phosphate synthase (EC 2.5.1.19) 

3-dehydroquinate dehydratase II (EC 4.2.1.10) 

2-keto-3-deoxy-D-arabino-heptulosonate-7-phosphate synthase I alpha (EC 2.5.1.54) 

3-dehydroquinate synthase (EC 4.2.3.4) 

Chorismate synthase (EC 4.2.3.5) 

5-Enolpyruvylshikimate-3-phosphate synthase (EC 2.5.1.19) 

Chorismate mutase I (EC 5.4.99.5) 

3-dehydroquinate dehydratase II (EC 4.2.1.10) 

2-keto-3-deoxy-D-arabino-heptulosonate-7-phosphate synthase I alpha (EC 2.5.1.54) 

Prephenate dehydratase (EC 4.2.1.51) 

3-dehydroquinate synthase (EC 4.2.3.4) 

Chorismate synthase (EC 4.2.3.5) 

Shikimate kinase I (EC 2.7.1.71) 

Cyclohexadienyl dehydrogenase (EC 1.3.1.12)(EC 1.3.1.43) 

Chorismate mutase I (EC 5.4.99.5) 

Prephenate dehydratase (EC 4.2.1.51) 

Cyclohexadienyl dehydrogenase (EC 1.3.1.12)(EC 1.3.1.43) 

Tryptophan 2 

4-hydroxyphenylpyruvate dioxygenase (EC 1.13.11.27) 

Phenylalanine hydroxylase transcriptional activator PhhR 

Phenylalanine-4-hydroxylase (EC 1.14.16.1) 

Phenylacetate-coenzyme A ligase (EC 6.2.1.30) 

Indolepyruvate oxidoreductase subunit IorB II (EC 1.2.7.8) 

Indolepyruvate oxidoreductase subunit IorA (EC 1.2.7.8) 

Indolepyruvate oxidoreductase subunit IorB II (EC 1.2.7.8) 

Indolepyruvate oxidoreductase subunit IorA (EC 1.2.7.8) 

 PAPA antibiotics 

 PAPA antibiotics 

 PAPA antibiotics 

 PAPA antibiotics 

 PAPA antibiotics 

 PAPA antibiotics 

 PAPA antibiotics 

 PAPA antibiotics 

 PAPA antibiotics 

 PAPA antibiotics 

 PAPA antibiotics 

 PAPA antibiotics 

Anthranilate synthase 

Aminodeoxychorismate lyase (EC 4.1.3.38) 

Tryptophan synthase alpha chain (EC 4.2.1.20) 

Para-aminobenzoate synthase 

Anthranilate phosphoribosyltransferase (EC 2.4.2.18) 

Tryptophan synthase beta chain (EC 4.2.1.20) 
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Indole-3-glycerol phosphate synthase (EC 4.1.1.48) 

Para-aminobenzoate synthase 

Phosphoribosylanthranilate isomerase (EC 5.3.1.24) 

Pyrroline-5-carboxylate reductase (EC 1.5.1.2) 

Gamma-glutamyl phosphate reductase (EC 1.2.1.41) 

NADP-specific glutamate dehydrogenase (EC 1.4.1.4) 

Hypothetical protein YggS 

Pyrroline-5-carboxylate reductase (EC 1.5.1.2) 

 4-hydroxyproline uptake and utilization 

 4-hydroxyproline uptake and utilization 

 4-hydroxyproline uptake and utilization 

 4-hydroxyproline uptake and utilization 

 4-hydroxyproline uptake and utilization 

 4-hydroxyproline uptake and utilization 

tRNA 5-methylaminomethyl-2-thiouridine synthase TusC 

tRNA 5-methylaminomethyl-2-thiouridine synthase TusB 

tRNA 2-thiouridine synthesizing protein E (EC 2.8.1.-) 

Cobyrinic acid A 

tRNA 5-methylaminomethyl-2-thiouridine synthase TusD 

4Fe-4S ferredoxin 

3&#39;(2&#39;) 

Sulfate adenylyltransferase subunit 2 (EC 2.7.7.4) 

Sulfite reductase [NADPH] hemoprotein beta-component (EC 1.8.1.2) 

Sulfate transporter 

Ferredoxin 

Ferredoxin--NADP(+) reductase (EC 1.18.1.2) 

Sulfate permease 

Adenylylsulfate kinase (EC 2.7.1.25) 

Putative sulfate permease 

Sulfate and thiosulfate binding protein CysP 

Sulfate transport system permease protein CysW 

Oxidoreductase probably involved in sulfite reduction 

Phosphoadenylyl-sulfate reductase [thioredoxin] (EC 1.8.4.8) 

Sulfate adenylyltransferase subunit 1 (EC 2.7.7.4) 

Sulfate transport system permease protein CysT 

Sulfate and thiosulfate import ATP-binding protein CysA (EC 3.6.3.25) 

Sulfur oxidation protein SoxZ 

Sulfide dehydrogenase [flavocytochrome C] flavoprotein chain precursor (EC 1.8.2.-) 

Lipocalin-related protein and Bos/Can/Equ allergen 

Hydrogen peroxide-inducible genes activator 

Alkyl hydroperoxide reductase protein F (EC 1.6.4.-) 

Thiol peroxidase 

Alkyl hydroperoxide reductase subunit C-like protein 

Alkyl hydroperoxide reductase protein C (EC 1.6.4.-) 

Thioredoxin reductase (EC 1.8.1.9) 

Arylsulfatase (EC 3.1.6.1) 

Phosphate regulon transcriptional regulatory protein PhoB (SphR) 

Phosphate transport system permease protein PstC (TC 3.A.1.7.1) 

Phosphate transport ATP-binding protein PstB (TC 3.A.1.7.1) 

Phosphate transport system permease protein PstA (TC 3.A.1.7.1) 

Phosphate transport system regulatory protein PhoU 
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Phosphate regulon sensor protein PhoR (SphS) (EC 2.7.13.3) 

Phosphate ABC transporter 

Phosphate regulon transcriptional regulatory protein PhoB (SphR) 

NAD(P) transhydrogenase subunit beta (EC 1.6.1.2) 

Inorganic pyrophosphatase (EC 3.6.1.1) 

Phosphate transport system permease protein PstC (TC 3.A.1.7.1) 

Phosphate transport ATP-binding protein PstB (TC 3.A.1.7.1) 

Phosphate transport system permease protein PstA (TC 3.A.1.7.1) 

Phosphate transport system regulatory protein PhoU 

Phosphate starvation-inducible ATPase PhoH with RNA binding motif 

Predicted ATPase related to phosphate starvation-inducible protein PhoH 

Phosphate ABC transporter 

NAD(P) transhydrogenase alpha subunit (EC 1.6.1.2) 

Soluble pyridine nucleotide transhydrogenase (EC 1.6.1.1) 

Sodium-dependent phosphate transporter 

Phosphate regulon sensor protein PhoR (SphS) (EC 2.7.13.3) 

PhnB protein 

Alkylphosphonate utilization operon protein PhnA 

Methylglyoxal synthase (EC 4.2.3.3) 

Lactoylglutathione lyase (EC 4.4.1.5) 

Aldehyde dehydrogenase B (EC 1.2.1.22) 

Aldehyde dehydrogenase (EC 1.2.1.3) 

Hydroxyacylglutathione hydrolase (EC 3.1.2.6) 

 acetogenesis from pyruvate 

 acetogenesis from pyruvate 

 acetogenesis from pyruvate 

 acetogenesis from pyruvate 

 acetogenesis from pyruvate 

 acetogenesis from pyruvate 

 acetogenesis from pyruvate 

 acetogenesis from pyruvate 

 acetogenesis from pyruvate 

 acetogenesis from pyruvate 

 acetogenesis from pyruvate 

 acetogenesis from pyruvate 

L-serine dehydratase 

Branched-chain amino acid aminotransferase (EC 2.6.1.42) 

L-serine dehydratase 

Omega-amino acid--pyruvate aminotransferase (EC 2.6.1.18) 

Alanine racemase (EC 5.1.1.1) 

D-amino acid dehydrogenase small subunit (EC 1.4.99.1) 

Alanine dehydrogenase (EC 1.4.1.1) 

L-serine dehydratase (EC 4.3.1.17) 

Malate synthase G (EC 2.3.3.9) 

Citrate synthase (si) (EC 2.3.3.1) 

Aconitate hydratase 2 (EC 4.2.1.3) 

Isocitrate lyase (EC 4.1.3.1) 

(R)-2-hydroxyacid dehydrogenase 

Isocitrate dehydrogenase phosphatase (EC 2.7.11.5)/kinase (EC 3.1.3.-) 

Aconitate hydratase (EC 4.2.1.3) 

6-phosphofructokinase (EC 2.7.1.11) 
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Triosephosphate isomerase (EC 5.3.1.1) 

Fructose-bisphosphate aldolase class II (EC 4.1.2.13) 

2 

Glucose-6-phosphate isomerase (EC 5.3.1.9) 

Fructose-bisphosphate aldolase class I (EC 4.1.2.13) 

NADPH-dependent glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.13) 

Phosphoglycerate mutase (EC 5.4.2.1) 

Glucokinase (EC 2.7.1.2) 

Pyruvate kinase (EC 2.7.1.40) 

Phosphoenolpyruvate synthase (EC 2.7.9.2) 

Phosphoglycerate kinase (EC 2.7.2.3) 

Enolase (EC 4.2.1.11) 

NAD-dependent glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12) 

2 

Glucose-6-phosphate 1-dehydrogenase (EC 1.1.1.49) 

2-dehydro-3-deoxyphosphogluconate aldolase (EC 4.1.2.14) 

Gluconate dehydratase (EC 4.2.1.39) 

6-phosphogluconolactonase (EC 3.1.1.31) 

Gluconolactonase (EC 3.1.1.17) 

Gluconokinase (EC 2.7.1.12) 

Phosphoglycerate mutase (EC 5.4.2.1) 

Glucokinase (EC 2.7.1.2) 

Pyruvate kinase (EC 2.7.1.40) 

Phosphoglycerate kinase (EC 2.7.2.3) 

Phosphogluconate dehydratase (EC 4.2.1.12) 

NAD-dependent glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12) 

Enolase (EC 4.2.1.11) 

Pyruvate dehydrogenase E1 component (EC 1.2.4.1) 

Branched-chain alpha-keto acid dehydrogenase 

Dihydrolipoamide dehydrogenase of 2-oxoglutarate dehydrogenase (EC 1.8.1.4) 

Acetoin dehydrogenase E1 component beta-subunit (EC 1.2.4.-) 

Acetoin dehydrogenase E1 component alpha-subunit (EC 1.2.4.-) 

Dihydrolipoamide succinyltransferase component (E2) of 2-oxoglutarate dehydrogenase complex 

(EC 2.3.1.61) 

Dihydrolipoamide acyltransferase component of branched-chain alpha-keto acid dehydrogenase 

complex (EC 2.3.1.168) 

Leucine- 

Branched-chain alpha-keto acid dehydrogenase 

Pyruvate dehydrogenase E1 component beta subunit (EC 1.2.4.1) 

Dihydrolipoamide acetyltransferase component (E2) of acetoin dehydrogenase complex (EC 2.3.1.-) 

Dihydrolipoamide acetyltransferase component of pyruvate dehydrogenase complex (EC 2.3.1.12) 

2-oxoglutarate dehydrogenase E1 component (EC 1.2.4.2) 

Cytosol aminopeptidase PepA (EC 3.4.11.1) 

 PEP 

 PEP 

 PEP 

 PEP 

 PEP 

 PEP 

 PEP 

 PEP 
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 PEP 

Transketolase (EC 2.2.1.1) 

Ribose-phosphate pyrophosphokinase (EC 2.7.6.1) 

6-phosphogluconolactonase (EC 3.1.1.31) 

Transaldolase (EC 2.2.1.2) 

Ribose 5-phosphate isomerase A (EC 5.3.1.6) 

Ribulose-phosphate 3-epimerase (EC 5.1.3.1) 

Glucose-6-phosphate 1-dehydrogenase (EC 1.1.1.49) 

 glyoxylate interconversions 

 glyoxylate interconversions 

 glyoxylate interconversions 

 glyoxylate interconversions 

 glyoxylate interconversions 

 glyoxylate interconversions 

 glyoxylate interconversions 

 glyoxylate interconversions 

 glyoxylate interconversions 

Transcriptional activator of maltose regulon 

Maltodextrin glucosidase (EC 3.2.1.20) 

Maltose/maltodextrin ABC transporter 

Maltose/maltodextrin ABC transporter 

Maltose/maltodextrin transport ATP-binding protein MalK (EC 3.6.3.19) 

Maltose/maltodextrin ABC transporter 

Maltoporin (maltose/maltodextrin high-affinity receptor 

Serine hydroxymethyltransferase (EC 2.1.2.1) 

Succinyl-CoA:3-ketoacid-coenzyme A transferase subunit B (EC 2.8.3.5) 

Succinate dehydrogenase flavoprotein subunit (EC 1.3.99.1) 

Serine-pyruvate aminotransferase/archaeal aspartate aminotransferase 

Aconitate hydratase (EC 4.2.1.3) 

Acetoacetyl-CoA reductase (EC 1.1.1.36) 

Succinate dehydrogenase iron-sulfur protein (EC 1.3.99.1) 

Citrate synthase (si) (EC 2.3.3.1) 

Succinyl-CoA:3-ketoacid-coenzyme A transferase subunit A (EC 2.8.3.5) 

polyhydroxyalkanoate synthesis repressor PhaR 

5 

Serine--glyoxylate aminotransferase (EC 2.6.1.45) 

Methenyltetrahydrofolate cyclohydrolase (EC 3.5.4.9) 

Enolase (EC 4.2.1.11) 

Formate--tetrahydrofolate ligase (EC 6.3.4.3) 

Methylcrotonyl-CoA carboxylase carboxyl transferase subunit (EC 6.4.1.4) 

5-formyltetrahydrofolate cyclo-ligase (EC 6.3.3.2) 

Phosphoenolpyruvate carboxykinase [ATP] (EC 4.1.1.49) 

Methylcrotonyl-CoA carboxylase biotin-containing subunit (EC 6.4.1.4) 

Methylenetetrahydrofolate dehydrogenase (NADP+) (EC 1.5.1.5) 

cytosolic long-chain acyl-CoA thioester hydrolase family protein 

Acetyl-CoA acetyltransferase (EC 2.3.1.9) 

Succinyl-CoA ligase [ADP-forming] alpha chain (EC 6.2.1.5) 

3-ketoacyl-CoA thiolase (EC 2.3.1.16) 

Isocitrate lyase (EC 4.1.3.1) 

Fumarate hydratase class I 

Succinyl-CoA ligase [ADP-forming] beta chain (EC 6.2.1.5) 
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Glycerate kinase (EC 2.7.1.31) 

Formyltetrahydrofolate deformylase (EC 3.5.1.10) 

Formate--tetrahydrofolate ligase (EC 6.3.4.3) 

5-formyltetrahydrofolate cyclo-ligase (EC 6.3.3.2) 

Methylenetetrahydrofolate dehydrogenase (NADP+) (EC 1.5.1.5) 

5 

Methenyltetrahydrofolate cyclohydrolase (EC 3.5.4.9) 

Transcriptional regulatory protein CitB 

Sensor kinase CitA 

Methylisocitrate lyase (EC 4.1.3.30) 

2-methylcitrate dehydratase (EC 4.2.1.79) 

2-methylaconitate isomerase 

2-methylisocitrate dehydratase (EC 4.2.1.99) 

Propionate catabolism operon transcriptional regulator of GntR family [predicted] 

2-methylcitrate synthase (EC 2.3.3.5) 

2-methylcitrate dehydratase FeS dependent (EC 4.2.1.79) 

Methylisocitrate lyase (EC 4.1.3.30) 

2-methylisocitrate dehydratase (EC 4.2.1.99) 

Propionate catabolism operon transcriptional regulator of GntR family [predicted] 

2-methylcitrate dehydratase FeS dependent (EC 4.2.1.79) 

Aconitate hydratase (EC 4.2.1.3) 

2-methylaconitate isomerase 

2-methylcitrate dehydratase (EC 4.2.1.79) 

Aconitate hydratase 2 (EC 4.2.1.3) 

2-methylcitrate synthase (EC 2.3.3.5) 

2-dehydro-3-deoxyglucarate aldolase (EC 4.1.2.20) 

Hydroxypyruvate reductase (EC 1.1.1.81) 

2-hydroxy-3-oxopropionate reductase (EC 1.1.1.60) 

Glyoxylate carboligase (EC 4.1.1.47) 

Hydroxypyruvate isomerase (EC 5.3.1.22) 

Pyruvate kinase (EC 2.7.1.40) 

Serine--glyoxylate aminotransferase (EC 2.6.1.45) 

Tartrate decarboxylase (EC 4.1.1.73) 

Glycerate kinase (EC 2.7.1.31) 

Predicted L-lactate dehydrogenase 

Predicted D-lactate dehydrogenase 

L-lactate permease 

Lactate-responsive regulator LldR in Enterobacteria 

Predicted L-lactate dehydrogenase 

Predicted L-lactate dehydrogenase 

Alcohol dehydrogenase (EC 1.1.1.1) 

Enoyl-CoA hydratase (EC 4.2.1.17) 

3-hydroxybutyryl-CoA dehydrogenase (EC 1.1.1.157) 

Acetyl-CoA acetyltransferase (EC 2.3.1.9) 

Alcohol dehydrogenase (EC 1.1.1.1) 

Sugar/maltose fermentation stimulation protein homolog 

Phosphoenolpyruvate carboxylase (EC 4.1.1.31) 

Phosphate acetyltransferase (EC 2.3.1.8) 

Acetate kinase (EC 2.7.2.1) 

Acetolactate synthase large subunit (EC 2.2.1.6) 

Acetolactate synthase small subunit (EC 2.2.1.6) 
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3-hydroxybutyryl-CoA epimerase (EC 5.1.2.3) 

3-hydroxybutyryl-CoA dehydratase (EC 4.2.1.55) 

Electron transfer flavoprotein-ubiquinone oxidoreductase (EC 1.5.5.1) 

Electron transfer flavoprotein 

Acetyl-CoA acetyltransferase (EC 2.3.1.9) 

Acetoacetyl-CoA reductase (EC 1.1.1.36) 

Enoyl-CoA hydratase (EC 4.2.1.17) 

Electron transfer flavoprotein 

3-hydroxyacyl-CoA dehydrogenase (EC 1.1.1.35) 

3-hydroxybutyryl-CoA dehydrogenase (EC 1.1.1.157) 

Acetyl-CoA:acetoacetyl-CoA transferase 

 butanediol metabolism 

 butanediol metabolism 

 butanediol metabolism 

 butanediol metabolism 

 butanediol metabolism 

 butanediol metabolism 

 carboxysome 

 carboxysome 

 carboxysome 

 carboxysome 

 carboxysome 

GlpG protein (membrane protein of glp regulon) 

Glycerol-3-phosphate ABC transporter 

Glycerophosphoryl diester phosphodiesterase (EC 3.1.4.46) 

Aerobic glycerol-3-phosphate dehydrogenase (EC 1.1.5.3) 

Glycerol-3-phosphate dehydrogenase [NAD(P)+] (EC 1.1.1.94) 

Glycerol-3-phosphate ABC transporter 

Glycerol kinase (EC 2.7.1.30) 

Glycerol-3-phosphate ABC transporter 

Carbon storage regulator 

putative esterase 

Maltose/maltodextrin ABC transporter 

Ribose ABC transport system 

Ribose ABC transport system 

Ribokinase (EC 2.7.1.15) 

Ribose 5-phosphate isomerase A (EC 5.3.1.6) 

Purine nucleoside phosphorylase (EC 2.4.2.1) 

Ribokinase (EC 2.7.1.15) 

Phosphopentomutase (EC 5.4.2.7) 

Deoxyribose operon repressor 

Thymidine phosphorylase (EC 2.4.2.4) 

Putative deoxyribonuclease YjjV 

Deoxyribose-phosphate aldolase (EC 4.1.2.4) 

Gluconate utilization system Gnt-I transcriptional repressor 

Gluconate dehydratase (EC 4.2.1.39) 

2-ketogluconate kinase (EC 2.7.1.13) 

Gluconokinase (EC 2.7.1.12) 

2-ketoaldonate reductase 

 

hypothetical protein 
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hypothetical protein 

lipoprotein 

Phospholipase 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

COG1132 

Lignin beta-ether hydrolase 

hypothetical protein 

2-oxo-4-hydroxy-4-carboxy--5-ureidoimidazoline (OHCU) decarboxylase 

Transthyretin family protein 

conserved hypothetical membrane protein 

Transcriptional regulator 

hypothetical protein 

Uricase (urate oxidase) (EC 1.7.3.3) 

Ureidoglycine aminohydrolase 

hypothetical protein 

Maleate cis-trans isomerase 

Uricase (urate oxidase) (EC 1.7.3.3) 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

von Willebrand factor type A domain protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

von Willebrand factor type A domain protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Signal transduction histidine kinase 

two-component response regulator 

tRNA-Asp-GTC 

tRNA-Val-CAC 

tRNA-Asp-GTC 

tRNA-Asp-GTC 

tRNA-Val-TAC 

hypothetical protein 

Adenosylcobinamide-phosphate guanylyltransferase (EC 2.7.7.62) 

L-threonine 3-O-phosphate decarboxylase (EC 4.1.1.81) 

Adenosylcobinamide-phosphate synthase (EC 6.3.1.10) 

FIG00953934: hypothetical protein 

hypothetical protein 

Diadenosine tetraphosphatase and related serine/threonine protein phosphatases 

Putative acetate efflux pump 

hypothetical protein 
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INTEGRAL MEMBRANE PROTEIN (Rhomboid family) 

hypothetical protein 

CBS domain protein 

tRNA-Gly-CCC 

hypothetical protein 

hypothetical protein 

Hydroxymethylpyrimidine phosphate synthase ThiC (EC 4.1.99.17) 

hypothetical protein 

hypothetical protein 

Thiaminase II (EC 3.5.99.2) involved in salvage of thiamin pyrimidine moiety 

Probable transmembrane protein 

Putative methyltransferase associated with DUF414 

Transmembrane transport protein 

Transcriptional regulator 

hypothetical protein 

Transcriptional regulator 

Transcriptional regulator containing an amidase domain and an AraC-type DNA-binding HTH 

domain 

hypothetical protein 

hypothetical protein 

putative signal peptide protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Glycosyl hydrolase 

ErfK/YbiS/YcfS/YnhG family protein 

Transposase 

Zinc ABC transporter 

hypothetical protein 

Signal transduction histidine kinase regulating C4-dicarboxylate transport system 

SM-20-related protein 

Type IV pilus biogenesis protein PilZ 

hypothetical protein 

FIG003620: Proteophosphoglycan precursor (Fragment) 

putative DNA helicase 

Thiosulfate sulfurtransferase 

UDP-2-acetamido-2-deoxy-D-glucuronic acid dehydrogenase (NAD+ cofactor) 

hypothetical protein 

SrpA-related protein 

hypothetical protein 

Response regulator 

TnpR protein 

hypothetical protein 

hypothetical protein 

FOG: GGDEF domain 

Protein containing plastocyanin/azurin family domain 
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FIG016425: Soluble lytic murein transglycosylase and related regulatory proteins (some contain 

LysM/invasin domains) 

Polyribonucleotide nucleotidyltransferase (polynucleotide phosphorylase) 

hypothetical protein 

hypothetical protein 

Photoactive yellow protein (PYP) 

hypothetical protein 

hypothetical protein 

hypothetical protein 

transposase 

transposase 

Alternative oxidase 2 

metallophosphoesterase 

hypothetical protein 

hypothetical protein 

Lysine exporter protein (LYSE/YGGA) 

Acyl-CoA dehydrogenase (EC 1.3.8.7) 

protein of unknown function DUF1244 

hypothetical protein 

hypothetical protein 

Predicted transcriptional regulator 

hypothetical protein 

hypothetical protein 

protein of unknown function DUF77 

hypothetical protein 

Urea ABC transporter 

Urea ABC transporter 

Aliphatic amidase amiE (EC 3.5.1.4) 

hypothetical protein 

hypothetical protein 

Ribonuclease BN (EC 3.1.-.-) 

hypothetical protein 

conserved hypothetical protein 

hypothetical protein 

Putative permease often clustered with de novo purine synthesis 

hypothetical protein 

hypothetical protein 

GGDEF domain protein 

hypothetical protein 

hypothetical protein 

Fumarate hydratase class II (EC 4.2.1.2) 

Glycerol-3-phosphate regulon repressor 

tRNA-Val-GAC 

tRNA-Val-GAC 

Mobile element protein 

NADPH dependent preQ0 reductase (EC 1.7.1.13) 

nitroreductase 

tRNA-Ser-GGA 

hypothetical protein 

hypothetical protein 

hypothetical protein 
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Gifsy-2 prophage protein 

hypothetical protein 

Predicted P-loop ATPase fused to an acetyltransferase COG1444 

hypothetical protein 

hypothetical protein 

hypothetical protein 

putative membrane protein 

Diadenosine tetraphosphate (Ap4A) hydrolase and other HIT family hydrolases 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Uropathogenic specific protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Response regulator BaeR 

Sensory histidine kinase BaeS 

hypothetical protein 

Predicted membrane protein 

Gll3326 protein 

hypothetical protein 

Predicted transcriptional regulators 

DNA/RNA non-specific endonuclease 

tRNA-Leu-CAG 

tRNA-Leu-CAG 

tRNA-Leu-CAG 

Cation antiporter precursor 

hypothetical protein 

NADH-ubiquinone oxidoreductase chain N (EC 1.6.5.3) 

NADH:ubiquinone oxidoreductase subunit 5 (chain L)/Multisubunit Na+/H+ antiporter 

NADH-ubiquinone oxidoreductase chain L (EC 1.6.5.3) 

hypothetical protein 

NADH-ubiquinone oxidoreductase chain L (EC 1.6.5.3) 

NADH-ubiquinone oxidoreductase chain L (EC 1.6.5.3) 

tRNA-Lys-TTT 

tRNA-Lys-TTT 

TPR repeat 

hypothetical protein 

Transcriptional regulator 

Exported zinc metalloprotease YfgC precursor 

SirA-like protein 

Putative permease PerM (= YfgO) 

Dihydrodipicolinate synthase (EC 4.2.1.52) 

hypothetical protein 

sodium-solute symporter 

hypothetical protein 

Bll3817 protein 

hypothetical protein 

diguanylate cyclase (GGDEF domain) with PAS/PAC sensor 

FIG00802418: hypothetical protein 
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Transcriptional regulator 

polysaccharide deacetylase 

Polysaccharide deacetylase 

Putative inner membrane protein 

Transcriptional regulator 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Transcriptional regulator 

Haloacid dehalogenase 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Nitrilotriacetate monooxygenase component B (EC 1.14.13.-) 

Malonyl-CoA decarboxylase (EC 4.1.1.9) 

IS6120 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

TETRATRICOPEPTIDE REPEAT FAMILY PROTEIN 

Tyrosine protein kinase:Serine/threonine protein kinase:Sel1-like repeat 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Integrase 

site-specific recombinase 

hypothetical protein 

Mobile element protein 

hypothetical protein 

transcriptional regulator 

hypothetical protein 

hypothetical protein 

probable transmembrane protein 

hypothetical protein 

NAD/FAD-utilizing enzyme apparently involved in cell division 

hypothetical protein 

UDP-3-O-[3-hydroxymyristoyl] glucosamine N-acyltransferase (EC 2.3.1.191) 

Membrane-associated zinc metalloprotease 

Uncharacterized protein conserved in bacteria 

General secretion pathway protein E 

hypothetical protein 

hypothetical protein 

hypothetical protein 

FIG01199933: hypothetical protein 

hypothetical protein 

hypothetical protein 
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transcriptional regulator 

Immune-responsive protein 1 

hypothetical protein 

hypothetical protein 

Transcriptional regulator containing an amidase domain and an AraC-type DNA-binding HTH 

domain 

Fe-S protein 

Fe-S protein 

Fe-S protein 

Fe-S protein 

putative membrane protein 

hypothetical protein 

hypothetical protein 

Phage integrase 

tRNA-Met-CAT 

hypothetical protein 

hypothetical protein 

Rhomboid family protein 

Probable dipeptidase 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

COG0431: Predicted flavoprotein 

hypothetical protein 

tRNA-Met-CAT 

hypothetical protein 

glycosyl transferase 

Conserved domain protein 

Membrane-associated zinc metalloprotease 

hypothetical protein 

SlyX 

hypothetical protein 

tRNA-Leu-CAG 

Cation antiporter precursor 

other cation transporters (Na(+)  

NADH-ubiquinone oxidoreductase chain N (EC 1.6.5.3) 

NADH-ubiquinone oxidoreductase chain L (EC 1.6.5.3) 

hypothetical protein 

NADH-ubiquinone oxidoreductase chain L (EC 1.6.5.3) 

putative TonB-dependent receptor protein with OmpA-like transmembrane domain 

hypothetical protein 

tRNA-(ms[2]io[6]A)-hydroxylase (EC 1.-.-.-) 

ATPase-like protein 

Metal-dependent hydrolase 

TRAP transporter solute receptor 

TRAP dicarboxylate transporter 

Putative stomatin/prohibitin-family membrane protease subunit YbbK 
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hypothetical protein 

hypothetical protein 

putative exported protein 

Ancient conserved domain protein 4 

hypothetical protein 

putative DNA-binding protein 

Putative inner membrane protein 

Putative inner membrane protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

FIG00859800: hypothetical protein 

COGs COG0226 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Universal stress protein 

hypothetical protein 

hypothetical protein 

Uncharacterized membrane-anchored protein 

hypothetical protein 

major facilitator superfamily MFS_1 

Protease-related protein 

Protease-related protein 

acyltransferase 3 

acyltransferase 3 

FIG084569: hydrolase 

CBS domain protein 

Transcription regulator [contains diacylglycerol kinase catalytic domain] 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

peptidase M42 family protein 

hypothetical protein 

hypothetical protein 

Putative cytoplasmic protein 

EBNA-1 nuclear protein 

Protein often near L-alanine-DL-glutamate epimerase (cell wall recycling) 

hypothetical protein 

hypothetical protein 

Bacterioferritin 

cobalamin (vitamin B12) biosynthesis CbiX protein 

phosphoesterase 

Hypothetical 

Xanthine-uracil permease 

hypothetical protein 

HIPA PROTEIN 

Similarities with transcriptional regulator 
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Putative drug efflux protein 

Transcriptional regulator 

hypothetical protein 

hypothetical protein 

KaiC 

Response regulator receiver 

protein of unknown function UPF0157 

hypothetical protein 

Transcriptional regulator 

hypothetical protein 

Lipid A export ATP-binding/permease protein MsbA 

hypothetical protein 

Rhomboid family protein 

Probable dipeptidase 

Probable dipeptidase 

hypothetical protein 

hypothetical protein 

4-oxalocrotonate tautomerase (EC 5.3.2.-) 

Msr0042 protein 

protein of unknown function RIO1 

lipoprotein Blc 

SAM-dependent methyltransferases 

hypothetical protein 

hypothetical protein 

Oxidoreductase (flavoprotein) 

Haloacetate dehalogenase H-1 (EC 3.8.1.3) 

Ribosomal RNA small subunit methyltransferase C (EC 2.1.1.52) 

hypothetical protein 

FIG074102: hypothetical protein 

hypothetical protein 

Pca regulon regulatory protein PcaR 

Ethidium bromide-methyl viologen resistance protein EmrE 

putative methyltransferase 

Maebl 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Membrane carboxypeptidase (penicillin-binding protein) 

Thiamine biosynthesis protein thiI 

von Willebrand factor type A domain protein 

hypothetical protein 

COG3118: Thioredoxin domain-containing protein EC-YbbN 

FIG00509394: hypothetical protein 

membrane protein 

Conserved protein 

hypothetical protein 

hypothetical protein 

Gifsy-2 prophage protein 

hypothetical protein 

hypothetical protein 
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Response regulator 

FOG: GGDEF domain 

Dihydrodipicolinate reductase (EC 1.3.1.26) 

hypothetical protein 

hypothetical protein 

UPF0125 protein yfjF 

Putative oligoketide cyclase/lipid transport protein 

Integrase 

Possible Transcriptional Regulator 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Putative bacteriophage protein 

Type I secretion system 

HlyD family secretion protein 

putative LuxR-family transcriptional regulator 

Chitinase (EC 3.2.1.14) 

T1SS secreted agglutinin RTX 

T1SS secreted agglutinin RTX 

FIG094192: hypothetical protein 

Membrane bound c-di-GMP receptor LapD 

FIGfam010717 

phospholipid/glycerol acyltransferase 

Exopolysaccharide synthesis 

Transcriptional regulator 

hypothetical protein 

hypothetical protein 

cytochrome P450 monooxygenase 

putative membrane protein 

Permeases of the major facilitator superfamily 

Transcriptional regulator 

Transporter 

Methyltransferase type 11 

core protein 

hypothetical protein 

hypothetical protein 

Protein of unknown function DUF218 

hypothetical protein 

hypothetical protein 

Response regulator receiver protein in cluster with DNA polymerase III epsilon subunit 

extensin-like protein 

hypothetical protein 

Luciferase-like monooxygenase (EC 1.14.-.-) 

hypothetical protein 

Uncharacterized protein MJ0531 

hypothetical protein 

sodium/hydrogen exchanger 

hypothetical protein 
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FIG00740931: hypothetical protein 

FIG00740931: hypothetical protein 

hypothetical protein 

H+/citrate symporter 

Paralog of coenzyme PQQ synthesis protein C 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Putative oxidoreductase 

3-demethylubiquinone-9 3-methyltransferase (EC 2.1.1.64) 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Methyltransferase type 12 

hypothetical protein 

ThiJ/PfpI family protein 

possible hydrolase 

FIG00793915: hypothetical protein 

Transcriptional regulator SlmA 

hypothetical protein 

cobalamin (vitamin B12) biosynthesis CbiX protein 

Possible HipA protein 

transcriptional regulator 

Bacterioferritin 

hypothetical protein 

Protein often near L-alanine-DL-glutamate epimerase (cell wall recycling) 

Putative cytoplasmic protein 

hypothetical protein 

peptidase M42 family protein 

peptidase M42 family protein 

Mll3685 protein 

hypothetical protein 

hypothetical protein 

2-methylaconitate racemase 

hypothetical protein 

CBS domain protein 

Chitinase (EC 3.2.1.14) 

hypothetical protein 

T1SS secreted agglutinin RTX 

FIG094192: hypothetical protein 

Transposase and inactivated derivatives 

Membrane bound c-di-GMP receptor LapD 

FIGfam010717 

phospholipid/glycerol acyltransferase 

HD-hydrolase domain 

Xylonate dehydratase (EC 4.2.1.82) 

Membrane protein 

Transcriptional regulator 

hypothetical protein 
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MloA 

hypothetical protein 

tRNA (uridine-5-oxyacetic acid methyl ester) 34 synthase 

Transcriptional regulator 

Mannose-6-phosphate isomerase 

Transcriptional regulator 

DGPFAETKE domain protein 

RNA polymerase sigma-70 factor 

RNA signal recognition particle 4.5S RNA 

Coenzyme A transferase 

hypothetical protein 

hypothetical protein 

DNA helicase 

2-dehydro-3-deoxyphosphogalactonate aldolase (EC 4.1.2.21) 

hypothetical protein 

hypothetical protein 

Transcriptional regulator 

Probable polyketide cyclase 

Anthraniloyl-CoA monooxygenase (EC 1.14.13.40) 

Anthraniloyl-CoA monooxygenase (EC 1.14.13.40) 

Putative 4-hydroxybenzoyl CoA thioesterase (EC 3.1.2.23) 

Putative translation initiation inhibitor 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

UDP-glucose lipid carrier transferase 

UDP-glucose lipid carrier transferase 

hypothetical protein 

Mannosyltransferase OCH1 and related enzymes 

Filamentation induced by cAMP protein Fic 

hypothetical protein 

hypothetical protein 

hypothetical protein 

unknown 

protein of unknown function DUF1703 

Predicted transcriptional regulator 

FIG00696908: hypothetical protein 

NAD/FAD-utilizing enzyme apparently involved in cell division 

hypothetical protein 

hypothetical protein 

hypothetical protein 

predicted membrane protein 

hypothetical protein 

exported protein 

Transporter 

N-carbamoyl-D-amino acid hydrolase (EC 3.5.1.77) 

hypothetical protein 

Putative transcriptional regulator 

hypothetical protein 
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hypothetical protein 

diguanylate cyclase 

Patatin 

Transcriptional regulator 

hypothetical protein 

hypothetical protein 

Haloacid dehalogenase 

Nitrilotriacetate monooxygenase component B (EC 1.14.13.-) 

Nitrilotriacetate monooxygenase component B (EC 1.14.13.-) 

probable two-component response regulator 

Signal transduction histidine kinase 

probable two-component response regulator 

AhpC/TSA family protein 

Putative surface protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

lipopolysaccharide biosynthesis protein 

lipopolysaccharide biosynthesis protein 

3-deoxy-D-manno-octulosonic acid kinase (EC 2.7.1.-) 

hypothetical protein 

Z-ring-associated protein ZapA 

FIG00509310: hypothetical protein 

Glyoxalase family protein 

ATPase-like protein 

tRNA-(ms[2]io[6]A)-hydroxylase (EC 1.-.-.-) 

hypothetical protein 

putative TonB-dependent receptor protein with OmpA-like transmembrane domain 

L-carnitine dehydratase/bile acid-inducible protein F 

Glutaryl-CoA dehydrogenase (EC 1.3.99.7) 

hypothetical protein 

Small Subunit Ribosomal RNA; ssuRNA; SSU rRNA 

hypothetical protein 

hypothetical protein 

tRNA (cytosine34-2&#39;-O-)-methyltransferase (EC 2.1.1.-) 

YfaZ 

orf; Unknown function 

hypothetical protein 

hypothetical protein 

Response regulator 

Sensory box histidine kinase/response regulator 

COG3332 

putative integral membrane protein 

hypothetical protein 

CBS domain protein 

tRNA-Gly-CCC 

Sulfide-quinone reductase 

Zn-dependent hydrolases 

Zn-dependent hydrolases 

Permeases of the major facilitator superfamily 

hypothetical protein 
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hypothetical protein 

hypothetical protein 

hypothetical protein 

ABC transporter 

Arylesterase precursor (EC 3.1.1.2) 

Prevent-host-death family protein 

hydrolase-related protein 

Acyclic terpenes utilization regulator AtuR 

hypothetical protein 

Acyl-CoA synthetases (AMP-forming)/AMP-acid ligases 

Acyl-CoA synthetases (AMP-forming)/AMP-acid ligases 

Uncharacterized protein Mb2598c 

Uncharacterized protein Mb2598c 

hypothetical protein 

hypothetical protein 

hypothetical protein 

FIG01057880: hypothetical protein 

FIG004064: hypothetical protein 

Bll6261 protein 

putative transmembrane anti-sigma factor 

Methyltransferase type 11 

HEN1 C-terminal domain; double-stranded RNA 3&#39;-methylase 

HEN1 C-terminal domain; double-stranded RNA 3&#39;-methylase 

two-component response regulator 

FIG00955015: hypothetical protein 

sensory box histidine kinase/response regulator 

hypothetical protein 

cytochrome c class I 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Sodium-dependent transporter family protein 

hypothetical protein 

Cell division protein FtsB 

hypothetical protein 

hypothetical protein 

Aldose 1-epimerase 

Fructokinase (EC 2.7.1.4) 

two-component response regulator 

Methyltransferase type 11 

hypothetical protein 

FIG00785016: hypothetical protein 

YbhB and YbcL 

Multimeric flavodoxin WrbA 

hypothetical protein 

Transcriptional regulator 

hypothetical protein 

Universal stress protein family COG0589 

hypothetical protein 

Acyl-carrier domain protein 
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Transcriptional regulator 

hypothetical protein 

hypothetical protein 

FIG00487064: hypothetical protein 

hypothetical protein 

Ribosomal RNA large subunit methyltransferase M (EC 2.1.1.186) 

FIG00949658: hypothetical protein 

hypothetical protein 

5S RNA 

Large Subunit Ribosomal RNA; lsuRNA; LSU rRNA 

tRNA-Ala-TGC 

tRNA-Ile-GAT 

Small Subunit Ribosomal RNA; ssuRNA; SSU rRNA 

hypothetical protein 

hypothetical protein 

Alginate lyase precursor (EC 4.2.2.3) 

hypothetical protein 

hypothetical protein 

Alginate lyase precursor (EC 4.2.2.3) 

hypothetical protein 

Putative oxidoreductase YeaE 

Osmotically inducible protein C 

FIG00508492: hypothetical protein 

FIG01200104: hypothetical protein 

Ribosomal RNA adenine dimethylase domain protein 

membrane protein 

Uncharacterized protein C7orf24 

hypothetical protein 

protein of unknown function DUF785 

hypothetical protein 

SanA protein 

Transcriptional regulator 

NADH-ubiquinone oxidoreductase 

NADH-ubiquinone oxidoreductase 

hypothetical protein 

NADPH:quinone oxidoreductase 

NAD/FAD-utilizing enzyme apparently involved in cell division 

hypothetical protein 

hypothetical protein 

putative resolvase 

hypothetical protein 

Phage DNA binding protein Roi 

integrase family protein 

tRNA:Cm32/Um32 methyltransferase 

hypothetical protein 

hypothetical protein 

tRNA-Pro-CGG 

Predicted thioesterase 

Phosphoribulokinase (EC 2.7.1.19) homolog 

OsmC/Ohr family protein 

COG3178: Predicted phosphotransferase related to Ser/Thr protein kinases 
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hypothetical protein 

Sodium-dependent transporter family protein 

Bacitracin transport permease protein BCRC 

exported protein 

COG2110 

Iron(III) dicitrate transport system permease protein FecD (TC 3.A.1.14.1) 

Iron(III) dicitrate transport system permease protein FecD (TC 3.A.1.14.1) 

ABC transporter related 

Cob(I)alamin adenosyltransferase (EC 2.5.1.17) 

FIG00784312: hypothetical protein 

hypothetical protein 

Transcriptional regulators 

TrkA-C domain protein 

tRNA-Met-CAT 

tRNA-Asn-GTT 

tRNA-Asn-GTT 

tRNA-Asn-GTT 

Thiosulfate sulfurtransferase 

Macrophage infectivity potentiator-related protein 

Transcriptional regulator 

hypothetical protein 

FIG01073776: hypothetical protein 

hypothetical protein 

Serine phosphatase RsbU 

Serine phosphatase RsbU 

Serine phosphatase RsbU 

Methyl-accepting chemotaxis protein 

EAL domain protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

ABC transporter 

ABC-type antimicrobial peptide transport system 

Probable RND efflux membrane fusion protein 

hypothetical protein 

CONSERVED MEMBRANE PROTEIN 

hypothetical protein 

cyclase/dehydrase 

Cytidylate kinase (EC 2.7.4.14) 

hypothetical protein 

hypothetical protein 

probable exported protein YPO3233 

hypothetical protein 

Transcriptional regulatory protein 

probable transcriptional regulator 

DNA-directed RNA polymerase 

hypothetical protein 

Deoxyguanosinetriphosphate triphosphohydrolase (EC 3.1.5.1) 

FIG00509464: hypothetical protein 

hypothetical protein 

hypothetical protein 
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Di- and tricarboxylate transporters 

hypothetical protein 

hypothetical protein 

Alkaline protease precursor (EC 3.4.21.-) 

Uncharacterized protein conserved in bacteria 

COG0457: FOG: TPR repeat 

hypothetical protein 

FIG074102: hypothetical protein 

hypothetical protein 

putative phosphoribosyl-AMP cyclohydrolase 

Glutamine amidotransferase 

FIG00857549: hypothetical protein 

hypothetical protein 

hypothetical protein 

NAD(FAD)-utilizing dehydrogenases 

Transcriptional regulator 

GNAT family acetyltransferase VC2332 

ribosomal protein S6 glutaminyl transferase related protein 

UDP-glucose dehydrogenase (EC 1.1.1.22) 

Alginate biosynthesis protein Alg8 

hypothetical protein 

transposase 

hypothetical protein 

Mobile element protein 

Long-chain fatty acid transport protein 

hypothetical protein 

membrane protein 

Putative uncharacterized protein BCG_3011c 

protein of unknown function DUF892 

putative oxidoreductase protein 

hypothetical protein 

Bsr7316 protein 

hypothetical protein 

Cation transporting ATPase 

hypothetical protein 

Predicted histidine uptake transporter 

Putative inner membrane protein 

SAM-dependent methyltransferases 

hypothetical protein 

GCN5-related N-acetyltransferase 

Acetohydroxy acid synthase 

Acetohydroxy acid synthase 

Phosphoribosylcarboxyaminoimidazole (NCAIR) mutase 

hypothetical protein 

Inner membrane protein YqjE 

Uncharacterized membrane protein YqjD 

RNA binding methyltransferase FtsJ like 

Putative ammonia monooxygenase 

Putative nitrogen regulatory protein P-II 

hypothetical protein 

FIG01200823: hypothetical protein 
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FIG01199972: hypothetical protein 

Permease of the major facilitator superfamily 

Putative nitrogen regulatory protein P-II 

hypothetical protein 

Zinc ABC transporter 

Zinc ABC transporter 

Manganese ABC transporter 

Mn-dependent transcriptional regulator MntR 

Glutamine transport ATP-binding protein GlnQ (TC 3.A.1.3.2) 

Glutamine ABC transporter 

hypothetical protein 

hypothetical protein 

NAD(P)H dehydrogenase 

hypothetical protein 

Signal transduction histidine kinase 

probable two-component response regulator 

Response regulator 

AhpC/TSA family protein 

Gfa-like protein 

AhpC/TSA family protein 

hypothetical protein 

hypothetical protein 

ABC transporter 

ATP-binding protein of ABC transporter 

FIG00508203: hypothetical protein 

pirin family protein 

Transcriptional regulator 

Universal stress protein 

MutT/nudix family protein 

ABC-type sugar transport system 

ABC-type sugar transport system 

DNA-binding response regulator OmpR 

Serine phosphatase RsbU 

FIG062788: hypothetical protein 

FIG057251: Fe-S oxidoreductase 

Aminomethyltransferase (EC 2.1.2.10) 

hypothetical protein 

Sucrose repressor 

Serine/threonine kinase 

hypothetical protein 

Fap amyloid fibril major component 

Fap protein with C39 domain 

Fap system putative outer membrane protein 

Fap amyloid fiber secretin 

Sigma-54 dependent DNA-binding transcriptional regulator 

Protease III precursor (EC 3.4.24.55) 

protein of unknown function DUF159 

Transcriptional regulator 

Hemolysins and related proteins containing CBS domains 

hypothetical protein 

FIG00954845: hypothetical protein 
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23S rRNA (guanosine-2&#39;-O-) -methyltransferase rlmB (EC 2.1.1.-) 

SSU ribosomal protein S6p 

SSU ribosomal protein S18p @ SSU ribosomal protein S18p 

LSU ribosomal protein L9p 

hypothetical protein 

hypothetical protein 

Na(+) H(+) antiporter subunit A (TC 2.A.63.1.3) 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Tellurite resistance protein 

hypothetical protein 

Probable two-component response regulator 

ABC-type amino acid transport 

PQQ-dependent oxidoreductase 

Major facilitator superfamily MFS_1 

membrane protein 

membrane protein 

hypothetical protein 

Ribonuclease BN (EC 3.1.-.-) 

Ribonuclease BN (EC 3.1.-.-) 

SSU ribosomal protein S15p (S13e) 

GGDEF domain protein 

Bll3817 protein 

Possible restriction endonuclease 

hypothetical protein 

UDP-3-O-[3-hydroxymyristoyl] glucosamine N-acyltransferase (EC 2.3.1.191) 

Membrane-associated zinc metalloprotease 

hypothetical protein 

tRNA-Leu-CAA 

Integrase 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Mycobacteriophage Barnyard protein gp56 

hypothetical protein 

Phage related protein 

Phage related protein 

putative subtilisin proteinase-like protein 

MerF 

FIG00792170: hypothetical protein 

hypothetical protein 

major facilitator superfamily MFS_1 

Putative ACR protein 

aminoglycoside phosphotransferase 

Glycosyl transferase 

putative inner membrane or exported protein 

unknown 
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hypothetical protein 

hypothetical protein 

sigma factor 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Putative phage protein 

Gene D protein 

Phage-related tail protein 

hypothetical protein 

hypothetical protein 

GAF domain/GGDEF domain protein 

GGDEF domain protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Putative permease often clustered with de novo purine synthesis 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

FIG074102: hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

FIG00905186: hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Permeases of the major facilitator superfamily 

hypothetical protein 

hypothetical protein 

Transcriptional regulator 

Acetylpolyamine aminohydrolase 

Bona fide RidA/YjgF/TdcF/RutC subgroup 

putative membrane protein 

transposase for IS1663 

hypothetical protein 

hypothetical protein 

Methyl-accepting chemotaxis protein 
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Exopolyphosphatase-related protein 

hypothetical protein 

hypothetical protein 

Radical SAM domain protein 

hypothetical protein 

hypothetical protein 

Phage related protein 

Phage related protein 

hypothetical protein 

Mycobacteriophage Barnyard protein gp56 

hypothetical protein 

hypothetical protein 

orf; Unknown function 

Superfamily II DNA/RNA helicases 

Superfamily II DNA/RNA helicases 

Adenine-specific DNA methylase containing a Zn-ribbon 

Adenine-specific DNA methylase containing a Zn-ribbon 

Adenine-specific DNA methylase containing a Zn-ribbon 

Putative CBS domain containing protein 

putative ATP-binding protein 

hypothetical protein 

cysteinyl-tRNA synthetase 

5-methylcytosine-specific restriction related enzyme 

hypothetical protein 

Conserved domain protein 

hypothetical protein 

Predicted ATPase (AAA+ superfamily) 

Predicted ATPase (AAA+ superfamily) 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

FOG: TPR repeat 

hypothetical protein 

hypothetical protein 

Myosin heavy chain 

hypothetical protein 

hypothetical protein 

Integrase 

Integrase 

hypothetical protein 

hypothetical protein 

multi-sensor hybrid histidine kinase 

hypothetical protein 

Gll0992 protein 

FIG01199889: hypothetical protein 

hypothetical protein 

Zinc ABC transporter 

hypothetical protein 
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LSU ribosomal protein L19p 

Tyrosine recombinase XerD 

hypothetical protein 

serine/threonine protein kinase 

Putative threonine efflux protein 

hypothetical protein 

hypothetical protein 

Putative cytoplasmic protein 

aldose epimerase family protein 

hypothetical protein 

Oxidoreductase 

Transposase and inactivated derivatives 

Mobile element protein 

Mobile element protein 

hypothetical protein 

3-demethylubiquinone-9 3-methyltransferase 

Uncharacterized protein conserved in bacteria 

Acyl-CoA dehydrogenase (EC 1.3.8.7) 

Site-specific recombinase 

Site-specific recombinase 

hypothetical protein 

Site-specific recombinase 

hypothetical protein 

FIG074102: hypothetical protein 

phosphoesterase 

hypothetical protein 

hydrolase 

hydrolase 

hypothetical protein 

MFS permease 

MFS permease 

hypothetical protein 

Short-chain dehydrogenase/reductase (SDR) superfamily 

hypothetical protein 

hypothetical protein 

UBA/THIF-type NAD/FAD binding fold 

protein of unknown function DUF1653 

hypothetical protein 

FIG023103: Predicted transmembrane protein 

hypothetical protein 

hypothetical protein 

putative exported protein 

Transcriptional regulator 

2 

hypothetical protein 

Predicted membrane protein (DUF2319) 

Predicted membrane protein (DUF2319) 

hypothetical protein 

Transglycosylase-associated protein 

hypothetical protein 

putative lipoprotein NlpC 
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Transcriptional regulator 

hypothetical protein 

17 kDa surface antigen 

GNAT family acetyltransferase YjcF 

FIG002776: hypothetical protein 

FIG002903: a protein of unknown function perhaps involved in purine metabolism 

tRNA-specific 2-thiouridylase MnmA 

Transcriptional regulator 

Probable RND efflux membrane fusion protein 

hypothetical protein 

5S RNA 

ABC-type amino acid transport/signal transduction systems 

membrane protein 

hypothetical protein 

hypothetical protein 

Putative methylated-DNA methyltransferase 

Uncharacterized protein YjaG 

hypothetical protein 

hypothetical protein 

tRNA-Phe-GAA 

tRNA-Gln-TTG 

tRNA-Thr-TGT 

Transcriptional regulator 

hypothetical protein 

protein of unknown function DUF1326 

Probable transmembrane protein 

Transporter 

Transcriptional regulator 

hypothetical protein 

hypothetical protein 

cytochrome P450 monooxygenase 

Permeases of the major facilitator superfamily 

hypothetical protein 

hypothetical protein 

regulatory protein 

possible transcriptional regulator 

hypothetical protein 

FIG00793915: hypothetical protein 

possible hydrolase 

ThiJ/PfpI family protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

FIG01057284: hypothetical protein 

membrane protein 

hypothetical protein 

Fe-S protein 

Fe-S protein 

Fe-S protein 

L-carnitine dehydratase/bile acid-inducible protein F 
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GLCG PROTEIN 

Transcriptional regulator associated with Tricarboxylic transport 

HYPOTHETICAL SIGNAL PEPTIDE PROTEIN 

Hypothetical Zinc-finger containing protein 

Cation transport protein chaC 

Probable two-component response regulator with GGDEF domain 

hypothetical protein 

hypothetical protein 

Carbon-nitrogen hydrolase 

hypothetical protein 

Ribosomal RNA small subunit methyltransferase C (EC 2.1.1.52) 

hypothetical protein 

FIG074102: hypothetical protein 

hypothetical protein 

LSU ribosomal protein L17p 

Putative transport protein 

hypothetical protein 

COG2907: Amine oxidase 

COG3380: Amine oxidase 

hypothetical protein 

Thioredoxin 

hypothetical protein 

hypothetical protein 

putative ATP/GTP-binding protein 

Zn-dependent protease with chaperone function PA4632 

hypothetical protein 

hypothetical protein 

hypothetical protein 

binding-protein-dependent transport systems inner membrane component 

hypothetical protein 

Transporter 

conserved protein 

hypothetical protein 

Hydrogenase-2 operon protein hybA precursor 

hypothetical protein 

Serine-protein kinase RsbW (EC 2.7.11.1) 

Serine phosphatase RsbU 

VacJ-like lipoprotein precursor 

3-oxoacyl-[acyl-carrier-protein] synthase 

ATP-dependent RNA helicase HrpA (EC 3.6.4.13) 

ATP-dependent RNA helicase HrpA (EC 3.6.4.13) 

ATP-dependent RNA helicase HrpA (EC 3.6.4.13) 

probable regulatory protein 

Response regulator/GGDEF domain protein 

Dodecin (COG3360) Flavin-binding 

hypothetical protein 

Multimeric flavodoxin WrbA 

YbhB and YbcL 

transcriptional regulator 

hypothetical protein 

hypothetical protein 
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hypothetical protein 

hypothetical protein 

COG0500: SAM-dependent methyltransferases 

COG0500: SAM-dependent methyltransferases 

hypothetical protein 

hypothetical protein 

hypothetical protein 

miscellaneous; unknown 

Transport ATP-binding protein CydC 

Transport ATP-binding protein CydC 

hypothetical protein 

hypothetical protein 

CrcB protein 

CrcB protein 

Homolog of E. coli HemY protein 

Homolog of E. coli HemX protein 

hypothetical protein 

Transcriptional regulator 

hypothetical protein 

Outer membrane protein W precursor 

hypothetical protein 

hypothetical protein 

Cell division protein FtsN 

FIG028220: hypothetical protein co-occurring with HEAT repeat protein 

Sigma cross-reacting protein 27A 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

tRNA-Ala-GGC 

aldo/keto reductase 

hypothetical protein 

Nitroreductase 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Predicted zinc-binding protein 

Zinc ABC transporter 

hypothetical protein 

Zinc ABC transporter 

ABC-3 

Zinc ABC transporter 

FIG00792170: hypothetical protein 

hypothetical protein 

Putative ACR protein 

aminoglycoside phosphotransferase 

Glycosyl transferase 

putative exported protein 

unknown 

hypothetical protein 

4&#39;-phosphopantetheinyl transferase entD (EC 2.7.8.-) 
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Dihydrodipicolinate synthase (EC 4.2.1.52) 

hypothetical protein 

Fe-S protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Peptidase C45 

putative exported protein 

hypothetical protein 

No significant database matches 

FIG00508203: hypothetical protein 

ATP-binding protein of ABC transporter 

ABC transporter ATP-binding protein 

hypothetical protein 

hypothetical protein 

AhpC/TSA family protein 

Gfa-like protein 

AhpC/TSA family protein 

orf; Unknown function 

Type IV pilus biogenesis protein PilQ 

hypothetical protein 

hypothetical protein 

Type IV pilus biogenesis protein PilO 

Type IV pilus biogenesis protein PilN 

Type IV pilus biogenesis protein PilM 

protein of unknown function DUF481 

hypothetical protein 

LSU ribosomal protein L31p @ LSU ribosomal protein L31p 

AttE component of AttEFGH ABC transport system 

Transcriptional regulator 

Sodium-dependent transporter 

Medium-chain-fatty-acid--CoA ligase (EC 6.2.1.-) 

hypothetical protein 

hypothetical protein 

EAL domain protein 

EAL domain protein 

hypothetical protein 

hypothetical protein 

Transposase 

Ribonuclease BN (EC 3.1.-.-) 

hypothetical protein 

hypothetical protein 

orf; Unknown function 

TldE/PmbA protein 

FIG138315: Putative alpha helix protein 

TldD protein 
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hypothetical protein 

transcriptional regulator 

Cyclopropane-fatty-acyl-phospholipid synthase (EC 2.1.1.79) 

hypothetical protein-putative transmembrane protein 

ABC transporter 

SCP-2 sterol transfer family protein 

Peptidase 

YaeQ protein 

hypothetical protein 

hypothetical protein 

Na(+)-translocating NADH-quinone reductase subunit E (EC 1.6.5.-) 

Na(+)-translocating NADH-quinone reductase subunit F (EC 1.6.5.-) 

hypothetical protein 

probable exported protein YPO3233 

hypothetical protein 

hypothetical protein 

acyltransferase 3 

hypothetical protein 

Mobile element protein 

hypothetical protein 

hypothetical protein 

ABC transporter 

ABC transporter 

thymidylate synthase-like protein 

hypothetical protein 

probable uroporphyrin-III c-methyltransferase (EC 2.1.1.107) 

hypothetical protein 

GAF domain/GGDEF domain protein 

hypothetical protein 

Probable type IV pilus assembly FimV-related transmembrane protein 

hypothetical protein 

hypothetical protein 

Probable type IV pilus assembly FimV-related transmembrane protein 

hypothetical protein 

Cytochrome B561 

BsmA 

hypothetical protein 

hypothetical protein 

hypothetical protein-putative transmembrane protein 

GGDEF/response regulator receiver domain protein 

hypothetical protein 

YgfY COG2938 

hypothetical protein 

Transposase 

hypothetical protein 

membrane-bound metal-dependent hydrolase 

FMN-dependent NADH-azoreductase 

tRNA-Leu-CAA 

transcriptional regulator 

hypothetical protein 

hypothetical protein 
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hypothetical protein 

Lysine exporter protein (LYSE/YGGA) 

Sensory box/GGDEF family protein 

Acyl-CoA dehydrogenase (EC 1.3.8.7) 

Phage-related capsid packaging protein 

hypothetical protein 

phosphoesterase 

Nucleoside permease NupC 

hypothetical protein 

FIG138517: Putative lipid carrier protein 

Functional role page for Anaerobic nitric oxide reductase transcription regulator NorR 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Excisionase domain protein 

universal stress protein family 

probable lipoprotein protein YPO1422 

hypothetical protein 

FIG004454: RNA binding protein 

tRNA-Leu-GAG 

tRNA-Met-CAT 

COG0779: clustered with transcription termination protein NusA 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Transcriptional regulator 

hypothetical protein 

hypothetical protein 

oxidoreductase 

oxidoreductase 

hypothetical protein 

hypothetical protein 

hypothetical protein 

5S RNA 

tRNA-Tyr-GTA 

tRNA-Gly-TCC 

tRNA-Thr-GGT 

tRNA-Trp-CCA 

hypothetical protein 

hypothetical protein 

Transcriptional regulator VpsT 

hypothetical protein 

ATP/GTP binding protein 

hypothetical protein 

hypothetical protein 

conserved domain protein 

Mobile element protein 

Transposase 

Mobile element protein 

hypothetical protein 
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hypothetical protein 

hypothetical protein 

COG1496: Uncharacterized conserved protein 

hypothetical protein 

hypothetical protein 

Type IV fimbrial biogenesis protein FimT 

hypothetical protein 

hypothetical protein 

hypothetical protein 

GLCG PROTEIN 

Probable type IV pilus assembly FimV-related transmembrane protein 

hypothetical protein 

probable uroporphyrin-III c-methyltransferase (EC 2.1.1.107) 

hypothetical protein 

ATP-grasp enzyme-like protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Serine kinase of the HPr protein 

ABC transporter 

hypothetical protein 

hypothetical protein 

Lipopolysaccharide biosynthesis protein RffA 

Glycosyltransferase (EC 2.4.1.-) 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

tRNA (Uracil54-C5-)-methyltransferase (EC 2.1.1.35) 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

H+/citrate symporter 

H+/citrate symporter 

hypothetical protein 

Butyryl-CoA dehydrogenase (EC 1.3.99.2) 

Transposase 

FOG: GGDEF domain 

hypothetical protein 

Integral membrane protein 

short chain dehydrogenase 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

conserved protein of unknown function 

hypothetical protein 

hypothetical protein 

Diguanylate cyclase/phosphodiesterase domain 1 
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hypothetical protein 

Helix-turn-helix motif 

hypothetical protein 

hypothetical protein 

Homoserine/homoserine lactone efflux protein 

hypothetical protein 

Superfamily I DNA helicase 

hypothetical protein 

Chloramphenicol acetyltransferase (EC 2.3.1.28) 

hypothetical protein 

hypothetical protein 

D-2-hydroxyglutarate dehydrogenase 

D-2-hydroxyglutarate dehydrogenase 

Thiosulfate sulfurtransferase 

Transcriptional regulator containing an amidase domain and an AraC-type DNA-binding HTH 

domain 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

2-keto-3-deoxy-L-fuconate dehydrogenase 

2 

hypothetical protein 

hypothetical protein 

glutamine amidotransferase 

Nucleoid-associated protein 

GGDEF/PAS/PAC-domain containing protein 

Signaling protein with membrane-bound sensor domain and GGDEF domain 

ABC-type multidrug transport system 

ABC-type multidrug transport system 

hypothetical protein 

hypothetical protein 

Thioredoxin 

hypothetical protein 

Putative exported protein 

Outer membrane protein 

tRNA dihydrouridine synthase A 

hypothetical protein 

Site-specific recombinase 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Hypothetical Zinc-finger containing protein 

hypothetical protein 

hypothetical protein 

Putative replication protein 

hypothetical protein 

protein of unknown function DUF77 

tRNA:Cm32/Um32 methyltransferase 

Inositol-1-monophosphatase (EC 3.1.3.25) 

tRNA-Leu-CAA 
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hypothetical protein 

YihE protein 

hypothetical protein 

hypothetical protein 

Succinate-semialdehyde dehydrogenase [NAD(P)+] (EC 1.2.1.16) 

tRNA dihydrouridine synthase B (EC 1.-.-.-) 

putative exported protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Haloacid dehalogenase 

Transcriptional regulator 

hypothetical protein 

hypothetical protein 

Putative threonine efflux protein 

Thioesterase family protein domain protein 

Thioesterase family protein domain protein 

hypothetical protein 

Phosphohistidine phosphatase SixA 

membrane protein 

hypothetical protein 

Predicted hydrolase or acyltransferase PA1621 

hydrolase 

Smr protein/MutS2 

Predicted membrane protein (DUF2319) 

Predicted membrane protein (DUF2319) 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Type IV pilus biogenesis protein PilE 

FKBP-type peptidyl-prolyl cis-trans isomerase slpA (EC 5.2.1.8) 

Cation/multidrug efflux pump 

DNA-damage-inducible protein F 

hypothetical protein 

DNA primase (EC 2.7.7.-) 

DNA primase (EC 2.7.7.-) 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Integrase 

Membrane carboxypeptidase (penicillin-binding protein) 

Membrane carboxypeptidase (penicillin-binding protein) 

hypothetical protein 

hypothetical protein 

ABC transporter 

ABC transporter 

FIG006581: hypothetical protein 

Putative membrane-bound ClpP-class protease associated with aq_911 
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Putative stomatin/prohibitin-family membrane protease subunit aq_911 

Membrane protein 

Permeases of the drug/metabolite transporter (DMT) superfamily 

hypothetical protein 

hypothetical protein 

tRNA-Glu-TTC 

tRNA-Ala-GGC 

transcriptional regulator 

hypothetical protein 

DnaK suppressor protein 

Protein of unknown function DUF81 

Phage-related capsid packaging protein 

Phage terminase 

Phage protein 

hypothetical protein 

Putative phage-encoded peptidoglycan binding protein 

hypothetical protein 

Baseplate assembly protein V 

hypothetical protein 

Phage baseplate assembly protein 

Baseplate assembly protein J 

hypothetical protein 

putative hexapeptide transferase family protein 

hypothetical protein 

Tail protein 

hypothetical protein 

Phage-related tail protein 

Gene D protein 

hypothetical protein 

hypothetical protein 

Conserved domain protein 

hypothetical protein 

Twitching motility protein PilT 

Twitching motility protein PilT 

Methionine biosynthesis protein MetW 

FIG003551: hypothetical protein 

Rieske 2Fe-2S family protein 

putative cytochrome P450 hydroxylase 

hypothetical protein 

hypothetical protein 

Na+/H+ antiporter NhaC 

Transcriptional regulatory protein 

2-polyprenyl-6-methoxyphenol hydroxylase and related FAD-dependent oxidoreductases 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Circadian clock protein KaiC 

Circadian clock protein KaiC 

hypothetical protein 

hypothetical protein 

hypothetical protein 
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hypothetical protein 

hypothetical protein 

Bll4961 protein 

Glutamate transport membrane-spanning protein 

Glutamate Aspartate transport system permease protein GltJ (TC 3.A.1.3.4) 

Glutamate Aspartate periplasmic binding protein precursor GltI (TC 3.A.1.3.4) 

Glutamate Aspartate periplasmic binding protein precursor GltI (TC 3.A.1.3.4) 

hypothetical protein 

PDZ domain 

nodulin 21-related protein 

Putative P4-family integrase 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Phage tail tape measure protein TP901 

hypothetical protein 

hypothetical protein 

Mannose-6-phosphate isomerase 

FIG188645: PAP/25A core domain:DNA polymerase 

hypothetical protein 

hypothetical protein 

Fic family protein 

GGDEF domain protein 

hypothetical protein 

Xanthine-uracil permease 

hypothetical protein 

hypothetical protein 

BsmA 

Protein yceI precursor 

Cytochrome B561 

hypothetical protein 

AFG1-like ATPase 

acetyltransferase 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Glutamine amidotransferase 

hypothetical protein 

hypothetical protein 

Signal transduction histidine kinase 

Dihydrodipicolinate synthase (EC 4.2.1.52) 

hypothetical protein 

Outer membrane protein 

protein of unknown function UPF0118 
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Thioredoxin 

2-methylaconitate cis-trans isomerase 

Small Subunit Ribosomal RNA; ssuRNA; SSU rRNA 

hypothetical protein 

WD-40 repeat protein 

Mlr7467 protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

blr3675; putative alcohol dehydrogenase (EC 1.1.1.1) 

Oligopeptide ABC transporter permease 

extracellular solute-binding protein 

hypothetical protein 

Transcriptional regulator 

Parvulin-like peptidyl-prolyl isomerase 

Transcriptional regulator 

Transcriptional regulator containing an amidase domain and an AraC-type DNA-binding HTH 

domain 

hypothetical protein 

hypothetical protein 

InterPro IPR002860 

FIG00968813: hypothetical protein 

FIG00852372: hypothetical protein 

hypothetical protein 

Acetyltransferase (EC 2.3.1.-) 

hypothetical protein 

IS6120 

Transposase and inactivated derivatives 

Mobile element protein 

ABC transporter 

hypothetical protein 

hypothetical protein 

IS6120 

Xaa-Pro aminopeptidase (EC 3.4.13.9) 

Xaa-Pro dipeptidase 

succinate dehydrogenase subunit 

Aliphatic amidase amiE (EC 3.5.1.4) 

Aliphatic amidase amiE (EC 3.5.1.4) 

hypothetical protein 

POSSIBLE CARBOXYLASE 

CDS_ID OB0857 

Succinate-semialdehyde dehydrogenase [NADP+] (EC 1.2.1.79) 

hypothetical protein 

haloacid dehalogenase 

Tubulin tyrosine ligase-like protein 4 

Tubulin tyrosine ligase-like protein 4 

conserved hypothetical protein 

sigma factor 

Na+/H+ antiporter 

Na+/proline symporter 

hypothetical protein 
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FIG006581: hypothetical protein 

Glycosyl transferase 

hypothetical protein 

hypothetical protein 

protein of unknown function DUF77 

Free methionine-(R)-sulfoxide reductase 

Transcriptional regulator 

GGDEF domain protein 

hypothetical protein 

hypothetical protein 

putative reductase 

DNA-binding response regulator 

Sensor histidine kinase 

hypothetical protein 

FMN-dependent NADH-azoreductase 

short-chain dehydrogenase/reductase SDR 

Transcriptional regulator 

FIG01132451: hypothetical protein 

Putative DNA-binding protein 

Alpha/beta hydrolase fold (EC 3.8.1.5) 

Cupin 2 conserved barrel domain protein 

hypothetical protein 

Transcriptional regulator 

hypothetical protein 

FMN-dependent NADH-azoreductase 

putative membrane protein 

transcriptional regulator 

Prolyl aminopeptidase( EC:3.4.11.5 ) 

Transcriptional regulator 

4-carboxymuconolactone decarboxylase domain/alkylhydroperoxidase AhpD family core domain 

protein 

transcriptional regulator 

hypothetical protein 

Possible transcriptional regulatory protein 

Phenazine biosynthesis protein PhzF like 

hypothetical protein 

dienelactone hydrolase 

protein of unknown function UPF0131 

Predicted amidohydrolase 

Transcriptional regulator 

hypothetical protein 

Sorbitol-6-phosphate 2-dehydrogenase (EC 1.1.1.140) 

putative acetyltransferase 

hypothetical protein 

FIG172199: hypothetical thioredoxin family protein 

hypothetical protein 

hypothetical protein 

Undecaprenyl-diphosphatase (EC 3.6.1.27) 

hypothetical protein 

hypothetical protein 

UDP-glucose dehydrogenase (EC 1.1.1.22) 
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UDP-glucose dehydrogenase (EC 1.1.1.22) 

tRNA-Pro-CGG 

hypothetical protein 

Excisionase domain protein 

ATP-dependent RNA helicase HrpA (EC 3.6.4.13) 

hypothetical protein 

Transcriptional regulator 

hypothetical protein 

FIG084569: hydrolase 

FIG084569: hydrolase 

putative membrane protein 

Protease-related protein 

major facilitator superfamily MFS_1 

FIG00959535: hypothetical protein 

hypothetical protein 

hypothetical protein 

Universal stress protein family 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

COGs COG0226 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Putative inner membrane protein 

Transcriptional regulator 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Conserved domain protein 

hypothetical protein 

hypothetical protein 

putative membrane protein 

hypothetical protein 

hypothetical protein 

3-oxoacyl-[acyl-carrier-protein] synthase III (EC 2.3.1.41) 

conserved hypothetical protein 

hypothetical protein 

COG1272: Predicted membrane protein hemolysin III homolog 

VanZ like protein 

hypothetical protein 

hypothetical protein 

Two-component system regulatory protein 

hypothetical protein 

Heavy-metal-associated domain (N-terminus) and membrane-bounded cytochrome biogenesis cycZ-

like domain 

hypothetical protein 

hypothetical protein 
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hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

putative oxidoreductase 

hypothetical protein 

Transcriptional regulator 

COG3178: Predicted phosphotransferase related to Ser/Thr protein kinases 

OsmC/Ohr family protein 

hypothetical protein 

Transcriptional regulator 

hypothetical protein 

Abortive infection bacteriophage resistance protein 

FIG00958850: hypothetical protein 

FIG00958850: hypothetical protein 

hypothetical protein 

CBS domain protein 

Permeases of the major facilitator superfamily 

heat shock protein Hsp20 

Oligopeptide ABC transporter 

hypothetical protein 

hypothetical protein 

Putative protease 

Fe-S-cluster domain 

tRNA (guanine46-N7-)-methyltransferase (EC 2.1.1.33) 

hypothetical protein 

COG2363 

hypothetical protein 

MG(2+) CHELATASE FAMILY PROTEIN / ComM-related protein 

MG(2+) CHELATASE FAMILY PROTEIN / ComM-related protein 

MG(2+) CHELATASE FAMILY PROTEIN / ComM-related protein 

protein of unknown function DUF526 

Mobile element protein 

Auxin Efflux Carrier 

hypothetical protein 

poly (3-hydroxybutyrate) depolymerase 

hypothetical protein 

poly (3-hydroxybutyrate) depolymerase 

FKBP-type peptidyl-prolyl cis-trans isomerase fklB (EC 5.2.1.8) 

Universal stress protein UspA and related nucleotide-binding proteins 

hypothetical protein 

ATP-dependent RNA helicase HrpA (EC 3.6.4.13) 

ATP-dependent RNA helicase HrpA (EC 3.6.4.13) 

3-oxoacyl-[acyl-carrier-protein] synthase 

VacJ-like lipoprotein precursor 

Serine phosphatase RsbU 

biotin/lipoyl attachment domain-containing protein 

hypothetical protein 

hypothetical protein 

Permeases of the major facilitator superfamily 

hypothetical protein 
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Integrase 

rhodanese domain protein 

deoxyribodipyrimidine photolyase-related protein 

hypothetical protein 

Phage integrase family protein 

Possible abortive infection phage resistance protein 

Abortive infection bacteriophage resistance protein 

Abortive infection bacteriophage resistance protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Putative bacteriophage protein 

tRNA-Gly-GCC 

tRNA-Cys-GCA 

tRNA-Leu-TAA 

hypothetical protein 

hypothetical protein 

hypothetical protein 

tRNA-Ser-TGA 

NUDIX hydrolase 

Glutaryl-CoA dehydrogenase (EC 1.3.99.7) 

Predicted transcriptional regulator for fatty acid degradation FadQ 

Squalene synthase (EC 2.5.1.21) 

hypothetical protein 

hypothetical protein 

Transposase IS4 family 

hypothetical protein 

Protein of unknown function DUF218 

Protein of unknown function DUF218 

hypothetical protein 

Electron transport complex protein RnfB 

hypothetical protein 

GGDEF domain protein 

Response regulator/GGDEF domain protein 

hypothetical protein 

hypothetical protein 

Maebl 

hypothetical protein 

hypothetical protein 

Exported zinc metalloprotease YfgC precursor 

SirA-like protein 

Putative permease PerM (= YfgO) 

Dihydrodipicolinate synthase (EC 4.2.1.52) 

COG1720: Uncharacterized conserved protein 

GCN5-related N-acetyltransferase 

peptidase 

hypothetical protein 

FIG060670: Protein of unknown function DUF924 

Transglycosylase-associated protein 

Succinate-semialdehyde dehydrogenase [NAD(P)+] (EC 1.2.1.16) 
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hypothetical protein 

NOHBY218; no homolog in Saccharomyces cerevisiae 

putative PAS/PAC sensor protein 

hypothetical protein 

ABC transporter 

protein of unknown function DUF1328 

FIG028593: membrane protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

NADH dehydrogenase (quinone)( EC:1.6.99.5 ) 

NADH-ubiquinone oxidoreductase chain L (EC 1.6.5.3) 

aminotransferase 

putative PAS/PAC sensor protein 

hypothetical protein 

extracellular nuclease 

Autotransporter protein or domain 

hypothetical protein 

hypothetical protein 

tRNA-Met-CAT 

hypothetical protein 

hypothetical protein 

ABC transporter 

membrane protein 

PQQ-dependent oxidoreductase 

Two-component sensor CbrA: intrcellular carbon:nitrogen balance 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Universal stress protein UspA and related nucleotide-binding proteins 

hypothetical protein 

D-tyrosyl-tRNA(Tyr) deacylase (EC 3.6.1.n1) 

Hydroxymethylpyrimidine phosphate kinase ThiD (EC 2.7.4.7) 

hypothetical protein 

Endonuclease/exonuclease/phosphatase family protein 

GTP-binding protein EngB 

2-haloalkanoic acid dehalogenase (EC 3.8.1.2) 

Squalene synthase (EC 2.5.1.21) 

carbonic anhydrase 

hypothetical protein 

hypothetical protein 

2-polyprenyl-6-methoxyphenol hydroxylase and related FAD-dependent oxidoreductases 

Cyclase 

hypothetical protein 

transcriptional regulator 

Similar to pyrroloquinoline quinone biosynthesis protein F 

hypothetical protein 

Peptidase 

Coenzyme PQQ synthesis protein D 
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Pyrroloquinoline-quinone synthase (EC 1.3.3.11) 

Coenzyme PQQ synthesis protein B 

Cytochrome c553i 

Bll6196 protein 

hypothetical protein 

hypothetical protein 

FIG00443700: hypothetical protein 

ABC transporter 

ABC transporter permease protein 

hypothetical protein 

hypothetical protein 

Glutamate transport membrane-spanning protein 

Glutamate Aspartate periplasmic binding protein precursor GltI (TC 3.A.1.3.4) 

Glutamate Aspartate periplasmic binding protein precursor GltI (TC 3.A.1.3.4) 

hypothetical protein 

PDZ domain 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Uncharacterized protein conserved in bacteria 

3-deoxy-D-manno-octulosonic acid kinase (EC 2.7.1.-) 

FIG00509310: hypothetical protein 

Glyoxalase family protein 

FIG00696908: hypothetical protein 

hypothetical protein 

hypothetical protein 

Mannosyltransferase OCH1 and related enzymes 

Mannosyltransferase OCH1 and related enzymes 

hypothetical protein 

LOS biosynthesis enzyme LBGB 

hypothetical protein 

hypothetical protein 

PssE 

PssD 

Glycosyl transferase 

hypothetical protein 

hypothetical protein 

hypothetical protein 

tRNA-Ser-GCT 

tRNA-Arg-ACG 

tRNA-Arg-ACG 

sodium pump decarboxylase 

putative integral membrane protein 

Transcriptional regulator 

hypothetical protein 

Transcriptional regulator 

hypothetical protein 

Hypothetical protein PA1329 

Paralog of coenzyme PQQ synthesis protein C 

hypothetical protein 
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Chromate transporter 

Transcriptional regulator 

hypothetical protein 

FIG00740931: hypothetical protein 

hypothetical protein 

hypothetical protein 

UspA domain protein 

hypothetical protein 

hypothetical protein 

MG(2+) CHELATASE FAMILY PROTEIN / ComM-related protein 

Mg chelatase-related protein 

hypothetical protein 

COG2363 

tRNA (guanine46-N7-)-methyltransferase (EC 2.1.1.33) 

putative integral membrane protein 

Putative cytochrome d ubiquinol oxidase subunit III (EC 1.10.3.-) (Cytochrome bd-I oxidase subunit 

III) 

LSU ribosomal protein L13p (L13Ae) 

SSU ribosomal protein S9p (S16e) 

membrane protein 

Transcriptional regulator 

hypothetical protein 

hypothetical protein 

Universal stress protein family COG0589 

Ser/Thr protein phosphatase family protein 

4-coumarate--CoA ligase (EC 6.2.1.12) 

Photoactive yellow protein (PYP) 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

von Willebrand factor type A domain protein 

hypothetical protein 

hypothetical protein 

UPF0246 protein YaaA 

Oxidoreductase 

FOG: TPR repeat 

hypothetical protein 

conserved hypothetical protein 730 

FIG004853: possible toxin to DivIC 

hypothetical protein 

hypothetical protein 

Methyl-accepting chemotaxis protein 

Methyl-accepting chemotaxis protein 

Methyl-accepting chemotaxis protein 

Omega amidase (Nit2 homolog) 

hypothetical protein 

Thiol-disulfide isomerase and thioredoxins 

23S rRNA (guanine-N-2-) -methyltransferase rlmL EC 2.1.1.-) 

tRNA-Arg-CCT 

Nitroreductase 



APPENDICES 

 

 277 

Oxidoreductase FAD/NAD(P)-binding (EC 1.18.1.3) 

hypothetical protein 

DedA family protein 

hypothetical protein 

cyclase/dehydrase 

Cytidylate kinase (EC 2.7.4.14) 

FIG00958850: hypothetical protein 

hypothetical protein 

hypothetical protein 

putative exported protein 

Ancient conserved domain protein 4 

CsiR 

hypothetical protein 

probable dioxygenase 

Transcriptional regulator 

probable ABC transporter system 

Osmoprotectant ABC transporter binding protein YehZ 

UDP-2 

hypothetical protein 

tRNA-His-GTG 

tRNA-His-GTG 

tRNA-Arg-TCT 

tRNA-Pro-TGG 

Lipase 

hypothetical protein 

hypothetical protein 

TRAP dicarboxylate transporter 

Short chain dehydrogenase 

Transcriptional regulators 

L-carnitine dehydratase/bile acid-inducible protein F (EC 2.8.3.16) 

transcriptional regulator 

D-2-hydroxyglutarate dehydrogenase 

putative phosphatidylethanolamine N-methyltransferase 

hypothetical protein 

Short-chain alcohol dehydrogenase family 

hypothetical protein 

FIG001454: Transglutaminase-like enzymes 

hypothetical protein 

FIG001454: Transglutaminase-like enzymes 

Two-component sensor CbrB: intrcellular carbon:nitrogen balance 

Permeases of the major facilitator superfamily 

Rieske 2Fe-2S family protein 

FIG003551: hypothetical protein 

Methionine biosynthesis protein MetW 

Cyclase 

tRNA (uridine-5-oxyacetic acid methyl ester) 34 synthase 

tRNA (5-methoxyuridine) 34 synthase 

peptidase 

hypothetical protein 

TldD protein 

FIG138315: Putative alpha helix protein 
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TldE/PmbA protein 

putative membrane protein 

hypothetical protein 

23S rRNA (guanine-N-2-) -methyltransferase rlmL EC 2.1.1.-) 

Thiol-disulfide isomerase and thioredoxins 

hypothetical protein 

hypothetical protein 

Transcriptional regulator 

Carbon monoxide oxidation accessory protein CoxG 

hypothetical protein 

Transcriptional regulator 

Carbon monoxide dehydrogenase large chain (EC 1.2.99.2) 

Carbon-monoxide dehydrogenase form II 

Carbon monoxide dehydrogenase small chain (EC 1.2.99.2) 

Carbon monoxide dehydrogenase medium chain (EC 1.2.99.2) 

anion transporter 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

tRNA-Pro-GGG 

hypothetical protein 

hypothetical protein 

hypothetical protein 

2 

Transcriptional regulator 

Bll7429 protein 

putative binding-protein-dependent transport protein (periplasmic) 

hypothetical protein 

Chloride channel protein EriC 

Glutamine ABC transporter 

Patatin 

Response regulator containing a CheY-like receiver domain and a GGDEF domain 

ABC-type phosphate transport system 

hypothetical protein 

Transporter 

exported protein 

AsmA 

hypothetical protein 

hypothetical protein 

COG2202: FOG: PAS/PAC domain 

hypothetical protein 

Radical SAM domain protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Conserved domain protein 

hypothetical protein 

hypothetical protein 
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Flavoprotein WrbA 

hypothetical protein 

Cytochrome c&#39; 

Nickel-dependent hydrogenase 

Predicted transcriptional regulator 

protein of unknown function DUF1244 

NUDIX hydrolase 

tRNA-Ser-TGA 

nodulin 21-related protein 

hypothetical protein 

hypothetical protein 

YaeQ protein 

sodium/hydrogen exchanger 

hydrolase 

Peptidase 

SCP-2 sterol transfer family protein 

ABC transporter 

Omega amidase (Nit2 homolog) 

Methyl-accepting chemotaxis protein 

Acyl-CoA dehydrogenase 

Acyl-CoA dehydrogenase 

Acyl-CoA dehydrogenase family protein 

Butyryl-CoA dehydrogenase (EC 1.3.99.2) 

FIG01199889: hypothetical protein 

hypothetical protein 

hypothetical protein 

Transcriptional regulator 

Acetylpolyamine aminohydrolase 

Bona fide RidA/YjgF/TdcF/RutC subgroup 

HicA-related protein 

HicB-related protein 

Deoxyguanosinetriphosphate triphosphohydrolase (EC 3.1.5.1) 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

possible DNA helicase 

pathogenesis related protein 

Mannose-6-phosphate isomerase 

FIG188645: PAP/25A core domain:DNA polymerase 

hypothetical protein 

hypothetical protein 

FIG00954026: hypothetical protein 

Fic family protein 

Fic family protein 

GAF domain/sensory box/EAL domain protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Mobile element protein 
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hypothetical protein 

UDP-glucose dehydrogenase (EC 1.1.1.22) 

Glycosyltransferase (EC 2.4.1.-) 

Lipid A export ATP-binding/permease protein MsbA 

COG3039: Transposase and inactivated derivatives 

hypothetical protein 

hypothetical protein 

Transposase and inactivated derivatives 

ABC-type amino acid transport 

Major facilitator superfamily MFS_1 

membrane protein 

hypothetical protein 

Ribonuclease BN (EC 3.1.-.-) 

Thiosulfate sulfurtransferase 

hypothetical protein 

Ribosome small subunit-stimulated GTPase EngC 

Transcriptional regulator 

Xanthine dehydrogenase 

hypothetical protein 

Sodium-dependent transporter family protein 

Sodium-dependent transporter family protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

transcriptional regulator 

hypothetical protein 

Periplasmic serine proteases (ClpP class) 

FIG146278: Maf/YceF/YhdE family protein 

COG1399 protein 

LSU ribosomal protein L32p 

3-oxoacyl-[acyl-carrier-protein] synthase 

Transcriptional regulator 

Sodium-dependent transporter 

Zinc ABC transporter 

hypothetical protein 

NADPH:quinone oxidoreductase 

NADH ubiquinone oxidoreductase 

Transcriptional regulator 

Conserved domain protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Hcp 

Type I secretion system 

Glutamate--UDP-2-acetamido-2-deoxy-D-ribohex-3-uluronic acid aminotransferase (PLP cofactor) 

UDP-2-acetamido-2-deoxy-D-glucuronic acid dehydrogenase (NAD+ cofactor) 

UDP-2-acetamido-2-deoxy-D-glucuronic acid dehydrogenase (NAD+ cofactor) 

Thiosulfate sulfurtransferase 

FIG003620: Proteophosphoglycan precursor (Fragment) 

Type IV pilus biogenesis protein PilZ 
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protein of unknown function RIO1 

hypothetical protein 

4-oxalocrotonate tautomerase (EC 5.3.2.-) 

hypothetical protein 

hypothetical protein 

Phosphogluconate repressor HexR 

hypothetical protein 

FIG137864: putative endonuclease containing a URI domain 

hypothetical protein 

Probable acetyltransferase 

lipoprotein 

Thiopurine S-methyltransferase (EC 2.1.1.67) 

FIG00955339: hypothetical protein 

hypothetical protein 

Two-component system response regulator 

PAS sensor 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Probable two-component response regulator 

hypothetical protein 

hypothetical protein 

Bona fide RidA/YjgF/TdcF/RutC subgroup 

putative lipoprotein 

hypothetical protein 

ABC transporter ATP-binding protein 

hypothetical protein 

hypothetical protein 

Methyl-accepting chemotaxis protein 

hypothetical protein 

hypothetical protein 

Cation/multidrug efflux pump 

hypothetical protein 

Flavoprotein WrbA 

putative c&#39;cytochrome 

Cytochrome b 

hypothetical protein 

Transcriptional regulator 

Bll7429 protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

tRNA-Pro-GGG 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

anion transporter 

hypothetical protein 
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hypothetical protein 

hypothetical protein 

hypothetical protein 

Decarboxylase family protein 

hypothetical protein 

Transcriptional regulator 

putative transposase 

LysM-repeat proteins and domains 

Acyltransferase family protein 

hypothetical protein 

hypothetical protein 

Transcriptional regulator containing an amidase domain and an AraC-type DNA-binding HTH 

domain 

Microsomal dipeptidase (EC 3.4.13.19) 

FIG00953113: hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Alginate lyase precursor (EC 4.2.2.3) 

Expressed protein 

hypothetical protein 

hypothetical protein 

Inner membrane protein YqjE 

Uncharacterized membrane protein YqjD 

RNA binding methyltransferase FtsJ like 

hypothetical protein 

hypothetical protein 

Transcriptional regulator 

Substrate-binding region of ABC-type glycine betaine transport system 

DNA for TA region of Ti plasmid 

Transcriptional regulator 

hypothetical protein 

hypothetical protein 

extracellular nuclease 

hypothetical protein 

putative DNA-binding protein 

hypothetical protein 

Putative uncharacterized protein BCG_3011c 

sodium-dependent transporter 

Transcriptional regulator 

SrpA-related protein 

hypothetical protein 

Bona fide RidA/YjgF/TdcF/RutC subgroup 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Type IV fimbrial biogenesis protein FimT 

Type IV pilus biogenesis protein PilE 

FKBP-type peptidyl-prolyl cis-trans isomerase slpA (EC 5.2.1.8) 

hypothetical protein 
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Benzoate transport 

hypothetical protein 

TIM-barrel signal transduction protein 

Transcriptional regulator 

hypothetical protein 

Type IV fimbriae expression regulatory protein PilR 

Putative Holliday junction resolvase (EC 3.1.-.-) 

UPF0301 protein YqgE 

hypothetical protein 

Transcriptional regulator 

Lactoylglutathione lyase and related lyases 

FOG: PAS/PAC domain 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

FIG01057284: hypothetical protein 

Thiaminase II (EC 3.5.99.2) involved in salvage of thiamin pyrimidine moiety 

hypothetical protein 

Hydroxymethylpyrimidine phosphate synthase ThiC (EC 4.1.99.17) 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Protein of unknown function DUF81 

DnaK suppressor protein 

hypothetical protein 

transcriptional regulator 

hypothetical protein 

tRNA-Ala-GGC 

tRNA-Glu-TTC 

hypothetical protein 

hypothetical protein 

Probable transmembrane protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

DNA-binding protein 

hypothetical protein 

hypothetical protein 

Carboxymuconolactone decarboxylase domain protein 

hypothetical protein 

hypothetical protein 

Gsr3654 protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Permeases of the drug/metabolite transporter (DMT) superfamily 

Membrane protein 

Putative stomatin/prohibitin-family membrane protease subunit aq_911 

Putative membrane-bound ClpP-class protease associated with aq_911 
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hypothetical protein 

Predicted membrane protein 

Gll3326 protein 

hypothetical protein 

Predicted transcriptional regulators 

DNA/RNA non-specific endonuclease 

tRNA-Leu-CAG 

tRNA-Leu-CAG 

hypothetical protein 

Uncharacterized oxidoreductase ydgJ (EC 1.-.-.-) 

Putative translation initiation inhibitor 

Putative 4-hydroxybenzoyl CoA thioesterase (EC 3.1.2.23) 

Acyl-coenzyme A synthetases/AMP-(fatty) acid ligases 

Acyl-CoA dehydrogenase (EC 1.3.8.7) 

Transcriptional regulator 

hypothetical protein 

Anthraniloyl-CoA monooxygenase (EC 1.14.13.40) 

Hydrogenase-2 operon protein hybA precursor 

Hydrogenase-2 operon protein hybA precursor 

hypothetical protein 

hypothetical protein 

EAL domain protein 

Sensory box/GGDEF family protein 

Probable protease htpX homolog (EC 3.4.24.-) 

tRNA-Glu-TTC 

tRNA-Gly-GCC 

tRNA-Glu-TTC 

tRNA-Gly-GCC 

tRNA-Glu-TTC 

tRNA-Gly-GCC 

ABC-type multidrug transport system 

NADPH dependent preQ0 reductase (EC 1.7.1.13) 

nitroreductase 

FIG00509047: hypothetical protein 

tRNA-Ser-GGA 

phage integrase 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Phage-related protein 

hypothetical protein 

Zinc ABC transporter 

ErfK/YbiS/YcfS/YnhG family protein 

hypothetical protein 

Glycosyl hydrolase 

FIG01200104: hypothetical protein 

hypothetical protein 

FIG00508492: hypothetical protein 

Na(+)-translocating NADH-quinone reductase subunit B (EC 1.6.5.-) 

Na(+)-translocating NADH-quinone reductase subunit A (EC 1.6.5.-) 
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hypothetical protein 

ErfK/YbiS/YcfS/YnhG family protein 

hypothetical protein 

Uncharacterized protein conserved in bacteria 

hypothetical protein 

Type IV fimbrial assembly 

hypothetical protein 

hypothetical protein 

FIG00919916: hypothetical protein 

HlyD family secretion protein 

Poly(3-hydroxyalkanoate) synthetase 

hypothetical protein 

hypothetical protein 

LSU m3Psi1915 methyltransferase RlmH 

Ribosomal silencing factor RsfA (former Iojap) 

hypothetical protein 

diguanylate cyclase 

hypothetical protein 

COG1982: Arginine/lysine/ornithine decarboxylases 

CDS_ID OB0857 

hypothetical protein 

hypothetical protein 

Undecaprenyl-diphosphatase (EC 3.6.1.27) 

hypothetical protein 

hypothetical protein 

Auxin Efflux Carrier 

ABC transporter 

membrane protein 

Signal transduction histidine kinase 

Histidine kinase 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

COG2202: FOG: PAS/PAC domain 

hypothetical protein 

hypothetical protein 

putative membrane protein 

putative membrane protein 

putative membrane protein 

Transcriptional regulator containing an amidase domain and an AraC-type DNA-binding HTH 

domain 

Rrf2-linked NADH-flavin reductase 

Transcriptional regulator 

MscS Mechanosensitive ion channel 

putative membrane protein 

putative oxidoreductase protein 

Transcriptional regulator 

Mannose-6-phosphate isomerase 

Transcriptional regulator 
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DGPFAETKE domain protein 

LSU m3Psi1915 methyltransferase RlmH 

Ribosomal silencing factor RsfA (former Iojap) 

hypothetical protein 

hypothetical protein 

FIG074102: hypothetical protein 

Transcriptional regulator 

putative 2-pyrone-4 

CrcB protein 

CrcB protein 

putative membrane protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Mll5128 protein 

hypothetical protein 

N-hydroxyarylamine O-acetyltransferase (EC 2.3.1.118) 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hydrolase 

Predicted hydrolase or acyltransferase PA1621 

hypothetical protein 

membrane protein 

Phosphohistidine phosphatase SixA 

hypothetical protein 

SSU ribosomal protein S13p (S18e) 

SSU ribosomal protein S11p (S14e) 

SSU ribosomal protein S4p (S9e) 

LSU ribosomal protein L17p 

Putative transport protein 

SSU ribosomal protein S10p (S20e) 

LSU ribosomal protein L3p (L3e) 

LSU ribosomal protein L4p (L1e) 

LSU ribosomal protein L23p (L23Ae) 

ATP synthase F0 sector subunit c 

ATP synthase F0 sector subunit b 

ATP synthase delta chain (EC 3.6.3.14) 

ATP synthase alpha chain (EC 3.6.3.14) 

ATP synthase gamma chain (EC 3.6.3.14) 

ATP synthase beta chain (EC 3.6.3.14) 

ATP synthase epsilon chain (EC 3.6.3.14) 

hypothetical protein 

SAM-dependent methyltransferase (EC 2.1.1.-) 

YgfB and YecA 

Protein of unknown function SprT 

hypothetical protein 

hypothetical protein 

hypothetical protein 

FIG01057880: hypothetical protein 
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Mll5128 protein 

Protein yciE 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Free methionine-(R)-sulfoxide reductase 

protein of unknown function DUF77 

Universal stress protein family 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Oligopeptide ABC transporter permease 

blr3675; putative alcohol dehydrogenase (EC 1.1.1.1) 

hypothetical protein 

Mobile element protein 

Mobile element protein 

Mobile element protein 

hypothetical protein 

Lipopolysaccharide biosynthesis protein RffA 

Serine kinase of the HPr protein 

hypothetical protein 

hypothetical protein 

Mobile element protein 

hypothetical protein 

putative dehydrogenase 

polysaccharide deacetylase 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Glycosyl transferase 

Glycosyltransferase (EC 2.4.1.-) 

hypothetical protein 

FIG188645: PAP/25A core domain:DNA polymerase 

Mannose-6-phosphate isomerase 

putative transposase 

COGs COG2343 

hypothetical protein 

Deoxyguanosinetriphosphate triphosphohydrolase (EC 3.1.5.1) 

transcriptional regulator 

L-carnitine dehydratase/bile acid-inducible protein F (EC 2.8.3.16) 

Transcriptional regulators 

Short chain dehydrogenase 

TRAP dicarboxylate transporter 

hypothetical protein 

hypothetical protein 

Type IV fimbrial biogenesis protein FimT 

hypothetical protein 

hypothetical protein 

Biofilm PGA outer membrane secretin PgaA 

hypothetical protein 

hypothetical protein 
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hypothetical protein 

FIG01200823: hypothetical protein 

FIG01199972: hypothetical protein 

Permease of the major facilitator superfamily 

Putative nitrogen regulatory protein P-II 

hypothetical protein 

Zinc ABC transporter 

hypothetical protein 

SSU ribosomal protein S15p (S13e) 

Transcriptional regulator 

hypothetical protein 

Membrane protein 

hypothetical protein 

Putative NAD(P)-dependent oxidoreductase EC-YbbO 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Cytochrome B561 

TorCAD operon transcriptional regulatory protein TorR 

Sensor histidine kinase (EC 2.7.3.-) 

Acetyltransferase 

hypothetical protein 

PROBABLE TRANSMEMBRANE PROTEIN 

Hydrolase 

hypothetical protein 

hypothetical protein 

Bll4961 protein 

Small Subunit Ribosomal RNA; ssuRNA; SSU rRNA 

C4-dicarboxylate transport transcriptional regulatory protein 

hypothetical protein 

carbonic anhydrase 

sodium:neurotransmitter symporter 

hypothetical protein 

Auxin Efflux Carrier 

Heat shock protein 

heat shock protein 

hypothetical protein 

Di- and tricarboxylate transporters 

Di- and tricarboxylate transporters 

hypothetical protein 

poly (3-hydroxybutyrate) depolymerase 

hypothetical protein 

Transcriptional regulator 

hypothetical protein 

Cytochrome c5 

hypothetical protein 

transcriptional regulator 

hypothetical protein 

hypothetical protein 

Predicted redox protein 
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hypothetical protein 

hypothetical protein 

hypothetical protein 

Putative membrane protein 

hypothetical protein 

hypothetical protein 

Glutamine ABC transporter 

Glutamate transport membrane-spanning protein 

Glutamate transport ATP-binding protein 

hypothetical protein 

Transcriptional regulators 

unknown 

Membrane protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Putative NAD(P)-dependent oxidoreductase EC-YbbO 

hypothetical protein 

SAM-dependent methyltransferases 

hypothetical protein 

Thioredoxin 

hypothetical protein 

hypothetical protein 

ABC-type multidrug transport system 

ABC-type multidrug transport system 

Signaling protein with membrane-bound sensor domain and GGDEF domain 

GGDEF domain protein 

Nucleoid-associated protein NdpA 

glutamine amidotransferase 

ABC transporter 

ABC transporter 

hypothetical protein 

Conidiation-specific protein 10 

Pirin-related protein 

Ser/Thr protein phosphatase family protein 

4-coumarate--CoA ligase (EC 6.2.1.12) 

hypothetical protein 

Uncharacterized conserved protein 

Bll1341 protein 

hypothetical protein 

Twitching motility protein PilT 

Twitching motility protein PilT 

Transcriptional regulator 

Probable oxidoreductase 

probable oxidoreductase 

FOG: GGDEF domain 

hypothetical protein 

FIG00441233: hypothetical protein 

Transcriptional regulator 

Mobile element protein 

hypothetical protein 
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hypothetical protein 

FsxA protein (similar to protein affecting phage T7 exclusion by the F plasmid) 

Late competence protein ComEA 

Aspartyl aminopeptidase 

tRNA-Met-CAT 

GTP-binding and nucleic acid-binding protein YchF 

Outer membrane lipoprotein LolB precursor 

FIG140336: TPR domain protein 

hypothetical protein 

tRNA-Arg-CCT 

Nitroreductase 

Oxidoreductase FAD/NAD(P)-binding (EC 1.18.1.3) 

Quaternary ammonium compound-resistance protein SugE 

Sensory box/GGDEF family protein 

outer membrane porin 

hypothetical protein 

hypothetical protein 

Transcriptional regulator 

Ribosomal-protein-L7p-serine acetyltransferase 

hypothetical protein 

FOG: TPR repeat 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Mobile element protein 

FIG074102: hypothetical protein 

putative phosphoribosyl-AMP cyclohydrolase 

COG3380: Amine oxidase 

Thioesterase family protein domain protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Type IV fimbrial assembly protein PilC 

hypothetical protein 

Type IV fimbrial biogenesis protein PilX 

CigR (Putative inner membrane protein) 

transcriptional regulator MvaT 

Transcriptional regulator 

hypothetical protein 

Na+/H+ antiporter NhaC 

Transcriptional regulatory protein 

2-polyprenyl-6-methoxyphenol hydroxylase and related FAD-dependent oxidoreductases 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

putative membrane transport protein 

FIG00433630: hypothetical protein 

Predicted transcription regulator 

probable dioxygenase 
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ATP-dependent DNA helicase rep (EC 3.6.1.-) 

hypothetical protein 

Permeases of the major facilitator superfamily 

DnaK suppressor protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

hypothetical protein 

Amine oxidase [flavin-containing] A (EC 1.4.3.4) 

hypothetical protein 

hypothetical protein 

PROBABLE TRANSMEMBRANE PROTEIN 

hypothetical protein 

FIG032621: Hydrolase 

Cobyric acid synthase 

hypothetical protein 

hypothetical protein 

Transcriptional regulators 

orf; Unknown function 

hypothetical protein 

tRNA-Leu-TAG 

Transcriptional regulator of various polyols utilization 

ABC-type dipeptide/oligopeptide/nickel transport systems 

Transcriptional regulator associated with Tricarboxylic transport 


