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The production of engineered nanoparticles is on the rise worldwide. Engineered 

nanoparticles have distinct physicochemical properties which enable their utilization in a variety 

of sectors from Biomedicine to Environmental remediation.  Engineered nanoparticles interact 

with biological systems potentially changing the behavior of these systems by inducing specific 

physiological and metabolic modifications within the exposed organisms; furthermore, these 

responses to engineered nanoparticles may also differ from one organism to another. While a 

great deal of work has been done to identify lethal/antimicrobial nanomaterials to control 

pathogenic microbial biofilm formation, little work has been done to study non-lethal impact of 

nanomaterials on microbes. Moreover, the genetic impact of this cell-nanoparticle interaction is 

not well understood.  We have defined the transcriptional genetic response of the gram-negative 

bacterium Escherichia coli (E. coli) to three different engineered silica, gold, and polystyrene 

nanoparticles. Screening an E. coli reporter gene library that covers 70% of the E. coli genome, 

we have identified eights genes that are upregulated in response to nanoparticle exposure and 

possibly represent a common nanoparticle response mechanism. These eight genes have been 

verified using qRTPCR and include previously identified stress response genes (rssB, evgA, 

sodC,) genes encoding transports (yhdY, yhhT) and several genes with unknown function (glcC, 

vacJ/MlaA, cysQ). The gene ontology of the eight genes shows that metabolic pathways, signal 

transduction pathways, oxidative stress and protein transport systems are significantly affected in 

response to the three nanoparticle exposures. Interestingly, the growth curves analysis of the 

single gene knockout of the eight genes reveals that the exposure to nanoparticles likely increase 



 

the cell growth rate in all mutants when compared to control and no growth pattern alterations 

with the wild type E. coli is observed. Furthermore, only the two mutants ΔsodC and ΔCysQ 

show significant exponential growth rates compared to control. These results demonstrate that 

there is specific common response of E. coli to round-shaped metalloid, metal, and polymeric 

nanoparticles and suggest that both sodC and cysQ genes are inherent in the bacterial growth 

mechanism during normal growth conditions. Overall, this research will provide a better 

understanding of bacteria stress response as well as bacterial resistance to nanoparticle-based 

antibiotics and identify potential new targets for drugs given that the bacteria-nanoparticle 

interactions have crucial implications in public health and the environment. 
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CHAPTER I: INTRODUCTION 

Nanomaterials 

The recent years have seen a gigantic increase in production of synthetic/engineering 

nanomaterials for a vast array of real-world applications especially in fields such as biomedicine, 

agriculture, electronics, pharmaceuticals, cosmetics, and the manufacturing industry (Saleh, 

2020). Nanomaterials are defined as natural or synthetic materials with less than 100 nm in size 

at least in one dimension which endow these materials with distinctive physical and chemical 

properties that are different from their bulk counterparts (Kolahalam et al., 2019; Miernicki et al., 

2019; Saleh, 2020).  

Nanomaterials exist in a variety of morphologies and are categorized based on their 

dimensionality. For instance, nanomaterials such as quantum dots and nanoparticles are zero-

dimensional (0-D) as all three dimensions are in the nanoscale range. One-dimensional 

nanomaterials (1-D) have one dimension in the nanoscale range and include materials such as 

nanorods and nanotubes. Two-dimensional nanomaterials (2-D) possess two dimensions in the 

nanoscale range and one out of it, these include nanolayers and nanofilms. Three-dimensional 

nanomaterials (3-D) are not in nanoscale dimensions but are made of nanoscale components, 

these are mostly nanocomposites (Figure 1) (Gleiter, n.d.; Kolahalam et al., 2019).  

Some prominent type of nanomaterials and their properties 

Many nanomaterials exhibit unique, tunable, and/or size- dependable properties (Datta et 

al., 2008). Because of this, nanomaterials attract a great deal of interest compared to the parent 

“bulk” materials. For instance, simply changing the size of the nanomaterials often results in 

changes to mechanical, chemical, electrical, and optical properties (Saleh, 2020). The shape and 
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size of nanomaterials influence their properties and often result in new physicochemical 

capabilities.  

Another important characteristic of nanomaterials is their chemical composition. The 

chemical composition plays a key role in defining unique properties in nanomaterials through the 

nature of the core material, surface reactivities, and the large surface-to-volume area (Dekkers et 

al., 2019). For instance, metal nanomaterials like gold or copper Nps possess core inorganic 

materials and shells that could be of inorganic, organic nature (Khan et al., 2019). Nanomaterials 

have been synthesized from a variety of materials included carbon-based nanomaterials, metals 

nanomaterials, metal-oxide nanomaterials, polymeric nanomaterials, semiconductors, and lipid-

based nanomaterial (Gleiter, n.d.). 
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Figure 1: Schematic representation of the classification of nanomaterials based on 

dimensionality with some examples. 

 

Metallic nanomaterials 

The core chemical element of metallic nanomaterials is any metallic element including 

iron, copper, zinc and gold. Various chemicals and photochemical methods have been developed 

to synthesize metal nanomaterials (Kolahalam et al., 2019). Furthermore, the size and properties 

of many metal nanomaterials depend heavily on the method used for synthesis. For instance, 

gold nanoparticles that are synthesized via a combination of sonoelectrochemical and ultrasonic 

vibration techniques (Saleh, 2020; Shiau et al., 2018) result in nanoparticles that contain reduced 

size which increases the availability of atoms on the surface of the material making it more 

active compared to the metal bulk compound; This characteristic provides a high surface area 

reactivity that has been exploited for applications such as catalysis, biosensing, bioimaging and 
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absorption processes (Kolahalam et al., 2019). metallic nanomaterials have impressive size 

dependable optical properties (Kelly et al., 2003). That interaction with light is promoted by the 

surface plasmon and the quantum confinement of electrons (Saleh, 2020). For instance, gold 

nanoparticles display different colors in variation of their size, shape and percentage of gold 

concentrations which influence its absorption properties when interacting with light (Khan et al., 

2019). 

Metal oxide nanomaterials 

Metal oxide nanomaterials retain their elemental core and are distinguishable from 

metallic nanomaterials by their unique physicochemical properties that offer a high density and 

limited size of corners and edges at their surfaces (Chavali & Nikolova, 2019). Furthermore, the 

electronic structure defines the conductor, semiconductor and insulator properties of these 

materials (Yoon et al., 2022).  Metal oxides nanomaterials have been synthesized by sol-gel or 

hydrothermal reactions (Parashar et al., 2020). Similar to metallic nanoparticles, the change in 

size of metal oxide nanomaterials alter the chemical, magnetic, electrical, and conducting 

properties (Chavali & Nikolova, 2019; W.-T. Liu, 2006). In addition to specific chemical and 

physical properties, biocompatibility which is the ability of a material to interact with biological 

systems without exerting toxic activities to their biological functions, is often major 

characteristic of these materials. Their biocompatibility come from the fact that most metal oxide 

nanoparticles have a core inorganic element that is already part of some metabolic processes, and 

this enables their assimilation into biological systems (Ling & Hyeon, 2013). Because of their 

biocompatibility, metal-oxide nanoparticles are important in applications such as environmental 

remediation and biomedicine (Chavali & Nikolova, 2019; Saleh, 2020).  
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Polymeric nanomaterials 

Polymeric nanomaterials are nanoscale materials made of natural or synthetic polymers 

such as polystyrene nanoparticles (Loos et al., 2014). These materials demonstrate a great 

potential in pharmaceutical and medical applications as drug carriers in drug delivery processes 

(Soppimath et al., 2001; Zielińska et al., 2020). The size, shape, biocompatibility, and stability 

are among the distinctive properties that possess polymeric nanomaterials and can be affected by 

the type of synthesis methods used (Jawahar & Meyyanathan, 2012). The production methods 

consist of solvent evaporation, polymerization of monomers, emulsification/solvent diffusion, 

nanoprecipitation, dispersion of polymers and more (Soppimath et al., 2001; Zielińska et al., 

2020). Nanospheres or nanocapsules are obtained at the end of the synthesis process as shown in 

Figure 2 (Christoforidis et al., 2012). 
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Figure 2: Schematic representation of 2 types of polymeric nanoparticles (nanosphere and 

nanocapsule) for drug delivery applications. 

 

Semiconductors 

Semiconductors are materials that possess both electrical properties of a conductor and an 

insulator material. Semiconductor materials have band gaps that are relatively small compared to 

conductors and insulators. The commonly used inorganic semiconductors exist as single 

elements like Silicon and Germanium or as compounds of elements like SiC, GaAs and more 

(Tipler & Llewellyn, 2008). Semiconductors have unique electrical properties. The type of 

conductivity of inorganic semiconductors resides in the nature of the chemical element known as 

impurity added to an intrinsic semiconductor material in a process called doping which results in 

creation of whether the n-type or p-type semiconductors (Tipler & Llewellyn, 2008). The 

difference between the n-type and the p-type is the charge carrier. The charge carrier in n-type is 

electrons and holes in p-type semiconductors (Tipler & Llewellyn, 2008). Semiconductor 
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materials can be inorganic and organic in nature (Tipler & Llewellyn, 2008). Some inorganic 

semiconductors are biocompatible such as elemental Silicon (Si), Silicon Carbide (SiC), and 

Gallium Nitride (GaN). For example, GaN is a binary III-V wide bandgap semiconductor with a 

value of 3.4ev used in power conversion devices and in the fabrication of light-emitting diodes 

(An et al., 2016). Recently, many studies have been conducted on gallium Nitride interaction 

with biological organisms such as microbes because of the optoelectronic feature presented as 

the persistent photoconductivity (PPC) property which is defined as the charge accumulation on 

GaN surface after exposure to UV light, altering the morphology and the genetic responses of the 

organism of interest (Snyder, Reddy, et al., 2018). 

Organic/Carbon-based Nanomaterials  

Nanomaterial composed of carbon and carbon-based compounds, including biological 

materials fall into this category; many of these nanomaterials display properties found in metallic 

and metal oxide nanomaterials and recently, this has increased interest in these materials.  There 

are different types of carbon-based nanomaterials, The carbon-based nanomaterials commonly 

and widely used are Graphite, graphene, fullerene, carbon black, carbon nanotubes, graphite, 

graphene oxide and reduced graphene oxide (Madannejad et al., 2019).  

 Due to their composition, shape and size, organic/carbon-based nanomaterials display a 

range of distinctive physicochemical properties (Mauter & Elimelech, 2008). Organic/Carbon-

based Nanomaterials display distinct electrical, mechanical, and physical properties that are 

intrinsically dependent on the carbon’s structure and hybridization state during synthesis 

processes (Li et al., 2019). For instance, Graphite is a crystalline form of pure carbon present in 

nature; it can be both naturally and synthetically produced through contact or regional 

metamorphism of sedimentary organic matter and from coke and pitch respectively (Chehreh 
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Chelgani et al., 2016). Graphite has great electrical properties and can have both metallic and 

non-metallic characteristics (Sengupta et al., 2011). Another example is Graphene which is 

known as the two-dimensional allotropic form of the sp2 hybridized carbon and possessed a 

myriad of properties such as large surface area, thermal stability, high electrical conductivity, 

optical transparency and more that are currently used for various applications including 

electronics, biosensing, biomedicine and environmental remediation (Huang et al., 2011; 

Mbayachi et al., 2021). Carbon nanotubes (CNTs) exhibit impressive mechanical characteristics 

such as rigidity as well as flexibility (Ajayan, 1999; Li et al., 2019). There are two major CNTs: 

Single-walled carbon nanotubes (SWNTs) and multiwalled carbon nanotubes (MWNTs). On one 

hand, SWNTs have a great optical absorption near-infrared range which has attracted a great deal 

of attention for research in the photo-thermal field and photoacoustic imaging (Tasis et al., 

2006). MWNTs are extremely hydrophobic which make them bioincompatible and thus hinder 

their application in biological and biomedical settings (Li et al., 2019; Saleh, 2020; Tasis et al., 

2006). 

Beneficial impacts of nanomaterials 

Engineered nanomaterials play important roles in many industrial processes and are 

produced through rigorous physical, mechanical, and chemical processes along with 

sophisticated lab procedures and are present in almost all aspects of everyday life, from 

telecommunications to personal care products (Hochella et al., 2019). However, anthropogenic 

activities often lead to the unexpected, intentional, or fortuitous production of synthetic 

nanoscale materials (Ermolin & Fedotov, 2016; Hochella et al., 2015). Incidental nanomaterials 

are often formed by unpremeditated man-made activities and are produced from various sources 

including industrial waste, mining waste, metal corrosion. Despite the differences in origin 
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between incidental and engineered NMs, incidental nanoscale materials interact with all the 

environmental compartments and thus, impact the organisms living in the air, marine, and 

terrestrial ecosystems (Hochella et al., 2019). 

Nanotechnology has revolutionized many industries that transformed lives by enhancing 

the already existing traits of their finished products via usage of nanomaterials. While engineered 

nanomaterials have proven to be beneficial at many levels of the society, (Figure 3), the impact 

of these incidental nanomaterials on living systems remains unclear. 

Figure 3: Diagram of the beneficial effects of the nanoparticles on some living organisms 

 

Impact of nanomaterials on plants 

The application of nanomaterials within the agricultural sector has increased, recent 

reports have stated that the crop productivity of soybean can increased by 16.74%, 10.29% for 

rice, 28.81% for winter wheat, 10.93% for spring maize and 12.34-19.76% for vegetables with 
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the use of nanofertilizers compared to standard fertilizers (Shang et al., 2019).  The overarching 

goal of the use of nanomaterial in agriculture is to increase the crop yield as well as the quality of 

crops (Rastogi et al., 2017). Agricultural nanomaterials are produced in the form of 

nanofertilizers to improve soil quality by increasing the bioaccessibility of nutrients in soils, 

therefore promote the plant growth (Ahmed et al., 2021; Mejias et al., 2021); nanopesticides to 

mitigate plant parasite attack; and nano-herbicides to eliminate invasive plant species that hinder 

the crop growth (Chaud et al., 2021; Deka et al., 2021). For instance, single-walled carbon 

nanohorns increase the rate of the seed germination in crops like tomato, rice, corn, and soybean 

(Lahiani et al., 2015). As nanocarriers, mesoporous silicon nanoparticles can efficiently usher 

targeted molecules to plants (P. Wang et al., 2016). Iron oxide nanoparticles improve root length, 

height, and biomass of peanut plants (Rui et al., 2016). Encapsulated herbicide in chitosan 

nanoparticle cores drastically increases the herbicide ability in the soil (Maruyama et al., 2016). 

In addition, some nanoparticles have been used as nanosensors to monitor the soil geochemical 

parameters imperative for healthy plant growth (Sharma et al., 2021).  

Impact of nanomaterial on animal systems 

The recent breakthroughs in biomedicine and in the pharmaceutical industries have been 

defined by the use and/or incorporation of nanomaterials in devices and drugs to develop 

sophisticated approaches to disease detection and treatment. Also, establish innovative drug 

development for the cure of rare diseases and increase precision of drug delivery in biological 

systems (Biswas et al., 2023). The disease diagnostic is revolutionized by nanobiosensors and 

their ability to rapidly detect potential causes of a variety of illnesses (Ahangari et al., 2023; 

Hegde et al., 2022). For example, brucellosis which is a bacterial infection in both humans and 

livestock caused by Brucella can be detected using oligo-gold nanoparticles probes (Ahangari et 
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al., 2022). Palladium NPs based immune sensors featuring cytotoxin gene antibodies have been 

developed to detect the Gram-negative bacterium H. pyroli (Zhu et al., 2022). Nanomaterials that 

enhanced the active molecule properties in drugs have been developed to facilitate the treatment 

of some diseases while improving the drug delivery process at the same time (Zhu et al., 2022). 

For instance, sensitive angiogenesis related disorders like critical limb ischemia that can be 

treated using cerium oxide Nps (Hoseinzadeh et al., 2022; Park et al., 2020). Tumor treatment of 

cancer in deep tissues can be efficiently targeted using a nanomaterial-based optical system for 

drug delivery (Ma et al., 2022; McNeil, 2011). 

Impact of nanomaterials on microorganisms 

Microbes interact with their world via nanoscale interaction and often produce and 

interact with nanomaterials of different chemical nature (Chwalibog et al., 2010; Shende et al., 

2021). These interactions are driven by specific physicochemical mechanisms that trigger diverse 

metabolic alteration and responses in the microbial cells. The microbe-nanomaterial interaction 

has significant ramifications as both exist at high magnitude in every ecosystem on Earth 

(Hochella et al., 2019). The physiochemical characteristics of nanoparticles such as the size, 

shape, surface charge and composition enable them to be the primary nutrient source for 

enhancing microbial life compared to the bulk counterparts (Mansor & Xu, 2020). Nanoparticles 

can act as mediators in electron transfer processes between microbial cells of the same and 

different species to ensure cell-cell communication and to strengthen the biofilm structure (Y. 

Liu et al., 2022; R. Wang et al., 2021). For example, in presence of cadmium sulfide (CdS) 

nanoparticles, the non-photosynthetic bacterium Moorella thermoacetica, engages in a 

photosynthetic process that drives the formation of acetic acid from carbon dioxide (Sakimoto et 

al., 2016). In another example, bacteria known as magnetotactic bacteria magnetovibrio 
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blakemorei synthesize and utilize intracellularly embedded iron-based nanoparticles to control 

their orientation and movement within a magnetic field (Mansor & Xu, 2020). 

A plethora of studies have focused on the antimicrobial effects of nanoparticles 

microorganisms. While some have demonstrated the antimicrobial effects of nanoparticles at 

lethal concentrations on microorganisms and the metabolic and physiological alterations as 

specifically related to cell death (Mammari et al., 2022), little work has been done to elucidate 

the impact of nanomaterials at non-lethal concentrations.  While some nanoparticles have shown 

to be detrimental to the microbial population from the single cell to the biofilm. Metal and metal 

oxide nanoparticles are the most intensively studied for their antibacterial, antifungal, and 

antiviral activities that in most cases, lead to the cell death (Slavin et al., 2017). The contribution 

of nanoparticles as part of the treatment of infectious diseases has been significant in society. 

Moreover, New nanoparticles-based drugs have been developed faster to respond to the growing 

increase in novel microbial infections. 

The use of nanoparticles in biomedical and environmental remediation fields are 

ubiquitous. However, the current research landscape is focusing on the lethal antimicrobial 

properties of nanoparticles on diverse pathogenic microorganisms. But, the fate, adverse effects 

and nanotoxicity of these nanoparticles on the microbiome present in the environment are yet to 

be determined. 

Research achievements 

My goal was to determine the transcriptomic responses of the Gram-negative bacterium 

Escherichia coli (E. coli) to exposure of non-lethal concentrations of three distinct nanoparticles: 

Silica, gold, and polystyrene nanoparticles.  Each of these particles were composed of different 

material but shared roughly the same size which endowed them with distinct chemical natures. I 
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found that each particle results in distinct changes to the E. coli transcriptome, however, there 

was a core response of eight genes that was demonstrated by the bacterium against all three 

particles. These results suggest that this bacterium has evolved a core nanomaterial response and 

that this core response may control changes to the cells metabolic and physiological processes. 

This work is critical for providing new knowledge about the nanoscale interaction of 

nanoparticles with bacteria for environmental remediation and biomedical applications. This 

work will also provide a better understanding of the genetic bacteria-nanoparticle interface while 

proposing potential intracellular targets for new drug development to fight against rampant 

bacterial resistance to nanoparticles-based antibiotics. 

Innovation 

The keys points of my research work include: 

1) Determining the specific response genes of the bacterium E. coli associated with the 

exposure of silica (SiO2), gold (Au), and polystyrene (PS) nanoparticles. 

2) Identifying the common genetic response (8 upregulated genes) to all the three 

nanoparticles. 

3) Determining the essentiality of the eight genes knockouts on the E. coli growth fitness.  



  14 

CHAPTER II: LITERATURE REVIEW 

Gram-negative bacterium Escherichia coli (E. coli) 

As a member of the family of Enterobacteriaceae, E. coli is a rod-shape like Gram-

negative bacterium that has been intensively studied because of the great characteristics it offers 

such as the rapid cell growth under optimal growth conditions (cell division approximately every 

20 minutes) as well as the majority (more than 70%) of its genome has been sequenced(Jang et 

al., 2017). The cellular organization of the E. coli bacterium structure consists of a cell wall, 

which comprises 2 membrane bilayers that are the outer membrane and the inner membrane, the 

periplasm is the space between these two membranes(J. Wang et al., 2021) (Figure 4). The 

periplasmic peptidoglycan membrane is an important intracellular polymer assuring the integrity 

of the cell wall from internal and external turbulences (Gumbart et al., 2014; Miller & Salama, 

2018). The bacterium E. coli is commonly used as preferential model organism for gene 

manipulation for industrial enzymes production and to understand the basic molecular functions 

of bacteria cells. Additionally, E. coli is mostly known as a commensal bacterium part of the 

normal microbial flora colonizing in a symbiotic way, the gastrointestinal tract of humans and 

some animals (Vila et al., 2016). However, E. coli can also exist as a pathogenic strain causing a 

variety of infections in both humans and animals that can lead to death (Kaper et al., 2004). It is 

estimated that more than 40,000 deaths are registered annually in the USA attributed to serious 

pathogenic E. coli infections like urinary tract infections (UTIs), diarrhoeal disease and 

meningitis (Russo, 2003). The main difference between the commensal E. coli and the 

pathogenic strain is the presence of specific virulence factors in the pathogenic E. coli genome 

such as toxins, adhesins, polysaccharide substances and more (Braz et al., 2020; Santos et al., 

2020). The genetic diversity of the bacterium E. coli has enabled its ability to survive and evolve 
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in the strictest environmental settings while integrating indigenous microbial communities (Braz 

et al., 2020). This genetic complexity is dictated by the environmental conditions imposed upon 

the E. coli population to assure the long-term survival of the strain in the environment (Braz et 

al., 2020). In addition, the whole morphological structure of E. coli has evolved to assure 

protection and survival of the cells, the filamentous extracellular components such as flagella, 

fimbria and curli play a key role in the adaptation, navigation, and colonization of different types 

of mediums and surfaces (Dörr et al., 2019). Therefore, these bacterial filamentous structures 

mediate the shift from planktonic state to the sessile state when needed by bacteria for its 

survival (Dworkin et al., 2006). 

Figure 4: Cell wall structure of the Gram-negative bacteria E. coli 
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Mechanisms of Bacterial adhesion  

Bacteria have adapted cellular mechanisms that enable them to adhere to a wide variety 

of surfaces. All bacteria species employ different mechanisms for adhesion, most of which are 

the product of cell wall composition and other characteristics of their cell surface (Busscher & 

van der Mei, 2012; Kimkes & Heinemann, 2019; Tuson & Weibel, 2013b).  

Bacterial adhesion to surface is initiated by overcoming an energy barrier through 

morphological and physicochemical transformations of the cells. This process consists of the 

deformation of the cell membrane upon adhesion to a substratum and/ or the change in 

movement of bacterial appendages that are triggered by the two-component signal transduction 

(Busscher & van der Mei, 2012). The cellular attachment process of bacteria to surfaces occurs 

in two phases. The first phase is reversible and consists of electrostatic and hydrodynamic 

interactions between the bacteria and the surface. During that process, the adhesion forces are 

strong. Most bacteria cells are negatively charged, which makes them prompt to strongly bind to 

positively charged surfaces (Kimkes & Heinemann, 2019). However, charge driven adhesion 

will vanish in high ionic strength fluids because of charge screening (Tuson & Weibel, 2013). 

The second phase takes more time (a couple of hours) and is irreversible. Bacterial 

adhesion occurs under different conditions depending on the motility state of the cells, the fluid 

flows in the medium, the physicochemical changes in the liquid environment (i.e. pH., 

osmolarity, ionic strength and nutrient concentration), and the nature of surfaces (hydrophilic or 

hydrophobic) (Kimkes & Heinemann, 2019). The adhesion is initiated by bacterial sensing 

involving biomolecules localization on surfaces using cell membrane receptors and/or surface 

structures (Kimkes & Heinemann, 2019). The adhesion forces induce cell wall deformation of 

bacteria upon contact with a substratum surface leading to response from the cells. Gram-
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positive bacteria possess a flexible and thick peptidoglycan layer, which is around 30 nm and 

plays the role of a protective membrane against any extracellular aggressors. Conversely, Gram-

negative bacteria have a small peptidoglycan layer of about 10 nm in thickness enabling the cell 

adhesion through ligand-receptor mechanism and provide a strength support to pili during the 

adhesion process (Habimana et al., 2014).  

Bacterial attachment to surfaces occurs in two distinct phases with one reversible based 

on electrostatic interactions and the other irreversible that relies on environmental changes. The 

attachment of the bacterial cells to biotic or abiotic surfaces is mediated by a panoply of 

extracellular structures such as the cell wall, Flagella, curli and fimbriae that enable an intimate 

interaction with the surface.  

Bacterial cell adhesion involves the interaction of hydrophobic segments of cell wall with 

abiotic surfaces through van der Waals forces and production of specific biological molecules 

(Kimkes & Heinemann, 2019). In E. coli, the biomolecules expressed on the cell surface include 

lipopolysaccharides (LPS) and extracellular polymeric substances (EPS) which facilitate the 

irreversible attachment of cells to surfaces (Tuson & Weibel, 2013). These adhesion mechanisms 

involve changes in bacterial cell behavior including the passage of bacteria from a planktonic 

state to a sessile state (Busscher & van der Mei, 2012).  

In addition to non-specific interactions, specific interactions are also playing a major role 

in facilitating the attachment of cells to surfaces, this is also mediated by specific interactions 

through extracellular organelles present on bacteria surfaces such as flagella, curli and pili 

(fimbriae) (Kimkes & Heinemann, 2019; Kline et al., 2010a).These bacterial filamentous cell 

surface structures play distinct yet determining roles in the bacterial adherence process to 

surfaces (Busscher & van der Mei, 2012; Harapanahalli et al., 2015).  
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Bacterial Flagella  

Flagella are multifunctional extracellular proteinaceous filaments that can be either polar 

when there is one or several flagella at the same position or peritrichous with flagella are present 

all over the bacteria surface involve in the motility process, virulence as well as cell adhesion to 

surfaces (Haiko & Westerlund-Wikström, 2013). The primary step in the cell-surface adhesion 

process is the motility of the bacteria cells in planktonic state towards the surface driving by the 

rotation and movement of flagella during a chemotaxis phenomenon or during changes in the 

environmental conditions. In most E. coli strains, a typical flagellum measures up to 10 um in 

length and has a diameter of 20 nm. Flagella are composed of over 60 structural proteins with the 

hollow whip-like filament composed of more than 20,000 flagellin protein subunits, which are 

critical for its assembly and diverse functions (Haiko & Westerlund-Wikström, 2013). (Figure 5)  

Figure 5: Schematic representation of a bacterial flagellum 
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Changes in environmental conditions such as change in PH, osmolarity and temperature 

dictate bacteria behavior, usually in the transition from motile to sessile behavior (Haiko & 

Westerlund-Wikström, 2013). This regulates the gene expression of the flhDC flagellar operon 

that triggers the signal transduction as the bacteria adhere to a surface. Flagella reinforce the 

attachment of the cells on hydrophobic surfaces especially, by sensing the topography of 

structured surfaces using the flagellar energy vibrations and filling the gaps of the surface 

geometry to accommodate the cell adhesion (Friedlander et al., 2015). The adhesive properties of 

flagella are stimulated by hydrophobic nature and degree of the surface and therefore aid 

strengthening the cell attachment. Besides facilitating adhesion, flagella is also involved in 

biofilm formation and virulence as these structures also mediate the secretion and export of 

extracellular non-flagellar proteins (Haiko & Westerlund-Wikström, 2013). Non-specific 

adhesive properties of flagella differ from bacteria species.  

Bacterial Curli  

Curli are proteinaceous fibers that are part of the bacteria extracellular matrix produced 

by enteric bacteria such as E. coli and Salmonella spp (Barnhart & Chapman, 2006; Evans & 

Chapman, 2014). Curli fibers measure between 6 to 12 nm wide and are non-branching fibers 

that are highly resistant to proteases and detergents (Evans & Chapman, 2014). In bacteria such 

as E. coli, curli are differentially expressed at incubation temperatures that are below 30ºC and at 

37ºC depending on the bacterial strains. Curli biogenesis is promoted by the csgBA and 

csgDEFG gene operons that encode the six structural proteins that composed curli (Barnhart & 

Chapman, 2006). The expression and regulation of these operons rely on various environmental 

signals (Hollenbeck et al., 2018). In bacterial curli structure, csgA constitutes the major protein 

subunit of the curli protein complex formation encoded by the csgBA operon (Barnhart & 
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Chapman, 2006) (Figure 6). It is secreted across the outer membrane as an unstructured peptide 

and achieved its maturation through nucleation by the minor subunit csgB (Evans & Chapman, 

2014). Curli are amyloid fibers that in pathogenic states, are deeply involved in bacterial 

adhesion to host cells, biofilm formation and maturation and virulence. In the adhesion process, 

curli fibers have a strong affinity for various proteins on the surface of host cells especially 

human contact proteins such as fibrinogen, H- kininogen and factor XII as well as extracellular 

matrix protein like fibronectin and laminin (Barnhart & Chapman, 2006). Curli fibers mediate 

cell adhesion via extracellular matrix proteins composed by proteoglycans and glycoproteins that 

favorably prepare surfaces for bacterial attachment through ligand-receptor interactions 

(Hollenbeck et al., 2018).  

Figure 6: Schematic representation of a bacterial curli 
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Bacterial Pili (Fimbriae)  

Type IV Pili  

Type IV pili or fimbriae are proteinaceous polymerized filamentous structures that are 

composed of a major protein called pilin (Imam et al., 2011). Type IV pili are present on the 

surfaces of most gram-negative bacteria and a few gram-positive bacteria (Imam et al., 2011; 

Proft & Baker, 2009a). The biogenesis of pili takes place in the inner membrane where the 

ensemble of pilin monomers is held together as a fimbrial filament from hydrophobic 

interactions (Melville & Craig, 2013). These fimbrial rod-like fibers are involved in a variety of 

mechanisms such as specific flagella-independent bacterial motility that are the gliding motility 

and twitching motility, adhesion and invasion of host cells, biofilm formation and DNA uptake 

(Proft & Baker, 2009b).  

Type I pili  

The type I pili protein complex is 6.9 nm thick and 1-2 um long helical rod formed by a 

right-handed helical array of 500-3000 copies of the subunit fimA (Proft & Baker, 2009b). It is 

one of the most intensively studied pili for its role in adhesion to host cell surfaces, biofilm 

formation and virulence (Kline et al., 2010b; Proft & Baker, 2009b). Type I pili of uropathogenic 

E. coli (UPEC) are responsible for the bacterial cell adhesion to epithelial cells of the bladder 

and the initiation of biofilm formation that leads to urinary tract infections in women (Alonso-

Caballero et al., 2018; Connell et al., 1996; Krogfelt et al., n.d.; Miller et al., 2006; Müller et al., 

2009; Proft & Baker, 2009; Zeiner et al., 2012).  

The biosynthesis of type I Pili is orchestrated by a cluster of genes from the fim operon 

(fimA-fimH) which encodes the hierarchical and organized production of fimbrial protein 

subunits or pilins (Proft & Baker, 2009b). In the chaperone usher pathway, fimA represents the 
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major subunit and thousands of fimA form the pilus rod, a helical structure with spring-like 

properties in the molecular assembly of the type I pili followed in order by fimF, fimG and 

fimH(Alonso-Caballero et al., 2018; Krogfelt et al., n.d.). fimF and fimG are both minor protein 

subunits of fimbriae while fimH is involved in the receptor binding to the sugar D-mannose 

present at the surfaces of host cells.  

The biogenesis of the type I pili starts in the cytoplasm where the protein subunits are 

incompletely formed as immunoglobulin-like structures (Ig) with a β-strand missing causing the 

formation of a hydrophobic groove. The incomplete subunits migrate into the periplasm thanks 

to the fimC domain that serve as chaperone that will lead to maturation and protection of the 

subunits from degradation, aggregation, and premature polymerization (Alonso-Caballero et al., 

2018) (Figure7). This chaperone usher pathway is specific to the biogenesis of type I pili in E. 

coli. The molecular interaction of the fimH and the D-mannose receptor at the epithelial cells 

surfaces at lower level of the bladder is responsible of the colonization of these cells and the 

biofilm formation with Mannose bound in a deep negatively charged pocket at the tip of the 

receptor-binding complex (Alonso-Caballero et al., 2018; Miller et al., 2006; Müller et al., 2009).  
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Figure 7: Schematic representation of the fim domains of a matured type I pilus 

 

In addition, all the FimA subunits interact to one another by β-strand complementation 

mechanism which resemble an immunoglobulin-like structure that consists of a long β-strand 

elongating from one domain to the preceding one, establishing a hydrophobic interaction that 

secures the chain and complements the fold of each domain for full structural stabilization of the 

complex (Alonso-Caballero et al., 2018). This mechanical stability of these interactions between 

fimbriae is crucial for the strong adhesion process to epithelial surfaces for the colonization of 

cells and the initiation of the infection. Structural differences from the quaternary structures of 

the type I pili assembled in vitro and in vivo (Hospenthal et al., n.d.).  

Stress responses of Gram-Negative bacteria 

During their life cycle and proliferation in particularly harsh environmental conditions, 

bacteria are subjected to external aggressions that induce a variety of genetic, morphological, and 

metabolic changes that allow them to thrive and survive in coarse environments. These external 
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and internal cellular changes are known as stress responses that are activated when bacteria are 

sensing environmental cues that could potentially jeopardize the bacteria’s homeostasis 

(Dworkin et al., 2006; Marles-Wright & Lewis, 2007). During their evolution, bacteria are 

exposed to a wide range of environmental stresses such as physical stress (shear force, 

irradiation), chemical stress, oxidative stress, heat stress, cold stress, nutrient limitation, pH, 

toxins, antibiotics and more (Chung et al., 2006; Poole, 2012). To retaliate to these 

environmental stresses, bacteria have developed sophisticated strategies that consist of large and 

complex signaling pathways to adapt to changes in their immediate vicinity (Chung et al., 2006; 

Fang et al., 2016; Rau et al., 2016).  

The general stress response in E. coli is an elaborated cellular response to environmental 

assailants that is regulated by the RNA polymerase (RNAP) sigma factor (σs) via signal 

transduction mechanisms and sequence of metabolic reactions that could lead to either the 

survival or the cell death (Chung et al., 2006; Marles-Wright & Lewis, 2007) (Figure 8). Sigma 

factors are defined as a class of small proteins that bind to the core RNAP forming a holoenzyme 

complex that provides recognition and high affinity to specific regions on the promoter sequence 

that initiate the transcription of genes necessary for a distinct bacterial stress response (Chung et 

al., 2006; Paget, 2015).  
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Figure 8: Illustration of the general stress response mechanism in Bacteria 

 

The sigma factor σs regulator encoded by rpoS is responsible for the transcription of 

genes involved in the bacteria cell growth and replication through a cascade of molecular 

reactions (Tripathi et al., 2014). For more specific stress responses in bacteria like E. coli, 

alternative sigma factors are required to help produce distinct bacterial responses tailored to cope 

with specific environmental stressors as shown in Table 1 (Kazmierczak et al., 2005; Schmid et 

al., 2012).  
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Table 1: Alternative sigma factors in E. coli 

Alternative sigma 

factors 

Genes Stress response 

activities 

reference 

σ19 felC Iron transport and 

metabolism 

(Dawan & Ahn, 2022) 

σ24(σE) rpoE Heat and cell 

envelope regulation  

(Dawan & Ahn, 2022; 

Kazmierczak et al., 2005; 

Marles-Wright & Lewis, 

2007) 

σ28(σF) flbB, flaL, 

rpoF 

Flagellar synthesis 

and chemotaxis 

(Adnan et al., 2010; Dawan & 

Ahn, 2022) 

σ32(σH) htpT, rpoH Heat shock  (Dawan & Ahn, 2022; Schmid 

et al., 2012) 

σ38 ropS, katF Nutrient limitation (Dawan & Ahn, 2022) 

σ54(σN) glnF, nrtA, 

rpoN 

Nitrogen starvation (Dawan & Ahn, 2022; 

Kazmierczak et al., 2005) 

σ70(σD) rpoD housekeeping (Dawan & Ahn, 2022) 

 

Some environmental stressors and their response mechanisms in Bacteria 

Oxidative stress 

The oxidative stress is the most common stress in aerobic bacteria like E. coli causing the 

intracellular production of the harmful Reactive Oxygen Species (ROS) such as hydrogen 

peroxide and hydroxyl radicals that are byproducts of the aerobic respiration or nutrient 
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oxidation (Kashmiri & Mankar, 2014). ROS can severely damage a variety of biomolecules like 

DNA, RNA, Proteins and Lipids and thus elicit defense mechanism responses from the cell to 

regulate the endogenous concentration of ROS (Kashmiri & Mankar, 2014). When undergoing 

an oxidative stress attack, bacteria respond by activating one or numerous majors ROS-related 

response mechanisms: Peroxide response, superoxide response and catalases (Figure 9).  

The defense mechanism responsible for regulating the concentration of hydrogen 

peroxide (H2O2) in bacteria cells consist of OxyR and OxyS transcriptional regulators. OxyR is 

an oxidative stress regulator that activates a set of antioxidant genes responsible for the 

regulation of the hydrogen peroxide H2O2 concentration in bacteria cells (Zheng et al., 2001). In 

both oxidized and reduced form, OxyR is a repressor of its own synthesis (Barshishat et al., 

2018). OxyS is another oxidative stress regulator, a small RNA that is expressed downstream in 

the OxyR regulatory system in hydrogen peroxide detoxification. OxyS expression contributes to 

the cellular division impairment and enables the cellular repair mechanism (Barshishat et al., 

2018).  
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Acid stress 

Acid stress is defined by the minor to drastic changes in pH occurring in the environment 

where bacteria cells are evolving (Xu et al., 2022). The acid stress is promoted by the 

accumulation of organic acids which for the most part, are products or by-products of bacterial 

metabolism. The organic acids traverse the cell membrane and reach the cytosol where their 

dissociation releases protons that acidify the intracellular pH (Guan & Liu, 2020). The 

combination of the ionized form of organic acids and the constant influx of protons disrupts 

important cellular biochemical processes causing an inevitable cell death (Chung et al., 2006). 

However, bacteria have developed acid-tolerant mechanisms that allow them to protect and 

converse their intracellular pH which is imperative for the cell homeostasis. Restriction of proton 

Figure 9: Oxidative stress response mechanism in bacteria 
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permeation, enhancement of proton efflux pumps to control the transmembrane proton transport, 

cell membrane modification, and metabolic regulations are other anti-acid stress mechanisms 

that protect the bacterial cells from acidic stressors in the environment (Figure 10) (Dawan & 

Ahn, 2022; Guan & Liu, 2020; Xu et al., 2022). These processes enable bacteria cells to resist 

and thrive in acidic environments. The expression of the operon gadBC is intimately responsible 

for the acid-resistant response in bacteria, conferring the maintenance of intracellular pH (Dawan 

& Ahn, 2022). 

Figure 10: Acid stress responses in bacteria. 1-proton efflux by H+-ATPase apparatus; 2-

decrease in cell membrane fluidity; 3-membrane channel size modification; 4- proton pump. 

 

Temperature stresses 

Temperature related heat and cold stresses are other common environmental alterations 

that bacteria are subjected to. They are promoted by the abrupt change in temperature. High 

temperatures cause heat stress while low temperatures create cold stress (Fang et al., 2016). The 
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occurrence of heat stress triggers the heat shock response (HSR) and the cold stress initiates the 

cold shock response (CSR) (Dawan & Ahn, 2022; Ramos et al., 2001). These mechanisms are 

well regulated and consist of the production of specific proteins that are known as cold shock 

proteins (CSPs) for the cold stress and heat shock proteins (HSPs) for the heat stress (Figure 11).  

Under cold stress, CSPs improve bacterial translation and the production of membrane fusion 

proteins associated with the multidrug efflux pumps that could lead to antibiotic resistance in 

bacteria (Dawan & Ahn, 2022). clpL is a key heat shock protein that is involved in the cell wall 

biosynthesis. HSPs enable the restoration of unfolded proteins. Moreover, the gene rpoS is 

mainly responsible for the synthesis of both CSPs and HSPs (Dawan & Ahn, 2022; Ramos et al., 

2001). 

Figure 11: proposed Cold and Heat stress responses in bacteria. 
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Two-component regulatory systems in E. coli  

Considered as one of most prominent crosstalk mechanisms between intracellular and 

extracellular environments in bacteria, the two-component system is a signal transduction 

apparatus involved in the signaling communication and adaptation to environmental cues that 

triggers cascade of molecular alterations in bacteria as a response to external stresses (Otto & 

Silhavy, 2002). In E. coli, the two-component signal transduction systems are comprised of a 

sensor protein Histidine Kinase and a responses regulator protein. The sensor responds to 

external signals resulting in the activation of the Kinase activity and autophosphorylation of the 

histidine residue. The activated sensor protein then phosphorylates a response regulator protein 

that is engaged in physiological and transcriptional changes in the cell regarding the specific 

signal received (Tiwari et al., 2017) (Figure 12). This mechanism is activated by a variety of 

environmental stresses including cold stress, heat shock, chemical stress, physical stress (i.e., 

shear force, irradiation) and oxidative stress (Giuliodori et al., 2007; Poole, 2012; Vorob’eva, 

2004).  
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Figure 12: Schematic of the two-component regulatory systems (TCS) in Bacteria. 

 

Some prominent Two-component regulatory in E. coli 

EvgS/EvgA system 

EvgS/EvgA is a well-characterized two-component regulatory systems (TCS) in E.coli 

(Utsumi, 2017). This signal transduction system has been shown to modulate the expression of 

the emrKY which is a multidrug resistance operon in E. coli (Nishino & Yamaguchi, 2002). 

EvgS is the histidine kinase subunit that is prone to be activated by environmental cues such as 

alkali metals (Na+, K+) and low pH (Itou et al., 2009; Utsumi, 2017). EvgA is the response 



  33 

regulator which overexpression regulated the multidrug resistance transporter genes like yhiUV 

by increasing its expression and also genes like ydeP and ydeO  that are involved in the acid 

stress response for cells in exponential growth phase (Nishino & Yamaguchi, 2002; Utsumi, 

2017) (Figure 13). This EvgS/EvgA signal transduction pathway ensures the survival of the 

bacteria cells from drug assaults through the activation of multi-drug efflux pump regulated by 

emrKY gene (Kato et al., 2000). 

PhoQ/PhoP system 

PhoQ/PhoP is another important two-component regulatory system that has been widely 

studied and is involved in the extracellular Mg2+ and Ca2+starvation stress and antimicrobial 

peptide stress (Lemmin et al., 2013; Utsumi, 2017). This bacterial regulatory system responds to 

the extracellular level of both Mg2+and Ca2+ by regulating the expression of Mg2+ protein 

transport and lipopolysaccharide synthesis (LPS) genes (Minagawa et al., 2003). Furthermore, 

the autophosphorylation of the sensor kinase PhoQ is activated by the presence of antibacterial 

peptide, which leads to the phosphorylation of the response regulator which trigger the 

expression of genes responsible for the synthesis of proteins implicated in the outer membrane 

modification (Lemmin et al., 2013). This alteration of the outer membrane protein structure 

enables the bacterial cells to survive low levels of Mg2+ as well as  antimicrobial peptide 

aggressions (Kawasaki et al., 2005; Lemmin et al., 2013). The PhoQ/PhoP signal transduction 

system is suppressed by high Mg2+ concentration in the local environment (Barchiesi et al., 

2012). It has been shown that B1500, a small inner membrane protein intimately regulated by 

evgS/evgA serves as a connector between the evgS/evgA system and the PhoQ/PhoP system by 

activating the expression of some PhoP-induced genes part of the acid stress response (Eguchi et 

al., 2007) (Figure 13). 
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Figure 13: Transcriptional cascades initiated by both EvgS/EvgA and PhoQ/PhoP systems. 

The red arrow represents the connection between the two TCS via the protein B1500. 

 

How bacteria interact with nanoparticles. 

Bacteria can interact and adapt to changes occurring in their immediate vicinity and 

respond to the presence of environmental components that could either be beneficial or 

detrimental for the bacterial population (Aruguete & Hochella, 2010). Thus, bacteria can sense 

and monitor their environment and through genetic and metabolic modification deliver a specific 

response to the external signals to preserve the bacteria cells homeostasis (Ramos et al., 2001). 

Among these external components susceptible to perturbation and /or interrupt the bacterial cell 

cycle, nanoparticles have been widely utilized for that purpose in the field of nanomedicine 

(Rawashdeh & Haik, n.d.; Tyagi & Kumar, 2020). Nanoparticles exhibit efficient antibacterial 

properties on both Gram-negative and Gram-positive bacteria (Aruguete & Hochella, 2010). As a 
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result, they are part of the new drug development and treatment of bacterial infections with the 

goal of killing the bacteria cells (Tyagi & Kumar, 2020). This lethal interaction of bacteria with 

nanoparticles depends mainly on the physicochemical properties of the nanoparticles (Neal, 

2008) (Table 2) .  

The chemical composition influences the behavior of nanoparticles. This characteristic is 

crucial in understanding the damaging effect on the bacterial cellular organelles that are often 

targets in bacterial infection remediation (Aruguete & Hochella, 2010; Hochella et al., 2019). 

Moreover, the size of nanoparticles plays a significant role in the bacteria-nanoparticle 

interaction. Thus, small nanoscale particles can traverse or be embedded in the bacteria cell wall, 

reach the intracellular milieu, and then interact with the biomolecules located in the cytosol 

(Białas et al., 2022; Shaikh et al., 2019; Slavin et al., 2017). While bigger nanoparticles cannot 

enter the cell membrane but can be actively attached to the bacteria extracellular filaments such 

as flagella, curli and fimbriae as well as the cell wall (Pajerski et al., 2019; Slavin et al., 2017).  

The interaction between bacteria and nanoparticles has been intensively investigated to 

assess the antibacterial impacts of these nanoscale particles on bacterial cells. The antimicrobial 

action of nanoparticles is activated upon close contact with extracellular bacterial components, 

this contact is modulated by forces such as Van Der Waals Forces, electrostatic forces, 

hydrophobic interactions, and receptor-ligand connection (Shaikh et al., 2019). The precise 

antibacterial mechanism of some nanoparticles on bacteria is still unknown. However, the 

adverse effects of that interaction are well studied. Metallic nanoparticles, subjects of intensive 

research as antimicrobial agents can negatively alter key metabolic processes in bacteria through 

generation of reactive oxygen species (ROS), change in gene expression levels, inhibition of 

enzymes and cause electrolyte imbalance (Shaikh et al., 2019; Slavin et al., 2017). Furthermore, 
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this antimicrobial activity is amplified as the size of the nanoparticle decreases. For instance, 

silver nanoparticles (AgNps) less than 30 nm in size can readily interact with cell membranes by 

disrupting the cell permeability that causes cell death (Babayevska et al., 2022; Slavin et al., 

2017). Also, the unleash of nano silver ions may be absorbed into the cytoplasm through cation 

porins that would generate ROS and inhibit the cell growth in bacteria (Yang et al., 2009). Gold 

nanoparticles (Au Nps) that are deemed chemically inert and “neutral” nanoparticles as they 

display nontoxic activities in nanomedicine, can exhibit potential antimicrobial behaviors as well 

(Hashimoto & Honda, 2019). At higher concentrations, Au Nps induce oxidative stress in 

bacteria cells through ROS formation causing biomolecule damage (Figure 14) (Joshi et al., 

2020).  

Metal oxide nanoparticles are another class of nanoparticles that have gained a lot of 

attention for their antimicrobial activities. Several studies suggested that their antimicrobial 

mechanisms reside in the production of free radicals in aqueous media (Figure14) (Babayevska 

et al., 2022; Niño-Martínez et al., 2019). When the metal ions are released and absorbed through 

the cell membrane, they directly interact with functional groups of some enzymes and nucleic 

acids that lead to a total dysfunction of significant biochemical processes that contribute to cell 

death (Castellano et al., 2007). Some reports suggested that Unlike metal Nps, some metal oxide 

Nps such as zinc oxide Nps (ZnO Nps) require a photoactivation to exert strong antibacterial 

effects(Sivakumar et al., 2018). In presence of UV light, ZnO Nps promote the increase in 

intracellular ROS concentration in bacterial species such as E. coli and P. aureus (Niño-Martínez 

et al., 2019). The synergistic action of both titanium dioxide (TIO2) and UV light severely 

damage the outer membrane layer of the E. coli cell wall prompting an alteration of E. coli 
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morphology (P. Liu et al., 2010). Similarly, engineered cerium oxide Nps size dependably affect 

the growth and viability of E. coli and Bacillus subtilis (Pelletier et al., 2010) 

Silica nanoparticles (SiNps) are one of the most used nanoparticles for drug delivery 

applications (Häffner et al., 2021; Selvarajan et al., 2020). Their physicochemical characteristics 

like size, shape, large surface area and easy-to-functionalization position them as excellent drug 

carrier agents (Selvarajan et al., 2020). Mesoporous silica Nanoparticles with modified surface 

topography  as “spikes” cause E.coli cell membrane rupture (Häffner et al., 2021). Furthermore,  

bigger size “inert: SiNps  (≥100nm) have little to no effects on E .coli morphology after exposure 

and the potential outer membrane disorganization occurs at smaller SiNps sizes (Gammoudi et 

al., 2013; Mathelié-Guinlet et al., 2017). 

Polymeric nanoparticles (PNps) possess beneficial assets in nanomedicine as nanocarriers 

for drug delivery systems in bacterial infections (Cano et al., 2020). Their chemical properties 

such as hydrophobicity, surface charge (cationic charge) and biocompatibility are important in 

their interaction with pathogenic bacteria and that strong affinity for the bacteria cell membrane 

creates holes on the surface that promote the intracellular leakage (Lam et al., 2018). The 

antimicrobial activities of PNps depend heavily on the monomer composition and distribution 

with the polymer chain (Cano et al., 2020). For example, phenol benzoic based polymers 

specifically disrupt the cell membrane integrity of Pseudomonas aeruginosa (J. Liu et al., 2020). 

However, PNps like polystyrene Nps (nanoplastics) have a greater impact on all living organisms 

with irreversible consequences especially on significant biogeochemical cycles where bacteria 

are key components (Kik et al., 2020; Kim et al., 2022). The interaction of Polystyrene Nps (PS 

Nps) and bacteria result primarily in the increase of intracellular ROS production in E. coli and 

Bacillus sp (Kim et al., 2022). Some studies have suggested that the mechanism of action of PS 
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Nps is through alteration and destruction of the bacteria cell wall as well as promoting potent 

oxidative stress in bacteria cells (Awet et al., 2018; Kik et al., 2020). 

Figure 14: Proposed common mechanism of action of metal, metal oxide and polymeric 

nanoparticles. 

 

Conclusion 

Numerous studies have been conducted to investigate the bacteria-nanoparticle 

interactions with most of them emphasizing on the lethal antimicrobial effects and potential 

mechanism of action on bacterial systems. Moreover, these studies revealed the diverse adverse 

effects triggered by nanoparticle exposure on bacteria cell growth and viability through routine 

experimental assays limited to a restricted group of specific metabolic products such as ROS 

induced during bacteria-nanoparticles interplay. Few reports about lethal exposure of bacteria to 
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nanoparticles have combined these experimental assays with gene expression analysis. However, 

genetic interactions of non-lethal exposure of bacteria to nanoparticles are yet to be determined. 

This will provide a better understanding of the hybrid interphase between bacteria and 

nanoparticles as transcriptomic analysis are best indicators of the nanoscale genetic changes 

occurring in bacteria cells and subsequently provides a bigger picture about the specific 

morphological and metabolic alterations in bacteria upon nanoparticles exposure. So, we 

hypothesized that the non-lethal interactions of bacteria with physico-chemically different 

nanoparticles: Silica, gold and polystyrene nanoparticles will trigger specific transcriptomic 

responses in the Gram-negative bacterium E. coli. This work defines the genetic foundation that 

modulate the bacteria response to round-shaped nanoparticles. 
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Table 2: Nanoparticle impact on microorganisms 

NANOPARTICLES NATURE OF THE 

NANOMATERIALS 

ORGANISMS  MICROBIAL 

TARGET/RESPONSE 

SITE 

REFERENCES 

Fe3O4 iron oxide  metal Nps, magnetic 

Np, size: 8nm 

E. coli cell growth inhibitor Chatterjee et al. 

gold metal Np, size:5nm E. coli  Chatterjee et al. 

manganese oxide 

Mn2O3  

Metal oxide; size: 40-

60nm 

nitifying bacteria: 

Nitrosomonadales, 

Bradyrhizobiaceae, 

Rhodocyclaceae, 

Xanthomonadaceae 

ammonia oxidation 

genes 

Phan et al. 

copper  metal Nps, size: 40 nm Moorella thermoacetica 

 

 

cell membrane, 

gycolysis and 

acidification processes  

Wu et al. 



 

  

4
1

 

Silver metal Nps. 10nm cyanobacteria dna replication and 

repair system. 

Lu et al. 

Silica Metal oxide; size: 4nm 

and 100nm 

E. coli cell membrane Mathelié-Guinlet et al. 

gama-Fe2O3 Magnetic NPs, size: 

10nm 

E. coli intracellular proteins 

and DNA strands. 

He et al. 

Zinc Oxide ZnO2 Metal nanoparticles, 

Size< 20nm 

Pseudomonas 

Aeruginosa 

biofilm formation and 

virulence genes 

Abdelraheem et al. 

Lithium Cobalt oxide, 

LiCoO2 

Metal nanoparticles,  B. subtilis oxidative sress response 

genes 

Gari et al. 

nanoPS polymer nanoparticles, 

size: 160nm 

Shewanella Oneidensis cell viability, riboflavin 

secretion 

Fringer et al. 

Al2O3, ZnO, CuO Nps metal oxide Nps 30nm, 

30nm and 40nm 

feed and inoculum sluge 

( mostlt anaerobic 

Microorganisms) 

mobile genetic elements Zhang et al. 



 

  

4
2

 

Ag, ZnO, CuO Nps metallic Nps 15nm, 20-

200nm, <50nm 

Acinetobacter Baylyi 

ADP1 

Antimicrobial resistance 

(AMR) elements 

Zhang et al. 

PS Nps , PS-NH2, PS-

Cooh, PS-COC 

Polymer Nps, 

30nm,100nm,200nm. 

Modified 200nm 

E. coli cell growth and 

bacterial resistance 

mutations 

Ning et al. 
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CHAPTER III: TRANSCRIPTOMIC RESPONSES OF E. COLI EXPOSED TO 

ENGINEERED NANOPARTICLES  

Introduction  

The recent years have seen an increasing interest for nanomaterials. Their unique 

physicochemical properties define by the shape, size, and surface chemistry provide undeniable 

advantages in many fields like Agriculture, pharmaceuticals, biomedicine, cosmetics, 

telecommunications and more (Barhoum et al., 2022). In addition, engineered nanoparticles 

(ENPs) that are nanoscale particles fabricated under sophisticated laboratory protocols for 

defined purposes are receiving a great deal of attention due to their stability, high reactivities and 

biocompatibility. As a result, they have infiltrated all sectors of modern life where they are in 

contact with living organisms. The global production levels of ENPs are estimated at hundreds of 

tons a year and this production scale is susceptible to increase in the near future as the demand 

continues to grow (Giese et al., 2018; Keller & Lazareva, 2014). In general, the impacts of ENPs 

on living organisms have mitigated results. ENPs are useful in nanomedicine for drug delivery 

and treatment of bacterial infections as well as promoting the bioavailability of nutrients for 

plants for a greater crop yield in agriculture (Ma et al., 2022; Maruyama et al., 2016; Mejias et 

al., 2021; Zhu et al., 2022). Other impacts of ENPs are subject of concerns as their nanotoxicity 

have been extensively investigated among several living beings, but their precise mechanisms of 

action are still unelucidated. In addition, the lack of resources for innovative exposure 

assessment makes it harder to evaluate the extent of that nanopollution (Hochella et al., 2015).   

During ENPs life cycle, they interact with the different components of the environment. 

They are present in all ecosystems through intentional or unintentional anthropogenic activities 
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(Giese et al., 2018; Hochella et al., 2019). Bacteria are among the most affected living organisms 

by the exposure of ENPs as they form the largest population of living organisms on planet Earth 

and have been shaping life of the atmospheric, terrestrial, and oceanic ecosystems by playing key 

role in critical biogeochemical processes such as nitrogen and carbon cycling, electron flux, 

nutrients bioavailability and mineral growth and dissolution (Aruguete & Hochella, 2010). 

Therefore, bacteria constitute imperative biological elements to sustain life on Earth, and any 

disruption of that intrinsic microbial functions by ENPs will have devastating and irreversible 

effects on the entire environment (Aruguete & Hochella, 2010; Sun et al., 2022). 

Several toxicity studies have demonstrated the adverse effects and possible action 

mechanisms of engineered nanoparticles on some bacteria population (Arakha et al., 2015; 

Biswas et al., 2023; Dong et al., 2019). The antimicrobial mechanisms include ROS generation, 

cell membrane disruption, release of metal ions and internalization of nanoparticles (Babayevska 

et al., 2022). Metallic nanoparticles physicochemical characteristics such as their size, shape and 

high surface area to volume ratio enable high reactivity and biocompatibility with living 

organisms which enhance their antimicrobial mechanisms (Shaikh et al., 2019). Moreover, some 

studies have established that metallic nanoparticles such as silver and gold Nps exhibit 

antibacterial activities through ROS generation and inhibition of core metabolic enzymes (Ameh 

et al., 2022; Dong et al., 2019; Hashimoto & Honda, 2019; Joshi et al., 2020; Yang et al., 2009). 

Silica nanoparticles antibacterial properties are attributed to their sizes, shape, and high surface 

area (Gammoudi et al., 2013). Their ability to penetrate bacterial cell membrane and disrupt their 

structure and functions as well as causing genotoxicity, make them desirable as antimicrobial 

carriers for drug delivery applications in biomedicine (Selvarajan et al., 2020). 
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The polymeric polystyrene Nps also known as nanoplastics cause a real threat to bacteria 

communities because of their biocompatibility, persistence, and slow degradation in the 

environment (Gonçalves & Bebianno, 2021; Matthews et al., 2021). Although, some recent 

studies reported that polystyrene Nps could drastically alter the inherent microbial population 

structure and function in the environment as well as enhance beneficial antimicrobial properties 

as nanocapsule carriers in drug delivery (Gonçalves & Bebianno, 2021; Jawahar & 

Meyyanathan, 2012; Lam et al., 2018).  

The current research landscape has demonstrated that the potent antibacterial activities of 

nanoparticles control biofilm formation and lead to the bacteria cell death despite the exact 

antibacterial mechanism of action not being well understood. However, the non-lethal 

interactions of bacteria with nanoparticles are yet to be established, to better understand the 

bacteria resistance to nanoparticles-based antibiotics along with the possible consequences on 

natural transformation processes in the environment. 

Herein, we investigated the transcriptional responses of the bacterium E. coli to silica, 

gold and polystyrene Nps using a gene screening technique. And then evaluate the impacts of 

these nanoparticles on the E. coli’s growth fitness. This study will provide an in-depth 

knowledge of the genetic alterations induced by engineered nanoparticle exposure at nonlethal 

concentrations. 
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Materials and methods 

Materials 

Silica nanoparticles (120 nm, silica nanospheres standard, nanoXact, 10mg/ml, 25ml) were 

purchased at nanoComposix, USA. Gold nanoparticles (100nm, 0.1mMPBS, reactant free 99% 

ODI, 572 nm absorption, 100ml. Weight concentration = 0.0389 mg/ml) purchased at Thermo 

Fisher scientific, inc. And the Polystyrene nanoparticles functionalized with carboxyl groups 

(100nm, Dio=0.085, SD= 0.0065u CV= 8%, V=15ml.) were purchased at Polysciences, Inc. The 

stock solutions of the nanoparticles were stored in the fridge at 4C in the dark. The sizes, shapes 

and zeta potentials of the nanoparticles were measured using Scanning Electron Microscopy 

(SEM) (Zeiss Auriga Scanning Electron Microscope) and Dynamic Light Scattering (DLS) 

(malvern zetasizer nano-zs). 

Luria broth (LB) and M9 media low salts (100ml of 5XM9 salts, 1ml Cacl, 1ml Mg, 10ml 

of 20% glucose, 100ul of Thiamine, 2ml of Amino acid) were utilized for cell culture in this study. 

The model organism for this work is the wild type Escherichia coli K12 BW25113 and 

both the E. coli promoter library and E. coli gene knockouts were purchased at Horizon Discovery 

Ltd. USA. 

The Dharmacon E. coli promoter library is a collection of E. coli strains containing a fast-

folding green fluorescent protein (GFP) as reporter gene that is tethered to an E. coli promoter in 

a low copy plasmid allowing the measurements of gene expression in bacteria with high temporal 

resolution. It covers more than 70% of the E. coli genome (more than 1900 out of 2500 genes) 

(Zaslaver et al., 2006). 

The 96-well and 24-well plates along with the antibiotic kanamycin were purchased at Thermo 

Fisher scientific, inc.  
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Figure 15: E. coli promoter library description 

  

Methods 

Characterization of nanoparticles 

The nanoparticles stock solutions were diluted in phosphate Buffer Solution (PBS) to a 

concentration of 0.1mg/ml. The diluted nanoparticle solutions were stored, protected from light in 

the fridge at 4°C ready for further experiments. The morphologies and sizes of nanoparticles were 

measured using SEM. In addition to the size, the zeta potential of the nanoparticles was also 

determined using Dynamic Light Scattering (DLS) in PBS as solvent. 

Fixation of E. coli cells with nanoparticles  

An overnight cell culture of the wild type E. coli in LB media were exposed to 

nanoparticles for 4h. The fix (2mL 25% Glutaraldehyde, 2 ml 16% Paraformaldehyde, 1ml 1x 

PBS, 5 ml dH2O) was added to the mixture cell culture with nanoparticles, then incubated at 4°C 

overnight. The sample was washed several times using purified water and then dehydrated in an 
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ethanol dehydration series (40%, 60%, 80%, 100%). The dehydrated sample was drop-casted on 

SEM stubs and dried at room temperature before SEM analysis. 

Bacteria exposure to nanoparticles  

The frozen Dharmacon E. coli promoter library stock stored at -80°C were tawed and 2ul 

of cells were added to 200 ul of M9 media low salts with kanamycin(50mg/ml).  Four 96-well 

plates were utilized, with three plates for the nanoparticle treatments and one plate serving as the 

control. The plates were incubated for 18h overnight at 37°C as described by (Zaslaver et al., 

2006). Then, 10 ul of the nanoparticle solutions were added to the three plates allocated for the 

nanoparticle treatments and the measurements of both OD600 and GFP fluorescence were 

performed using a plate reader (BioTek Synergy Mx Microplate Reader) at different increasing 

time points (15min, 30min, 60min, 120min, 240min). each Dharmacon E. coli promoter plate was 

run in biological triplicates for this experiment. 

Figure 16: Experimental design of the E. coli promoter library exposure to nanoparticles. 
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Quantitative analysis of the gene expression 

RNA extraction 

To extract the RNA, the frozen stock of E. coli BW 25113 wild type strain was streaked 

on a Luria Bertani (LB) agar plate and incubated overnight at 37°C to obtain individual colonies. 

the next day, a single colony from that cell culture was inoculated in 7 ml of M9 media low salts 

without antibiotics and incubated overnight for 18h at 37°C, 150 rpm. 1ml of the overnight cell 

culture was added in four glass tubes, one tube serving as a control and the three others exposed 

to 50ul of the nanoparticle suspensions of SiO2, Au and PS Nps respectively. Then, these 

samples were incubated at the same time intervals as in the gene screening experiment. The total 

RNA was harvested by following the protocol of the RNA extraction kit (Purelink RNA Mini Kit 

USA) purchased at Thermo Fisher scientific, inc. The concentrations of the RNA samples 

collected were measured using the Nanodrop (Thermo Fisher scientific, inc.) and stored in the 

freezer at -80°C for further experiments. 

Table 3: Primer selection 

Primers Sequences 

F(forward), R(reverse) 

glcC F: 5’ GGG CGC GGG ATT ATT GAA AC- 3’ 

R: 5’ CGA ACG TCG AGC AGA TCG TA- 3’ 

rssB F: 5’ CTG GTG CTT GAT ATT GCC GC- 3’ 

R: 5’ TCA ATA ACG CGC CCA ACT CT- 3’ 

cysQ F: 5’ ACA GCT TGG CGA ACA TCA GA- 3’ 

R: 5’ TTA CCC TGC CAG TCG TGA AC- 3’ 

vacJ F: 5’ GGC CGA TGT CTG TGG GTA AA- 3’ 
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R: 5’ CAT CCT GAA TCG CTT GTG CG- 3’ 

evgA F: 5’ CTG GCG CTA ATG GTT TCG TG- 3’ 

R: 5’ TCG AGT TTT TGC TGG TCG GA- 3’ 

sodC F: 5’ AAT GAC GGC AAA GCT ACC GA- 3’ 

R: 5’ TCG GAC ATA TTA TCG CCG CC- 3’ 

ydhY F: 5’ TGG GTC TTC ATC CAC GAA CG- 3’ 

R: 5’ TCA GTG GGT AAA TCA CCG CC- 3’ 

yhhT F: 5’ GCA CTT AAA GGC GTT TCG CA- 3’ 

R: 5’ ATT GGG CAC GTA GTT GAG CA- 3’ 

 

Quantitative PCR of the 8 cluster genes 

 The experiment was performed in a RTPCR specific 96-well plates using the QRTPCR 

kit Power SYBR Green RNA-to Ct 1-step Kit) purchased at Thermo Fisher scientific, inc. 

according to the manufacturer’s instructions. All the reagents and RNA samples were kept on ice. 

Each selected well of the 96-well plate has a total volume of 20ul that contained 2ul of RNA 

sample, 0.16 ul of enzyme, 1 ul of the forward and reverse primers solution, 10 ul of the reaction 

mix and 7.04 ul of RNAse-free water. The plate was centrifuged briefly to remove any bubbles in 

the wells then run in an Applied Biosystems 7500 Fast PCR System instrument applied biosystems 

device with parameters recommended by the qRTPCR kit protocol. 
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Table 4:Table of mutants 

E. coli mutants Strain identification and Genotype from the E. 

coli Keio collection 

  ΔrssB JW1223; F-, Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ-, ΔrssB744::kan, rph-

1, Δ(rhaD-rhaB)568, hsdR514 

  ΔevgA JW2366 F-, Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ-, ΔevgA778::kan, 

rph-1, Δ(rhaD-rhaB)568, hsdR514 

  ΔglcC JW2947 F-, Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ-, ΔglcC754::kan, rph-

1, Δ(rhaD-rhaB)568, hsdR514 

  ΔcysQ JW4172 F-, Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ-, rph-1, Δ(rhaD-

rhaB)568, ΔcysQ763::kan, hsdR514 

  ΔyhdY JW5545 F-, Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ-, ΔyhdY788::kan, 

rph-1, Δ(rhaD-rhaB)568, hsdR514 

  ΔyhhT JW5680 F-, Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ-, ΔyhhT728::kan, rph-

1, Δ(rhaD-rhaB)568, hsdR514 
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  ΔsodC JW1638 F-, Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ-, ΔsodC724::kan, rph-

1, Δ(rhaD-rhaB)568, hsdR514 

  ΔvacJ JW2343 F-, Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ-, ΔmlaA754::kan, 

rph-1, Δ(rhaD-rhaB)568, hsdR514 

 

E coli Mutants’ growth curves 

Each mutant cell line was streaked on a LB agar plate with Kanamycin. Three colonies of 

each mutant were inoculated in 10 ml of LB with Kanamycin and incubated in a shaker incubator 

at 37°C, 150 rpm for 30 minutes. Then, 50ul of nanoparticles solutions and 1ml of each cell 

inoculum were added to a 24-well plate. The cell density OD600 measurements was done using a 

microplate reader with readings at 30-minute intervals for 20h. The wild type E. coli BW25113 

served as control for this experiment and both Mutant cells and wild type E. coli were run as 

biological triplicates. 

Figure 17:  E. coli mutants growth curves experiment. 
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Statistical analysis 

In this study, all the samples have been run as triplicate sand the data are represented as mean ± 

standard deviation. For the gene screening analysis, the gene expression folds ≥2 and ≤0.5 were 

set as thresholds for significantly up-regulated genes and down-regulated genes respectively. T-

test was used to determine the significant differences among nanoparticle treatments and the 

differences were considered significant when p <0.05. 

Results and discussion 

Characterization of nanoparticles 

According to the manufacturer’s description for each nanoparticle, all three nanoparticles 

have a homogenous spherical shape with gold and polystyrene Nps having an average size of 

100 nm while silica nanoparticles have an average size of 120nm. SEM images show that all 

three engineered nanoparticles are round-shaped (Figure 18) and the SEM analysis of the size 

distribution revealed that the average diameter size for gold Nps is 90.32 ± 9.7nm (Figure18-e), 

for polystyrene Nps, the average diameter size is 70.43±7,3nm(Figure 18-f) and silica Nps have 

an average diameter size of 118.82 ± 12.5nm (Figure 18-d). In general, these nanoparticle 

average sizes show to be relatively smaller than the average sizes mentioned by the suppliers. 

Furthermore, DLS measurements (Table 5) reveal an average hydrodynamic size of 135,13 ± 

5.24 nm for gold Nps, 72.61 ± 1.01 nm for polystyrene Nps and 139.33 ± 0.61 nm for silica Nps. 

The hydrodynamic diameters of both gold and silica nanoparticles were bigger compared to their 

advertised sizes while polystyrene nanoparticles were smaller than its advertised size value. The 

zeta potential measurements show that all three nanoparticles have negatively charged surfaces 

with PS nanoparticles functionalized with carboxyl groups being the more negatively charged -

31.96 ± 0.57 mV (Table 5). These results suggest that the nanoparticles were relatively close to 
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the sizes indicated by the manufacturers and factors such as the solvent and/or the aggregation of 

particles in PBS solution may have influenced the measurements of the nanoparticle sizes. 

Figure 18: SEM images of nanoparticles: (a) Silica, (b) gold, and (c) polystyrene 

nanoparticles. Size distribution histograms of (d) silica, (e) gold, and (f) polystyrene 

nanoparticles. 

 

Table 5: DLS results of the nanoparticles including average size and zeta potential values. 

 

Bacterial gene screening after exposure to engineered nanoparticles. 

In this study, we investigated the bacterial genetic alterations that are triggered by the 

presence of engineered nanoparticles. We performed an extensive gene screening using an E. 
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coli promoter library. The results of the gene screening were obtained through calculation of the 

average of the normalized GFP values to OD600 which was indicative of the promoter activity 

and thus the gene expression level. The gene screening revealed that out of the more than 1900 

genes tested, 25 genes were upregulated by the silica nanoparticles, 96 genes by gold 

nanoparticles and polystyrene nanoparticles with the most up regulated genes with 222 genes. 

However, silica nanoparticles were the only treatment with significantly down-regulated genes 

with 46 genes (Figure 19). All three nanoparticles showed a dynamic distribution of significantly 

up-regulated genes over the 4h of exposure time (Figure 20). Among the upregulated genes, 

polystyrene Nps exhibited the most significant promoter activities at each time point with the 

highest number of upregulated genes followed by gold Nps and finally, Silica Nps with the least 

number of gene activated throughout the exposure time. 

The Venn diagram suggested that besides the total number of genes specifically activated 

by each nanoparticle, there are overlaps in up-regulated genes expressed by all three 

nanoparticles (Figure 21). Therefore, between silica Nps and gold Nps, there are 10 up-regulated 

genes shared, 13 genes between silica Nps and Polystyrene Nps and 67 genes in common 

between gold and polystyrene Nps. Interestingly, the Venn diagram revealed that there is a 

cluster of 8 genes (glcC, rssB, cysQ, vacJ, evgA, sodC, yhdY, yhhT) that represents the common 

genetic response for all three nanoparticles (Table 6). 

The change in gene expression levels suggested by the gene screening were not the only 

biological alterations occurring to the bacterium E. coli. The SEM images of the interaction of 

the wild type E. coli with the nanoparticles demonstrated morphological changes of the bacterial 

cell wall with the presence of many pronounced protuberances on the cell wall of nanoparticle-

treated E. coli compared to control (Figure 22). Furthermore, the SEM images showed the 
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attachment of the nanoparticles to the cell membrane and in some instances covering the entire 

bacterium. The nanoparticles were also embedded in the extracellular polymeric matrix. 

Figure 19: Number of genes significantly regulated by all three nanoparticles. 
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Figure 20: Distribution of up-regulated genes at each time point. 
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Figure 21:  Venn diagram showing the total number of genes significantly expressed in 

presence of silica, gold and polystyrene nanoparticles. Blue = up-regulated genes, red = 

down-regulated genes. 
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Figure 22: SEM images of the E. coli with nanoparticles. (a) Control, (b) silica Nps, (c) 

polystyrene Nps and (d) gold Nps. the red arrows show the attachment of nanoparticles to 

the bacteria cell wall. 
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Table 6: List of the cluster genes activated by all three nanoparticles. 

Genes Description Function Location Pathway 

glcC unknown CDS (DNA-

binding transcriptional 

dual regulator) 

Regulatory 

protein/ DNA 

binding protein 

cytosol Transport and 

metabolism of 

glycolate 

rssB response regulator 

involved in protein 

turnover, controls stability 

of RpoS (1st module) 

DNA biding 

transcriptional 

activator 

cytosol Two-component 

regulatory 

system 

cysQ gene product acts on 3'-

phosphoadenosine-5'-

phosphosulfate 

sulfate 

assimilation/ 

sulfur 

compound 

metabolic 

process 

Cytosol/plasma 

Membrane 

Sulfur 

metabolism 

vacJ lipoprotein precursor protein 

transport 

outer 

membrane 

Phospholipid 

transport system 

evgA response regulator 

(activator) in two-

component regulatory 

system with EvgS, 

regulates multidrug 

DNA biding 

transcriptional 

activator 

Cytosol Two-component 

regulatory 

system 
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resistance (LuxR/UhpA 

family) 

sodC superoxide dismutase 

precursor (Cu-Zn) 

superoxide 

dismutase 

activity 

Periplasmic 

space 

Oxidative stress 

response 

yhdY putative ABC superfamily 

(membrane) amino acid 

transport protein (2nd 

module) 

membrane 

transport 

protein 

inner 

membrane 

Amino acid 

transport 

yhhT putative PerM family 

permease (1st module) 

transmembrane 

transport 

plasma 

membrane 

Transmembrane 

transport 

 

Verification of the gene expression of the common gene response to all three 

nanoparticles 

We conducted a reverse-transcriptase polymerase chain reaction(qRT-PCR) experiment 

to verify the gene expression of the 8 genes (Table 6) demonstrated by the reporter gene 

collection to be part of the common response to all three nanoparticles stimuli. 9 primers were 

used for this experiment including the 16srRNA which served as internal control (Table 3). The 

results of the qRT-PCR showed a more dynamic gene expression levels for all 8 genes. 

Therefore, we observed that all the genes tested were upregulated at least once at different time 

points during the 4h exposure time. This validated the results obtained by the gene screening 

experiment. Moreover, the gene expression levels fluctuated from upregulated to downregulated 

which drastically differed from the upregulated pattern observed with the GFP-reporter gene 
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library screening results. The gene glcC displayed a significant upregulation at the early 

exposure to gold Nps and PS Nps and an overall similar pattern of expression over the exposure 

time (Figure 23-A).  

The gene rssB presented a significant upregulated expression at the early exposure for 

both gold and PS Nps while showing a late expression in silica Nps (Figure 23-B).  

The cysQ gene displayed almost an identical pattern of expression with various fold 

change values over exposure time for both gold and PS Nps while being significantly 

downregulated in late exposure time to silica Nps (Figure 23-C).  

The gene vacJ demonstrated a nearly similar expression pattern for all time points except 

at t=120min for both gold and PS Nps and were upregulated at early silica Nps exposure (Figure 

23-D). The evgA gene showed as significant up regulation at the early exposure for both gold 

and silica Nps and a significant downregulation at t=60min for PS Nps (Figure 23-E).  

The sodC gene exhibited a similar pattern of up-and-down regulations with different fold 

changes during the exposure to both silica and gold Nps. moreover, sodC was early upregulated 

by the presence of PS Nps (Figure 23-F).  

The gene expression of the yhdY gene demonstrated a similar trend of expression for 

both gold and PS Nps. furthermore, this gene was significantly upregulated and downregulated at 

early and late silica Nps exposure respectively (Figure 23-G).  

The yhhT gene showed a similar up-and-down expression pattern with different fold 

changes for both gold and PS Nps. while upregulated at mid- exposure by silica Nps (Figure 23-

H). 

These results demonstrated that the exposure to silica, gold and polystyrene Nps triggered 

specific gene expression trends from the eight common genetic response genes studied. The 
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observation of similar gene expression patterns in some of the genes, especially between the 

metal nanoparticle gold and the polymeric nanoparticle polystyrene suggested potential 

similarity in signals unleashed by these nanoparticles responsible for that peculiar transcriptomic 

response pattern in E. coli. 

Figure 23: Differential expression of the eight genes after exposure to silica (red), gold 

(green), and polystyrene (orange) nanoparticles. (*) indicates the statistical significance 

compared to control. 
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E. coli mutants’ growth curves. 

To determine whether these eight genes that are upregulated by all three nanoparticle 

conditions are also required for normal growth in the presence of these same nanoparticles, we 

examine the growth curves of E. coli wild type and strains that contain knockout of these genes. 

We examined three parameters of these growth curves: 1) timing of the lag/log transition, 2) the 

slope/rate of exponential growth during the log phase, and 3) the OD600 at the stationary phase.  

The timing lag/log phases indicated the ability of these cells to respond to their local 

environment resource availability and the ability of these cells to collectively coordinate their 

metabolism to transition into the exponential phase (Hamill et al., 2020; Schultz & Kishony, 

2013). Bacteria prioritize the activation of carbon source utilization enzymes over biomass 

formation genes as well as metal accumulation (Schultz & Kishony, 2013). For example, 

Salmonella enterica serovar Typhimurium accumulated metal like iron and some minerals like 

calcium and manganese during the lag phase (Rolfe et al., 2012). 

The slope of the log phase indicated the speed of proliferation of the cells and the ability 

of these cells to process resources into new cellular materials. At this stage, the metabolic 

activity is at its highest, bacteria cells are multiplying through binary fission (Schultz & Kishony, 

2013). For example, in the Bifidobacterium longum  genes associated with translation, energy 

generating-metabolic pathways and amino acid synthesis are activated during the log phase 

(Veselovsky et al., 2022). And finally, the final OD at stationary phase indicates the final cellular 

concentrations as bacteria deal with multiple physical and chemical stresses that change their 

gene expression profile for survival (Jaishankar & Srivastava, 2017). 

Without any nanoparticle challenge, three mutant strains (ΔGlcC, ΔEvgA, ΔYhdY) 

exhibited an identical growth habit when compared to the wild-type parental strain.  The 
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remainder strains exhibited slight but statistically significant differences in growth patterns with 

the wild type E. coli control strain. ΔvacJ and ΔrssB exhibited differences in the timing of the 

lag/log transition. This suggests that these genes play a role in quorum sensing mechanisms by 

enabling the cell-cell interactions during the bacterial growth process (Rolfe et al., 2012). ΔsodC 

showed changes in the timing of the lag/log transition and in the rate of proliferation of the log 

phase (Table 7).  Which suggests that sodC, an enzyme involved in the intracellular oxidative 

stress response participate in cell division mechanisms in maintaining “normal” cell growth in 

log phase. CysQ and YhhT showed an increase in the final stationary phase OD, suggesting 

possible compensation of their metabolic functions of both genes in the bacteria growth rate 

regulation. 

The presence of any nanoparticle used in this study did not alter the growth habit of 

wildtype E. coli BW25113 (Table 7). None of the mutant strains of E. coli examined in this study 

showed a difference in the lag/log transition when impacted with any nanoparticle. Suggesting 

that the differences observed between the parental and knockout strains without nanoparticles is 

inherent to the mutation and not the extracellular presence of nanomaterials.  However, two 

mutants ΔsodC and ΔCysQ exhibited more rapid log phase growth in the presence of all three 

nanomaterials. The binary fission process seems to be accelerated in absence of these two genes. 

This suggests that sodC and CysQ are responsible for attenuating the proliferation rate of E. coli 

in the presence of nanomaterials, however how this is done remains unclear. Some studies 

showed that cysQ is a gene responsible for the conversion of adenosine 3’-phosphate 5’-

phosphosulfate (PAPS) to adenosine 5’-phosphosulfate (APS) a critical step in the sulfite 

synthesis and amino acid (cysteine) biosynthesis (Hatzios et al., 2008; Zhang & Biswas, 2009). 

In addition, the activity of the gene cysQ regulate the level of PAPS which the accumulation is 
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toxic for the cells. thus, cysQ is necessary in aerobic growth conditions in E. coli (Neuwald et al., 

1992) sodC gene encodes for the periplasmic Cu, Zn superoxide dismutase enzyme involved in 

the bacterial oxidative stress response to superoxide radical anions accumulation (D’Orazio et 

al., 2001; Keith & Valvano, 2007). Several mutants exhibited alterations to the rate of log phase 

growth under specific nanomaterial conditions. ΔglcC and ΔyhhT exhibited significant increases 

in the rate of log phase in presence of polystyrene Nps only. ΔvacJ and ΔrssB exposures to gold 

Nps showed an increased growth rate in the log phase. 

The mutants ΔsodC and ΔcysQ growth curves indicated an increase in cell density 

compared to the control at the T=15h stationary phase for both silica and polystyrene Nps. three 

mutants ΔvacJ, ΔglcC and ΔyhhT revealed an increase in cell population at the stationary phase 

compared to control by a single nanoparticle, polystyrene Nps for both ΔvacJ and ΔyhhT, and 

silica Nps for ΔglcC. The mutant ΔrssB is the only one to display a significant cellular 

concentration for both silica and gold Nps. None of the studied mutants showed a significant cell 

density at the stationary phase for all three nanoparticles. 
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Table 7: Parameters of the eight E. coli mutants’ growth curves. (*) represents the 

statistically significant difference between wild type and mutants and (**) represents the 

statistically significant difference between nontreated (control) and nanoparticle-treated E. 

coli mutants.  

Strain Challenges Lag/log 

transition 

(hours) 

Slope log phase OD stationary at 

T=15h 

E. coli WT LB 2.62 ± 0.81 0.0378 ± 0.006 0.313 ± 0.022 
 

SiO2 2.75 ± 0.75 0.0417 ± 0.004 0.320 ± 0.040 
 

Au 2.68 ± 0.78 0.0444 ± 0.004 0.339 ± 0.024 
 

PS 2.62 ± 0.64 0.0425 ± 0.004 0.330 ± 0.033 

vacJ LB+Kan 1* 0.0358 ± 0.002 0.315 ± 0.006 
 

SiO2 1 0.046 ± 0.003** 0.456 ± 0.063 
 

Au 1.33 ± 0.47* 0.0497 ± 0.003** 0.430 ± 0.155 
 

PS 1 0.0437 ± 0.003 0.416 ± 0.008** 

rssB LB+Kan 1.33 ± 0.47 0.0379 ± 0.001 0.324 ± 0.015 
 

SiO2 1 0.0402 ± 0.0006 0.388 ± 0.008** 
 

Au 1 0.0476 ± 0.002** 0.422 ± 0.032** 
 

PS 1.33 ± 0.47 0.0499 ± 0.007 0.408 ± 0.047 

evgA LB+Kan 1.66 ± 0.47 0.0415 ± 0.001 0.327 ± 0.007 
 

SiO2 1.33 ± 0.47 0.0411 ± 0.001 0.336 ± 0.004 
 

Au 1.33 ± 0.47 0.0418 ± 0.0008 0.333 ± 0.008 
 

PS 1.66 ± 0.47 0.0435 ± 0.001 0.341 ± 0.004 

sodC LB+Kan 1* 0.0294 ± 0.002* 0.311 ± 0.018 
 

SiO2 1 0.0388 ± 0.0021** 0.361 ± 0.017** 
 

Au 1 0.0371 ± 0.002** 0.350 ± 0.008 
 

PS 2 0.0483 ± 0.002** 0.412 ± 0.020** 
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cysQ LB+Kan 2.66 ± 0.47 0.0319 ± 0.002 0.336 ± 0.007* 
 

SiO2 2.66 ± 0.47 0.0448 ± 0.002** 0.386 ± 0.013** 
 

Au 2.66 ± 0.47 0.0438 ± 0.0005** 0.378 ± 0.02 
 

PS 2.33 ± 0.47 0.0482 ± 0.002** 0.419 ± 0.021** 

glcC LB+Kan 2.33 ± 0.47 0.0373 ± 0.001 0.334 ± 0.0009 
 

SiO2 1 0.0408 ± 0.003 0.376 ± 0.01** 
 

Au 1.33 ± 0.47 0.0402 ± 0.005 0.358 ± 0.004 
 

PS 2.33 ± 0.23 0.0529 ± 0.003** 0.408 ± 0.025 

yhdY LB+Kan 3.33 ± 0.23 0.039 ± 0.004 0.307 ± 0.007 
 

SiO2 3.16 ± 0.23 0.0361 ± 0.003 0.304 ± 0.007 
 

Au 3 0.0378 ± 0.002 0.315 ± 0.015 
 

PS 3.33 ± 0.23 0.0444 ± 0.001 0.353 ± 0.017 

yhhT LB+Kan 2.16 ± 0.23 0.0407 ± 0.0002 0.367 ± 0.006* 
 

SiO2 1.5 ± 0.70 0.0434 ± 0.004 0.372 ± 0.001 
 

Au 1.33 ± 0.47 0.0434 ± 0.006 0.377 ± 0.012 
 

PS 2 0.0543 ± 0.0007** 0.41 ± 0.008** 
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Figure 24: E. coli mutants growth curves from exposure to silica, gold, and polystyrene 

nanoparticles 

 

 

 

 

 

 

 

 

 

(a) (c)(b)

(d) (f)(e)

(g) (i)(h)
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Discussion 

The common gene response: Gene expression profile and growth fitness of E. 

coli. 

The goal of this study was to determine the transcriptional responses of the bacterium E. 

coli to engineered silica, gold, and polystyrene nanoparticles at nonlethal concentrations. The 

results obtained through a gene screening analysis showed that 25 genes were upregulated, and 

46 genes were downregulated by silica Nps, 96 genes and 222 genes were up regulated by gold 

and polystyrene Nps respectively. This suggests that there are significant and specific 

transcriptional profile alterations occurring during the exposure to nanoparticles. This study as 

well as other studies showed that extracellular assaults of nanoparticles can induce internal 

metabolic modifications in bacteria (Mortimer et al., 2021; Neal, 2008; Pelletier et al., 2010). 

This is supported by the gene ontology analysis which demonstrated that metabolic pathways, 

signal transduction pathways, DNA replication, electron transport chain, transport protein and 

cell structure are significantly activated by the presence of all three nanoparticles with 

polystyrene Nps having the highest metabolic alterations among all three nanoparticles (Figure 

25). More importantly the gene expression of eight genes part of the common response to all 

three nanoparticles was evaluated and verified using qRTPCR. This cluster of genes consists of 

two two-component regulatory systems response rssB (Klauck et al., 2001) and evgA (Nishino & 

Yamaguchi, 2002) that are response regulators in the rssA/rssB systems and the evgS/evgA 

system respectively. One gene sodC, involved in the regulation of intracellular free radicals’ 

formation (Keith & Valvano, 2007), one gene cysQ involved in the sulfur metabolism(Neuwald 

et al., 1992), another gene glcC, is part of the transport and metabolism of glycolate(Pellicer et 

al., 1996). The gene yhdY is speculated to be part of the amino acid transport while the gene 
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vacJ is involved in phospholipid transport (Xie et al., 2016) and finally yhhT with the molecular 

function that has not been determined yet, but it is considered as per some unpublished research 

as a protein transport.  

Figure 25: Gene ontology of genes activated by Nanoparticles. 

 

Apparently, there is no established direct connection between all these eight genes that 

comprise the nanoparticle response, I have discovered. There is a distant connection that exists 

between evgA and rssB signal transduction systems through the phoQ/phoP system and a small 

protein B1500 (Eguchi et al., 2007). Some studies reported that production of ROS occurred 

during the interaction of bacteria with nanoparticles that induced an increase in production of 

scavenger enzymes to control the concentration of intracellular ROS (Babayevska et al., 2022; 

Benov & Fridovich, 1994; Joshi et al., 2020). This is corroborated in our study by the 

upregulation of the gene sodC. The upregulation of the gene vacJ which is involved in the 

phospholipid transport pathway and also responsible for maintaining the lipid asymmetry in the 

outer membrane (Xie et al., 2016; Zhao et al., 2017). This indicates a significant activity of the 

gene vacJ to preserve the integrity of the lipid asymmetry in the outer membrane likely disrupted 

by the presence of all three nanoparticles as shown in Figure 22  and by other studies 

(Babayevska et al., 2022; Mortimer et al., 2021; Slavin et al., 2017).  
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The growth curves of the single gene mutation of the common genetic response 

demonstrate a possible cell growth promotion in presence of nanoparticles. This suggests that to 

compensate the absence of the genes, bacteria intensify their metabolic activities while utilizing 

alternative intracellular enzymes susceptible to continue the cell growth cycle. Several studies 

reported that metal nanoparticles such as titanium dioxide nanoparticles can promote cell growth 

in of bacteria (Chavan & Nadanathangam, 2019; Timmusk et al., 2018). Gram-negative bacteria 

such as E. coli may require the activation of genes such as sodC and cysQ to maintain normal 

cell growth and cell size during the cell division process as well as assuring the bacterial survival 

in drastic growth conditions (Figure 26) (Keith & Valvano, 2007; Neuwald et al., 1992).  

Figure 26: Proposed model of sodC and cysQ genes in the regulation of normal cell growth 

in E. coli 
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Conclusion 

The rise in production of engineered nanoparticles comes along with the increasing risk 

of nanopollution that could likely jeopardize human health and modify the inherent microbiome 

balance and function in every ecosystem. This study provides a critical insight about the 

transcriptional responses of bacteria to commercially relevant silica, gold, and polystyrene 

nanoparticles. Besides the specific gene expression triggered by individual nanoparticle, the 

existence of a common genetic responses activated by these nanoparticles in E. coli enables to 

understand the interaction between bacteria and nanoparticles. The studied nanoparticles show 

no inhibitory effects on the single gene knockout of the common gene response revealing the 

essential role of genes sodC and cysQ in controlling and regulating the normal bacterial cell 

growth. This provides critical information about the possible action mechanisms of these 

nanoparticles when encountering bacteria. However, it is important to further evaluate the real-

world ramifications of these bacterial stress response induced by nanoparticle exposure.  
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CHAPTER IV: EXPRESSION OF OXIDATIVE STRESS RELATED GENES IN E. COLI AT 

THE INTERFACE OF CHARGED GALLIUM NITRIDE SURFACES  

This chapter is a reprint of the published paper: Gleco S, Noussi T, Jude A, Reddy P, 

Kirste R, Collazo R, LaJeunesse D, Ivanisevic A. Oxidative Stress Transcriptional Responses of 

Escherichia coli at GaN Interfaces. ACS Appl Bio Mater. 2020 Dec 21;3(12):9073-9081. doi: 

10.1021/acsabm.0c01299. Epub 2020 Dec 1. PMID: 35019584. 

This study was a collaborative work with the research teams from North Carolina State 

University, Adroit Materials, and the Joint School of Nanoscience and Nanoengineering. My 

participation as the second author in this project consisted of determining the gene expressions of 

the three genes oxyS, KatE and sodB of the RNA samples extracted from the exposure of E. coli 

to gallium Nitride (GaN) surfaces using qRTPCR technique. 

Introduction  

Microorganisms regulate their physiology at interfaces in response to the 

physicochemical cues of surfaces in order to adapt to environmental stress and transition to a 

biofilm lifestyle (Tuson & Weibel, 2013; Y. Wang et al., 2014). Physiological regulation in 

bacteria is driven by changes in gene expression in response to environmental signals that 

perturb baseline physiology such as disturbances in membrane potential or increases in reactive 

oxygen species (ROS) (Bruni et al., 2017; Kim et al., 2019; G. Wang et al., 2017). The efficiency 

with which microbes respond to environmental cues is dependent on the sensing functions that 

detect signals. Mechanical signals from surface interactions can be sensed through pathways 

related to structural components like lipopolysaccharides, flagella, pili, and curli (Muhammad et 

al., 2020; Rizzello et al., 2011; Song et al., 2017; Tuson & Weibel, 2013). Understanding the 
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relationship between bacteria sensing functions and their specific involvement with detecting 

physicochemical cues is important for biomedical and environmental applications. 

The surface properties of semiconductors can be modified using approaches such as 

surface chemistry and light stimuli to engineer surfaces that predictably modulate microbial 

interactions. The role of surface properties for biointerface applications have been widely studied 

for biomedical applications such as cell-instructive surfaces, neural interfaces, and in vitro 

sensing applications (Jiang & Tian, 2018; Ross & Lahann, 2015; Snyder, Reddy, Kirste, Collazo, 

et al., 2018). Although relatively less explored, understanding the interactions of microbes at 

semiconductor surfaces is important for bioelectronics. The biocompatibility and wide bandgap 

properties of III-nitride materials are useful for bioelectronics applications including sensing and 

communication devices (Li & Liu, 2017; Podolska et al., 2012; Snyder, Reddy, Kirste, 

LaJeunesse, et al., 2018). We have reported on topography and surface chemistry modifications 

of GaN and AlxGa1-xN using wet chemical etching and functionalization with organic adsorbates 

(Gleco et al., 2019c; Pearce et al., 2015; Snyder et al., 2016; Snyder, LaJeunesse, et al., 2018; 

Snyder, Reddy, Kirste, LaJeunesse, et al., 2018). Additionally, GaN exhibits persistent 

photoconductivity (PPC) which is the slow decay of surface charge that accumulated under UV 

light exposure after the light stimulus is removed. We have demonstrated that surface charge 

remains for several minutes after the light is removed which enabled noninvasive stimulation of 

bacteria, yeast, and neurotypical cells at the interface (Gulyuk et al., 2018, 2019; Iyer et al., 

2019; Snyder, LaJeunesse, et al., 2018; Snyder, Reddy, Kirste, LaJeunesse, et al., 2018).  

The purpose of this study was to identify if the interfacial properties of the substrate 

triggered an oxidative stress response in E. coli at the interface. We analyzed the interactions of 

E. coli at modified GaN interfaces by using quantitative reverse transcriptase polymerase chain 
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reaction (qRT-PCR) to measure the levels of expression of three oxidative stress related genes – 

oxyS, katE, and sodB. The PPC properties of GaN were used to analyze the influence of surface 

charge on regulating the transcription of these genes. The surfaces were also modified using wet 

chemical treatments that affect the oxides on the surface and have an impact on surface charge 

(Gleco et al., 2019c, 2020; Snyder, LaJeunesse, et al., 2018; Wilkins et al., 2014). We also 

evaluated the involvement of structural components on regulating the interfacial interactions 

using mutated E. coli with the fliC and csgG genes deleted to inhibit the formation of flagella and 

curli, respectively. The results showed that transcriptional changes related to the target genes 

could be influenced by surface charge changes. However, there were effects from surface 

chemistry that changed the transcription of these gene in a way that did not correlate to surface 

charge. Furthermore, the results differed when flagella and curli were deleted, indicating that 

they are important structural components for regulating the target pathways at interfaces. The 

results of this work add to our understanding of the interactions of E. coli at interfaces and will 

be useful for the development of biointerfaces. 

Experimental section 

Bacteria and growth conditions 

The E. coli used in this study were from the Keio library and have been used in recent 

work (Baba et al., 2006; Gleco et al., 2020; Iyer et al., 2019). The parent strain of the single 

deletion ΔfliC and ΔcsgG mutants was BW25113. The bacterial cultures were grown overnight 

at 37oC in Tryptic soy broth (Carolina Biological Supply, item #776840) in a shaker incubator 

before exposure to the surfaces. 

Substrate preparation: The GaN wafer used in this work was doped at a concentration of 

2 x 1019 cm-3 with Si. The growth process has been described in previous work (Collazo et al., 
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2006; Kirste et al., 2013; F. Liu et al., 2007). The details of the substrate preparation have been 

previously described in depth (Gleco et al., 2019a; Wilkins et al., 2014, 2015) and were the same 

as those used in recent work (Gleco et al., 2020). Briefly, the 2-inch GaN wafer was diced and 

cleaned by sonication in acetone, methanol, and water. The substrate pieces were then etched 

using a 1:1 solution by volume of 85% HCl and diH2O at 100°C. The samples labeled clean 

received no further treatment. The substrates labeled “H2O2” were soaked for 3 hours in 30% 

H2O2 at room temperature. The substrates labeled “H3PO4” were etched in a solution of 

phosphoric acid at 40°C for 2.5 hours. Last, the substrates labeled “H3PO4/C3H9O3P” were 

soaked in a solution of phosphoric acid and propylphosphonic acid at 40°C for 2.5 hours. The 

substrate pieces were used multiple times and were autoclaved, cleaned, and retreated prior to 

bacteria exposure. 

Surface exposure protocol and RNA isolation: The protocol for exposing the E. coli to 

the surfaces was used in recent work (Gleco et al., 2020). The surfaces were charged using UV 

light for 30 minutes. The UV light was then turned off and a 20 μL drop of the overnight 

bacterial suspension was put in contact with the surface. The bacteria were left on the surface for 

5 minutes before pipetting off and transferring into 500 μL of Tryptic soy broth. The suspension 

was placed into an incubator at 37 oC for 1 hour. Then, a 400 μL portion of the suspension was 

centrifuged at 13,000 x g for 60 seconds to collect the cells for RNA extraction. The RNA was 

isolated and purified from the bacteria using the InvitrogenTM RiboPureTM RNA Purification Kit 

for bacteria (ThermoFisher, cat. AM1925). The manufacturer protocol was followed without 

modification. Briefly, the bacteria were mechanically lysed using zirconia beads. A phenol-

chloroform extraction was used to separate the organic and aqueous phases, which isolates the 
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nucleic acids from proteins. The nucleic acids were washed and purified using ethanol and a 

series of washes included with the kit. 

qRT-PCR 

Quantitative real-time PCR was performed using 20ng of RNA as collected above, 

amplified using the Luna Universal Probe One-Step RT-qPCR kit (NEB, E3006L) in an Applied 

Biosystems 7500 Fast PCR System instrument. Gene expression was normalized by the 

threshold cycle (CT) method. 

Table 8: Primer selection for RTPCR 

primer set forward sequence (5'-3') reverse sequence (5'-3') 

16S RNA TGCCTGATGGAGGGGGATAA CCGAAGGTACCCCTCTTTGG 

oxyS CCTGGAGATCCGCAAAAGTTC GCGGCACCTCTTTTAACCCT 

katE TCCGACTGCCCTTACCATA GTTCGGTTCGTAATTCGCCG 

sodB AAGATGCTCTGGCACGCCACATTT TAAACTGCGCTTTGAAATCGGCAA 

 

Statistical analysis: One-way ANOVA using Origin 2019 software (version 9.6.0.172) 

was used for statistical analysis. Tukey’s test was used to determine statistically significant 

differences. All statistics used a significance level of p < 0.05 and n = 3. 

Results and discussion 

This work builds off a recent study in which we used in vitro assays to measure the 

intracellular ROS and Ca2+ levels of the mutated and WT E. coli one-, two-, and three-hours after 

an initial 5 minute exposure to charged and uncharged surfaces (Gleco et al., 2020). We 

demonstrated in this previous work that short exposure to charged surfaces did not have a 

significant impact on the levels of ROS. We found that the Ca2+ levels could be stimulated by 
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surface charge with additional effects from the substrate surface chemistry and the involvement 

of flagella and curli. Furthermore, the effects measured one-hour after the initial surface 

exposure were generally gone by the second- and third-hours.  

We employed the same protocol to expose the E. coli to the substrates in this study. After 

charging the surfaces using UV light, we utilized the PPC properties to expose the E. coli to the 

charged and uncharged surfaces for 5 minutes in the absence of UV light. The bacteria were 

removed from the surface and incubated for one hour before the RNA was isolated for qRT-PCR 

analysis. The only modification to the protocol for this study is that we did not measure the gene 

expression two- and three-hours after the initial surface exposure because the results from the 

previous study indicated that initial effects were generally gone by these time points. 

Gene-knockouts were used to assess the influence of flagella and curli on regulating the 

interactions of E. coli at the interface. In previous work we have found that the lack of flagella 

and curli changed the way the E. coli responded to charged GaN interfaces (Gleco et al., 2020; 

Iyer et al., 2019). The flagella-mutated (ΔfliC) E. coli had the fliC gene deleted and the curli-

mutated (ΔcsgG) E. coli had the csgG gene deleted. The fliC gene encodes for flagellin which is 

the primary subunit of flagella (Haiko & Westerlund-Wikström, 2013). Thus, removing this gene 

prohibits flagella from forming. The csgG gene encodes for the CsgG outermembrane 

lipoprotein that is essential for secretion of the curli subunits CsgA and CsgB.(Barnhart & 

Chapman, 2006) Prohibiting CsgA and CsgB secretion prevents curli formation. The relative 

levels of gene expression of the ΔfliC and ΔcsgG E. coli were compared to the wild-type (WT) 

E. coli to determine if the absence of flagella or curli affected the response. 
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Substrate treatment and properties overview 

The GaN substrates were modified using chemical treatments that have been described in 

previous work (Gleco et al., 2019b, 2020; Wilkins et al., 2014, 2015). Briefly, all surfaces were 

cleaned then etched using HCl to remove the native surface oxide. The substrates labeled “clean” 

received no further treatment. The remaining three groups of samples were treated using H2O2, 

H3PO4, or H3PO4/C3H9O3P and labeled accordingly. The surfaces were characterized in the 

previous study using atomic force microscopy, Kelvin-probe force microscopy, and contact 

angle goniometry to determine the effects of chemical treatments and UV light on roughness, 

surface charge, and wettability, respectively (Gleco et al., 2020). The important characterization 

result from the previous study is that the clean surface had lower surface charge than the 

chemically treated surfaces before and after UV exposure. Additionally, there was an increase in 

surface charge after UV exposure for the clean and H2O2-treated surfaces. The UV light did not 

significantly increase the surface charge of the H3PO4 and H3PO4/C3H9O3P surfaces as measured 

by KPFM. 

Explanation of the pathways probed 

Transcriptomic analyses of E. coli have revealed that the genetic expression can be 

changed in response to external stresses (Aunins et al., 2019; Oladeinde et al., 2018; Partridge et 

al., 2006; Rizzello et al., 2011; Singh et al., 2019). Using qRT-PCR, we analyzed the expression 

of three genes related to oxidative stress pathways in E. coli – oxyS, katE, and sodB. Analysis of 

these three genes serves as an indicator of oxidative stress induced by the surface properties of 

the substrates. The oxyS gene is upregulated under oxidative stress to control H2O2 levels and has 

shown to reduce mutagenesis in E. coli (Altuvia et al., 1997; González-Flecha & Demple, 1999). 

The katE gene is an indicator of catalase activity which increases when the bacteria are under 
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oxidative stress from H2O2 (Loewen et al., 1985; Nagamiya et al., 2007). Oxidative stress is also 

indicated by sodB levels, which are upregulated to protect the bacteria against superoxide anions 

(Geslin et al., 2001). The SodB enzyme encoded for by the sodB gene catalyzes the reduction of 

superoxide to H2O2.  

We compared the relative expression of oxyS, sodB, and katE in E. coli one hour after 

exposure to charged and uncharged GaN surfaces. All measurements were done in triplicate for 

statistical significance which was verified by performing one-way ANOVA with Tukey’s test to 

compare the charged and uncharged surfaces. Biologically significant differential gene 

expression between the charged and uncharged surfaces was assessed by calculating the fold-

change in expression. If the charged surface had higher gene expression than the uncharged 

surface, the fold-change was calculated by diving the Ct value of the charged surface by the Ct 

value of the uncharged surface. The inverse of this was done if the uncharged surface had higher 

gene expression than the charged surface. Furthermore, if the uncharged surface had higher 

expression than the charged surface, a negative was added to indicate that the genes were 

expressed less on the charged surface. These values are presented in Table 9.  

Table 9: Fold-change in gene expression between the charged and uncharged surfaces 
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katE expression 

The relative levels of expression of the katE gene are shown in Figure 26. The expression 

of katE was greater in the WT, ΔfliC, and ΔcsgG E. coli exposed to the 1 μM H2O2 solution 

compared to the glass coverslip. The WT and ΔcsgG E. coli had similar levels of katE expression 

after exposure 1 μM H2O2 with 136.59-fold and 162.38-fold increases, respectively. The ΔfliC E. 

coli had lower levels overall and lesser change in expression of 30.82-fold increase when 

exposed to the 1 μM H2O2 solution compared to the coverslip. This indicates that the flagella are 

involved with regulating H2O2 response in solution. However, when curli were absent the fold-

change in expression was slightly greater than the WT, which indicates that the curli are also 

involved. 

Figure 27: Relative Ct values of katE expression for the a) WT, b) ΔfliC, and c) ΔcsgG       

E. coli 

 

The WT E. coli had 4.66-fold increased katE expression when exposed to the charged 

clean surface compared to the uncharged clean surface. There was also 2.66-fold higher 

expression in the WT E. coli exposed to the H3PO4-treated surface. There was no statistically 

significant change in the expression for the H2O2-or H3PO4/C3H9O3P-treated GaN. Furthermore, 

the expression of katE for WT E. coli exposed to the charged and uncharged H2O2-, H3PO4-, and 
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H3PO4/C3H9O3P-treated GaN were lower than the Ct values of the bacteria exposed to the clean 

GaN surfaces. This indicates that the surface chemistry of the substrates played a role in the 

expression of katE in a way that reduced transcription. One explanation for this is that the 

increased surface charge on the chemically treated surfaces compared to the clean surface may 

have reduced katE expression by changing the interactions. Another explanation is that the 

surface treatments reduced the amount of H2O2 generated by the surface. 

In contrast to the WT E. coli, the ΔfliC E. coli had significantly lower levels of katE 

expression when exposed to the clean surface. However, the fold-change in expression was 

greater with 15.84-fold difference, indicating that there was a response triggered by surface. 

However, the overall lower levels further support the results from the controls which indicated 

that flagella are involved with katE expression.  In general, the levels of expression were similar 

for each of the surface treatments. The ΔfliC E. coli exposed to the charged clean, H2O2, and 

H3PO4/C3H9O3P surfaces had higher expression that the bacteria exposed to the same uncharged 

surfaces with 15.84-, 2.14-, and 2.50-fold higher values, respectively. The bacteria exposed to 

the H3PO4 surfaces had higher levels of katE expression after exposure to the uncharged surface 

compared to the charged surface with –2.78-fold lower expression on the charged surface 

compared to the uncharged surface. The chemically treated surfaces showed similar levels to the 

WT E. coli but there were differences in the fold-change. These results indicate that the ΔfliC E. 

coli had some response to the differences in surface chemistry. However, the difference 

compared to the WT on for the clean surface suggests a different interaction of the E. coli with 

the surface when the flagella were deleted. 

The ΔcsgG E. coli exposed to the clean GaN had higher expression of katE when 

exposed to the charged surface compared to the uncharged surface with a 12.38-fold difference. 
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The levels of expression and fold-change were greater than the ΔfliC E. coli and lower than the 

WT E. coli. The expression of katE for the ΔcsgG E. coli exposed to the H3PO4/C3H9O3P 

surfaces was greater on the charged surfaces compared to the uncharged surface with a 22.82-

fold change which was greater than the WT and ΔfliC E. coli. The most significant difference of 

the ΔcsgG E. coli compared to the WT and ΔfliC E. coli is for the H2O2 and H3PO4 treated 

surfaces. Compared to the WT and ΔfliC E. coli, the ΔcsgG E. coli had significantly higher 

levels of expression for the charged and uncharged surfaces. The fold-change in expression for 

the ΔcsgG E. coli exposed to the H2O2-GaN was 2.08-fold lower on the charged surface 

compared to the uncharged surface. The expression of katE for the ΔcsgG exposed to the H3PO4-

GaN was 1.49-fold greater on the charged surface compared to the uncharged. This indicates that 

curli played a role with modulating the interactions at the surface. However, the results do not 

correlate directly with surface charge differences. Furthermore, the overall greater magnitude in 

katE expression on the surfaces treated with H2O2 and H3PO4 suggests that surface chemistry 

played an important role on modulating the interactions.  

sodB results 

The expression of sodB is presented in Figure 27. The expression of sodB in the WT E. 

coli exposed to 1 μM H2O2 solution was increased 33.43-fold compared to those exposed to the 

glass coverslip. The ΔfliC and ΔcsgG E. coli had no significant difference between the controls, 

indicating that sodB transcription is related to flagella and curli. Additionally, the presence of 

H2O2 in itself is not a trigger for sodB transcription as it is involved with removing superoxide 

anions. Because the transcription of sodB was upregulated in response to H2O2 for the WT but 

not the ΔfliC or ΔcsgG E. coli, the E. coli may be more sensitive to lower levels of superoxide 

through pathways involved with flagella and curli. 
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Figure 28: Relative Ct values of sodB expression for the a) WT, b) ΔfliC, and c) ΔcsgG      

E. coli 

 

The WT E. coil had no change in sodB expression between the charged and uncharged 

H2O2 or H3PO4/C3H9O3P surfaces. There was a 50.49-fold increase on the charged clean surface 

and a 4.01-fold increase on the charged H3PO4 surface compared to the uncharged surfaces of the 

same treatments. Although there was no difference between the charged and uncharged surfaces, 

the expression of sodB in the WT E. coli exposed to the H3PO4/C3H9O3P was greater than the 

expression of those exposed to the H3PO4 surface. The difference in expression between the 

charged and uncharged clean GaN suggests that surface charge can stimulate sodB transcription 

in E. coli in a way that can be blunted by the surface chemistry. 

The ΔfliC E. coli showed a different response to the surfaces compared to the WT. There 

was 5.09-fold greater expression on the charged clean surfaces and 3.37-fold greater expression 

on the charged H2O2 surface compared to the uncharged surfaces. There was no significant 

difference in sodB expression in the ΔfliC E. coli exposed to the charged and uncharged H3PO4 

or H3PO4/C3H9O3P surfaces. The overall expression of sodB for the ΔfliC E. coli was lower than 

the WT E. coli for nearly every surface which indicates that flagella are involved with regulating 

sodB expression at interfaces. The exception is the H2O2 surface which had greater expression on 



 

  88 

the charged surfaces for the ΔfliC compared to the WT. Furthermore, the WT E. coli showed no 

difference between the charged and uncharged H2O2 surfaces. Although the levels of expression 

were close to the WT, the difference between the ΔfliC and WT for the H2O2 surface chemistry 

suggests that the surface chemistry after H2O2 passivation altered the way non-flagellated E. coli 

respond to surface charge. 

The ΔcsgG E. coli showed different expression of sodB from both the WT and ΔfliC E. 

coli. There was no significant change in expression between the charged and uncharged surfaces 

for the ΔcsgG E. coli exposed to the clean or H3PO4 surfaces while there was for the WT E. coli. 

Like the ΔfliC mutants, there was greater sodB expression of 2.96-fold on the charged H2O2 

surface compared to the uncharged surface. This suggests that curli have a role in regulating 

sodB at charged interfaces because the WT E. coli showed no response. The ΔcsgG mutants were 

the only E. coli to show a difference in sodB expression for the H3PO4/C3H9O3P surface with 

2.84-fold lower expression on the charged surface compared to the uncharged surfaces. 

However, the level of expression was lower than the WT E. coli and similar to the ΔfliC E. coli. 

This indicates that the absence of curli and surface chemistry changes the way the E. coli 

respond surface charge. Additionally, the lack of change in expression between the charged and 

uncharged clean surface indicates that curli are important for regulating the interactions at 

charged interfaces. 

oxyS results 

The results of oxyS expression are presented in Figure 28. The expression of the oxyS 

gene was greater in the E. coli exposed to the 1 μM H2O2 control solution compared to the glass 

coverslip for the WT, ΔfliC, and ΔcsgG E. coli with a fold-change of 8.39, 18.17, and 2.77, 

respectively. Furthermore, the overall levels of expression were relatively similar between them, 



 

  89 

indicating that flagella and curli were not essential for oxyS expression in response to H2O2 in 

solution. 

Figure 29: Relative Ct values of oxyS expression for the a) WT, b) ΔfliC, and c) ΔcsgG      

E. coli 

 

The WT E. coli had 7.49-fold greater expression of oxyS when exposed to the charged 

clean surface compared to the uncharged clean surface. The expression of oxyS on the H2O2, 

H3PO4 and H3PO4/C3H9O3P surfaces was lower than the clean surface indicating that the surface 

chemistry could blunt the response of oxyS in the WT E. coli. The change in oxyS expression 

between charged and uncharged surfaces was not significant for the H3PO4/C3H9O3P-GaN. There 

was a significant difference for the H2O2- and H3PO4-GaN with 1.45-fold lesser and 4.68-fold 

greater difference between the charged and uncharged surfaces, respectively. These results 

suggest that in addition to the surface chemistry blunting the response of oxyS expression 

compared to the clean surface, the type of surface chemistry also played a role with regulating 

the interactions. 

The ΔfliC E. coli had lower levels of expression compared to the WT for all surfaces. 

There were small significant differences between the charged and uncharged surfaces for each of 

the chemical treatments. There was an increase of 4.07-, 2.06-, and 2.08-fold when exposed to 
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the charged surface compared to the uncharged surface for the clean, H2O2, and H3PO4/C3H9O3P 

surfaces, respectively. There was a decrease in oxyS expression with a 2.60-fold decreased in the 

ΔfliC E. coli exposed to the charged H3PO4 surface compared to the uncharged surface. The 

overall lower expression of oxyS in the ΔfliC E. coli compared to the WT E. coli, especially for 

the clean surface, indicates that flagella are involved with triggering oxyS expression at surfaces. 

The magnitude of expression was less significant for the chemically treated surfaces, indicating 

that the surface chemistry changed the interactions.  

The expression of oxyS for the ΔcsgG E. coli was different from the WT and ΔfliC, 

showing significantly higher levels of expression in some cases. The ΔcsgG E. coli exposed to 

the clean surface had 8.77-fold greater levels of oxyS expression on the charged compared to the 

uncharged surface. This result is similar to the WT, indicating that the absence of curli did not 

impact regulation of oxyS at the clean surface. The expression of oxyS in the ΔcsgG E. coli at the 

H3PO4/C3H9O3P surface was 3.24-fold greater on the charged surface compared to the uncharged 

surface. However, the overall magnitude of oxyS was lower than the WT E. coli. This is similar 

to the ΔfliC E. coli which had similar magnitude and fold-change on the charged compared to the 

uncharged surface. This may indicate that curli are similarly affected by the surface chemistry of 

H3PO4/C3H9O3P treatment with regard to oxyS expression. The primary difference from the WT 

E. coli for ΔcsgG expression is for the H2O2 and H3PO4 treated surfaces. The ΔcsgG E. coli 

showed a decrease in expression on the charged surface compared to the uncharged surface for 

both treatments with a 3.85-fold change for the H2O2 surface and a 7.46-fold change for the 

H3PO4 surface. The magnitude of oxyS expression compared to the WT and ΔfliC E. coli was 

significantly greater overall for the ΔcsgG E. coli for these treatments. Additionally, the ΔcsgG 

E. coli showed an opposite response to surface charge for the H3PO4 treatment compared to the 
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WT but the same for the ΔfliC E. coli. Conversely, the response to the H2O2 treated surface was 

the same for the WT but the opposite for the ΔfliC E. coli. The expression of oxyS for the ΔcsgG 

mutants showed clear differences from the WT and ΔfliC, indicating that the regulation of oxyS 

expression at interface depends on curli in some way. However, it is not clear exactly why this is 

the case. The results do not necessarily correlate with the magnitude of the surface charge 

because the H3PO4/C3H9O3P treated surface had similar magnitude of surface charge as the H2O2 

and H3PO4 treated surfaces. However, the similarities for the H3PO4/C3H9O3P and clean surface 

between the WT and ΔcsgG E. coli further supports the idea that the interactions with curli and 

the surfaces play a role in regulating oxyS expression that is dependent on specific surface 

chemistry. It is not clear why there was a decrease in oxyS expression at the charged surfaces 

compared to the uncharged surfaces for H2O2 and H3PO4 treatments, but it may be that the UV 

light changes the surface chemistry in a way that affects the interactions. 

Summary of gene expression results 

The results of this study combined with our previous work indicate that the surface 

properties of GaN substrates play a role with modulating the stress response of E. coli at the 

interfaces. However, the way the E. coli responded to the surface properties did not correlate to 

surface charge or surface chemistry in a predictable manner. This suggests that the interactions 

are complex and are dependent on multiple interfacial properties. Furthermore, the deletion of 

flagella and curli also played a role with modulating the response. 

In our previous study we found that the levels of ROS one-hour after exposure to the 

surfaces were not affected by surface charge changes (Gleco et al., 2020). One explanation for 

this was that the surfaces did not generate ROS. Another possible explanation was that there may 

have been a transient response with an initial increase in ROS that was gone by the time we took 
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our measurements. Finally, there may have also been dilution effects where the cells with 

increased ROS divided enough times such that the ROS signal was reduced compared to the 

background. The results presented in this work do not support the explanation that there was no 

ROS generated by surface exposure because there were changes in transcription in oxidative 

stress related genes depending on surface charge and surface chemistry. The results do support 

the explanation that changes in ROS were transient or diluted by division. 

The WT E. coli showed increased expression of katE, sodB, and oxyS on the charged 

clean and H3PO4 surfaces compared to the uncharged surfaces and insignificant differences on 

the H2O2 and H3PO4/C3H9O3P surfaces. The transcription of katE and oxyS is triggered by H2O2 

and sodB is triggered by superoxide. Therefore, the results indicate that the clean surfaces 

produced these species when charged using UV light. However, the chemically treated surfaces 

showed lower levels of expression in most cases except for the expression of sodB on the 

H3PO4/C3H9O3P surface which was approximately the same as the clean surface. The surface 

charge of the chemically treated surface was greater than the surface charge of the clean surface 

as measured by KPFM in previous work. Additionally, the H2O2 treated surface had the greatest 

increase in surface charge when exposed to UV light compared to the uncharged surface, but the 

expression of katE, oxyS, and sodB was not significantly different between the charged and 

uncharged H2O2 surfaces. If the transcription response were only because of ROS generation due 

to surface charge, it would be expected that the expression would be higher on the chemically 

treated surfaces compared to the clean and on the charged H2O2 surface compared to the 

uncharged surface. However, the results do not correspond with this hypothesis which indicates 

there were effects from surface chemistry.  
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There are some possible explanations for this. The first is that the surface chemistry 

inhibits the quantity of ROS formation of at the surfaces. Additionally, the surface chemistry 

may also affect the type of ROS formed at the surface because the expression of katE and oxyS at 

the clean surface was greater than the chemically treated surfaces, indicating that the clean 

surface produced more H2O2. However, the difference in sodB expression was not as significant 

between the clean and chemically treated surfaces, indicating that superoxide anion formation 

was less dependent on surface chemistry. Another explanation is that the expression of katE, 

oxyS, and sodB was lower on the chemically treated surfaces because the surface charge was 

higher than the clean surface. The higher surface charge of the chemically treated may have 

changed the way the E. coli responded to the surface overall and modified the sensitivity for 

triggering the corresponding pathways.  

The transcription of katE, oxyS, and sodB was also influenced by the absence of flagella 

or curli compared to the WT E. coli. The ΔfliC E. coli had significant levels of differential gene 

expression of katE and oxyS for each surface with increased expression on the charged clean, 

H2O2, and H3PO4/C3H9O3P surface. However, the magnitude of fold-change was lower than the 

WT E. coli except for the clean surface. In comparison to the WT E. coli, the expression of oxyS 

and katE was lower on the charged H3PO4 surface compared to the uncharged surface. The 

expression of sodB was also different for each surface between the WT and ΔfliC E. coli. 

Overall, ΔfliC E. coli had less of a transcriptional response compared to the WT E. coli and the 

impact of surface chemistry was not as important because the gene expression of the ΔfliC E. 

coli at the clean surface was not significantly different from the chemically treated surfaces like 

it was for the WT E. coli. The exact reasons for these differences are not clear, but it is not 

surprising because the primary functions of flagella are motility and surface sensing (O’Toole & 
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Wong, 2016). Our results suggest that flagella were involved with sensing and regulating the 

transcription of E. coli in response to charged surfaces and surface chemistry. 

The results also indicated curli were important for modulating the interactions in a 

different way than flagella. The expression of oxyS in the ΔcsgG E. coli was nearly identical to 

the WT E. coli for the clean surface. However, there was significantly higher expression on the 

H2O2 and H3PO4 treated surfaces in the ΔcsgG E. coli for oxyS and katE. The expression of sodB 

was different than the WT but not as significantly different as it was for oxyS and katE. This 

suggests that curli are involved interactions toward specific ROS species and subsequent 

triggering of these pathways. One thing to note is that the ΔcsgG E. coli had similar levels of 

oxyS and katE expression when exposed to the H2O2 control solution, indicating that curli were 

not important for regulating the transcriptional response to H2O2 in solution. However, the 

differences when exposed to the surface indicate that the interactions of curli with the surface 

may have been important for regulating transcription. It is also interesting that there were higher 

levels on the H2O2 and H3PO4 surfaces compared to the WT indicating that there was an 

interaction with curli that was dependent on surface chemistry. It is not clear why this is the case. 

Curli are important for adhesion and biofilm formation in E. coli (Barnhart & Chapman, 2006). 

However, the experiment was designed to test short exposures to the surface before biofilm 

formation occurred. It appears that the surface chemistry after H2O2 and H3PO4 treatment was a 

source of stress in the E. coli when the curli were deleted. 
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Conclusions 

The results of this study demonstrate that GaN substrates can be modified to change the 

oxidative stress response of E. coli at interfaces. The effects from surface charge and surface 

chemistry on E. coli affected the transcription of three oxidative stress genes – oxyS, katE, and 

sodB. In the WT E. coli, surface charge caused an increase in transcription of these genes when 

exposed to the clean GaN, indicating that H2O2 and superoxide anions were generated. However, 

the expression at the chemically treated surfaces indicated that the surface chemistry reduced 

ROS H2O2 formation at the surface. There was also an influence on superoxide generation, but 

the impact was different depending on the surface chemistry. We also observed that flagella and 

curli play a role with regulating interactions at the interface. The non-flagellated E. coli had 

decreased expression of all genes compared to the WT for the clean surface. There were also 

differences for the E. coli exposed to the chemically treated surfaces, but the results were not 

significantly different from the WT. In general, the E. coli without curli had significantly 

different expression compared to the WT. The response to the clean surface was relatively 

similar, but the curli-deleted E. coli had significantly higher levels of oxyS and katE expression 

on the H2O2 and H3PO4 treated surfaces indicating that curli are involved with interactions with 

H2O2 at interfaces. Overall, the results of this study demonstrate that short exposure to GaN 

surfaces can be used to stimulate changes in E. coli related to oxidative stress. The results of this 

work help to understand the interactions of microorganisms at interfaces and the relationship to 

surface properties which will be useful for biointerface applications.  
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CHAPTER V: CONCLUSIONS AND FUTURE DIRECTIONS 

Conclusions 

In this study, the transcriptional responses of the bacterium E. coli to the non-lethal 

exposure of commercially relevant silica, gold and polystyrene engineered nanoparticles were 

established. Our gene screening results demonstrated that nanoparticles activate specific genes as 

responses to the nanoparticle assaults. Polystyrene nanoparticles generated the highest number of 

upregulated genes that are distributed among metabolic pathways, protein transport, signal 

transduction and DNA replication compared to silica and gold nanoparticles suggesting that 

polystyrene Nps induced significant genetic machinery alterations that potentially disrupt the cell 

homeostasis leading to the change in E. coli cell behavior. On the other hand, silica and gold Nps 

exhibit a slight but significant modification of the E. coli behavior despite being known as 

“neutral” and/or “nontoxic” nanoparticles that make them so attractive in the field of 

biomedicine.  More importantly, the qRTPCR reveal a more dynamic gene expression of the 

common response genes to all three nanoparticles which include previously identified stress 

response genes (rssB, evgA, sodC,) genes encoding transports (yhdY, yhhT, vacJ/MlaA), one 

gene encoding sulfate assimilation (cysQ) and one gene (glcC) part of the glycolate metabolic 

pathway. These eight genes with no direct metabolic connections between each other, potentially 

influence different cellular functions in E. coli. Indeed, the up regulations of the gene sodC and 

vacJ in this study demonstrate the intracellular production of ROS and disruption of the cell 

membrane during nanoparticle exposure respectively. The growth curves of the single gene 

mutations of the common response show that all three nanoparticles promote cell growth in all 

the mutants suggesting metabolic function compensations of the gene deletion enabling an 

increase in cell growth to sustain the bacterial survival. Moreover, sodC and cysQ are essential 
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genes to maintain bacterial cell growth in normal growth conditions. This study provides a great 

insight into transcriptional responses to round-shaped nanoparticles of different physicochemical 

properties. This is critical for the better understanding of the interaction between bacteria and 

nanoparticles in the context of nanopollution. Furthermore, this study provides additional 

understanding of potential metabolic mechanisms that could lead to bacteria resistance to 

nanoparticle-based antibiotics. 

Future research recommendations 

This work has provided an insightful understanding of the dynamic but complex 

transcriptomic responses of e coli after exposure to roughly same size and shape with different 

physicochemical properties nanoparticles, by determining a cluster of genes part of the common 

genetic response to silica, gold and polystyrene Nps. However, more needs to be done to fully 

elucidate the bacteria-nanoparticle interactions. So, future work could include the transcriptomic 

analysis of the same set of nanoparticles with E. coli for a longer exposure time such as 24 hour 

or more to verify if the same common gene response is still activated. One important area of 

focus could be the influence of E. coli behavior with changes in size and shape of these three 

nanoparticles. Moreover, the same set of conditions could be investigated with a different 

bacterial model organism, preferably a Gram-positive bacteria like staphylococcus aureus to 

evaluate the persistence of the common gene response across different type of bacteria. Another 

important area of investigation could be the use of smaller sizes and different shapes of these 

nanoparticles to determine if a similar overlapping genetic response exists in other type of 

microorganisms such as fungi. These research work will provide a deeper understanding of the 

complex relationship between nanoparticles and bacteria. This knowledge will have crucial 

implications in developing new drug treatments to combat bacterial resistance to nanoparticle-
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based antibiotics as well as controlling bacteria biofilm. In addition, this will help develop 

innovative bioremediation strategies through synthetic biology to tackle the nanopollution 

problem in the future.   
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APPENDIX A: FUNCTIONS OF GENES DIFFERENTIALLY EXPRESSED BY THE 

NANOPARTICLES 

Silica Nanoparticles Up-regulated genes 

Functions Genes 

Cell structure vacJ, emrA, yhdY, yhhT 

DNA replication glcC, mhpR, rssB, envy, evgA, ylbG 

Electron Transport cbdA, sodC, borD 

Metabolism yrbL, fdhD, cysQ, prpC, allA, fdrA, hscB, lacZ, yniA, yidR 

Unknown yccE, yiaF 

 

Gold nanoparticles Up-regulated genes 

Functions Genes 

Cell structure yhcA, flgH, ycbR 

DNA replication galS, glcC, fear, torT, yjhU, yfjR, yjh, envy, polB, b0582, b0373, yejH 

Electron Transport ydiQ, yhbW, norV, poxB, glpD, cybC, pflA, wrbA, nrfA, yebR, ykgC, 

guaC, yliI, fold, sodC, yagT 

Metabolism yeaU, yedX, uidA, fucR, ygbJ, aldH, aldA, yjjU, yhfP, galU, yhhY, 

ackA, fsaA, adhE, cysQ, cfa, deoA, deoD, ygiH, deoC, ycjM, ymdB, 

dcd, gpp, fkpA 

Signal transduction narQ, zraS, rssB, evgA, borD, ydeI 

Transport protein citT, yjdB, nrfE, yhiP, mdtN, yjdF, yhfK, vacJ, brnQ, yhdY, yhhT, yjiJ 
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unknown gatR_1, yjcH, yhfL, yjiT, phnQ, yjdI, yjgR, ydfO, yebF, b1998, yqaC, 

yjiH, ykgH, yagB, yahC, ygeF, yfbM, yhhZ, b0332 

 

Polystyrene nanoparticles Up-regulated genes 

Functions Genes 

Cell structure yhcA, nrfE, flk, eaeH, flgH, vacJ, yiaT, rpmB 

DNA replication crp, leuS, yeaT, pdhR, intA, yhgA, sohA, dhaR, glcC, feaR, b0582, 

yjhU, ygbI, yjhI, b1331, yiiF, csiE, yfjR, greA, rpmE, ygiU, ligA, gltX, 

ybaV, yafM, uxuR, yafN, nanR, ydcI, rcsA 

Electron Transport glpD, wrbA, yhbW, norV, nrfA, ydiQ, fdnG, dmsA, cbdA, ndh, narZ, 

nuoM, hydN, fhuF, yebR  

Metabolism tyrB, glyA, alsI, talA, sdhC, ycbZ, eutB, yeaU, yjdB, yhfP, yhcG, 

fucR, feaB, galR, bglA, yhhY, yhhN, fsaA, yedX, poxB, fdhD, lacZ, 

uidA, galU, ssuE, fdhF, nudE, adhE, serA, chiA, yedQ, pepD, guaB, 

prlC, cysQ, cfa, pgk, upp, add, amn, cdd, metF, deoA, deoB, deoD, 

yfbJ, ygiH, guaA, pdxY, yghU, folX, gloA, appA, pldA, folD, yejH, 

yhbT, yhaM, lpxC, map, cysD, dfp, pyrC, pyrB, panE, eco, yaiE, sodC, 

ycjG, ymdB, ybiV, yniA, ppiA, yncG, dcd, thiL, nrdB, yjiM, gpp, gmk, 

ackA, ttdA, aldH, aldA 

Methylation ygjO, smtA, yfiC 

Signal transduction torT, yrfF, narQ, zraS, fhlA, norR, torS, dcuS, torR, rssB, osmC, phoP, 

rbfA, evgA 
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Transport protein setB, yhiP, citT, mdtO, sirA, tolC, sgcC, btuB, yajC, ybaT, emrA, lolA, 

yhdY, potF, sstT, fepB, ybaE, yhhT, corA, codB, yidK, mdtH, malF, 

gudP 

unknown renD, pagB, yjcH, mdtN, yjdF, yhfL, yhhZ, yjdI, yjgR, hycB, yhhM, 

yhiD, yejG, bax, b1998, ydfO, yafS, aspU, yraQ, nohB, ymgC, ybbC, 

b0501, ykiA, ygeA, yccE, ybjH, ymcC, ydiL, ycgI, ymgE, ygeF, yjiJ, 

yfbM, yafZ 

 

Silica Nanoparticles Down-regulated genes 

Functions Genes 

DNA replication cspG, pspB, sbcB, yjeI 

Electron Transport ygiD, pdxB, ycaK 

Metabolism yjaB, ansB, ybhJ, yhbU, thiI, rihA, rssA, mpaA, yjdK, yfhM, relA 

rRNA methylation yhiR 

Signal transduction qseB 

Stress response inaA 

Transport protein pqiA, yohM, znuC, yddA, yccM, ytfQ, ygjI 

tRNA processing ykfA, valT, glyU, glnU 

unknown yaeH, ybdN, ybcV, ydfZ, ydfE, b1172, ydcJ, yciW, yfjW, ypfG 
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APPENDIX B: LIST OF GENES TESTED FROM THE E. COLI PROMOTER LIBRARY 

Plate Number Well Gene Name Description 

AZ01 A1 rihC putative purine nucleoside hydrolase 

AZ01 A2 yabP unknown CDS 

AZ01 A3 yabI putative integral membrane protein 

(1st module) 

AZ01 A4 ilvI acetolactate synthase III, valine 

sensitive, large subunit FAD and 

thiamine PPi binding (1st module) 

AZ01 A5 secM secretion monitor that regulates 

SecA translation 

AZ01 A6 yacL conserved hypothetical protein 

AZ01 A7 proB gamma-glutamate kinase 

AZ01 A8 aroL shikimate kinase II 

AZ01 A9 serC 3-phosphoserine aminotransferase / 

phosphohydroxythreonine 

transaminase 

AZ01 A10 cysB transcriptional regulator for 

biosynthesis of L-cysteine (LysR 

familiy) (1st module) 
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AZ01 A11 aroH 3-deoxy-D-arabinoheptulosonate-7-

phosphate synthase (DAHP 

synthetase), tryptophan repressible 

AZ01 A12 Empty Empty well 

AZ01 B1 hisL his operon leader peptide 

AZ01 B2 cysK subunit of cysteine synthase A and  

O-acetylserine sulfhydrolase A, 

PLP-dependent enzyme 

AZ01 B3 pheL leader peptide of chorismate 

mutase-P-prephenate dehydratase 

AZ01 B4 dapF diaminopimelate epimerase 

AZ01 B5 tyrB tyrosine aminotransferase , tyrosine 

repressible, PLP-dependent 

AZ01 B6 cueO conserved protein, cupredoxin-like 

AZ01 B7 argA N-alpha-acetylglutamate synthase 

(amino-acid acetyltransferase) (1st 

module) 

AZ01 B8 lysR transcriptional activator for lysine 

biosynthesis (LysR family) 

AZ01 B9 metC cystathionine beta-lyase, PLP-

dependent  (beta-cystathionase) 
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AZ01 B10 ygjG putative acetylornithine 

aminotransferase, PLP-dependent 

(2nd module) 

AZ01 B11 argG argininosuccinate synthetase 

AZ01 B12 asnA asparagine synthetase A 

AZ01 C1 ilvL ilvGEDA operon leader peptide 

AZ01 C2 ilvC ketol-acid reductoisomerase, 

NAD(P)-binding 

AZ01 C3 serA D-3-phosphoglycerate 

dehydrogenase 

AZ01 C4 metE 5-

methyltetrahydropteroyltriglutamate

-homocysteine S-methyltransferase 

AZ01 C5 metB cystathionine gamma-synthase, 

PLP-dependent 

AZ01 C6 argC N-acetyl-gamma-glutamylphosphate 

reductase, NAD(P)-binding 

AZ01 C7 metA homoserine transsuccinylase 

AZ01 C8 serB 3-phosphoserine phosphatase 

AZ01 C9 trpR transcriptional repressor for 

tryptophan biosynthesis (TrpR 

family) 

AZ01 C10 U139 promoterless strain 
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AZ01 C11 pheS phenylalanine tRNA synthetase, 

alpha-subunit 

AZ01 C12 ybgS putative homeobox protein 

AZ01 D1 amiC N-acetylmuramoyl-L-alanine 

amidase (2nd module) 

AZ01 D2 lysA diaminopimelate decarboxylase, 

PLP-binding (2nd module) 

AZ01 D3 b3007 unknown CDS 

AZ01 D4 aer aerotaxis sensor receptor, 

flavoprotein  

AZ01 D5 asnC transcriptional regulator of 

asparagine biosynthesis (AsnC 

family) 

AZ01 D6 yifB putative enzyme (1st module) 

AZ01 D7 ilvY transcriptional activator for 

isoleucine and valine synthesis 

(LysR family) 

AZ01 D8 metR transcriptional regulator for 

methionine biosynthesis (LysR 

family) 

AZ01 D9 metJ transcriptional repressor for 

methionine biosynthesis (MetJ 

family) 
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AZ01 D10 argE acetylornithine deacetylase (1st 

module) 

AZ01 D11 yjaB putative acyltransferase 

AZ01 D12 ytjB membrane protein,  transcribed 

divergently from serB 

AZ01 E1 argI ornithine carbamoyltransferase 1 

AZ01 E2 yaaA putative membrane protein 

AZ01 E3 yaaH putative regulator, integral 

membrane protein 

AZ01 E4 yaaI unknown CDS 

AZ01 E5 yacH putative membrane protein (3rd 

module) 

AZ01 E6 argF CP4-6 prophage; ornithine 

carbamoyltransferase 2, catalytic 

chain F (1st module) 

AZ01 E7 aspC aspartate aminotransferase, PLP-

dependent 

AZ01 E8 wrbA flavodoxin-like protein, trp 

repressor binding protein 

AZ01 E9 prmB putative methyltransferase (2nd 

module) 

AZ01 E10 cysP ABC superfamily (peri_bind)  

thiosulfate transport protein 
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AZ01 E11 dapA dihydrodipicolinate synthase 

AZ01 E12 glyA serine hydroxymethyltransferase 

(2nd module) 

AZ01 F1 glnB regulatory protein (P-II) for nitrogen 

assimilation by glutamine 

synthetase (ATase) 

AZ01 F2 aroF 3-deoxy-D-arabinoheptulosonate-7-

phosphate synthase (DAHP 

synthetase), tyrosine repressible 

AZ01 F3 U66 promoterless strain 

AZ01 F4 serA D-3-phosphoglycerate 

dehydrogenase (1st module) 

AZ01 F5 argD acetylornithine transaminase 

(NAcOATase and DapATase), PLP-

dependent 

AZ01 F6 aroK shikimate kinase I 

AZ01 F7 glnL sensory kinase (phosphatase) in 

two-component regulatory system 

with GlnG (nitrogen regulator II, 

NRII) 

AZ01 F8 fruL fruR leader peptide 

AZ01 F9 lpd dihydrolipoamide dehydrogenase, 

FAD/NAD(P)-binding ; component 
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of 2-oxodehydrogenase and 

pyruvate complexes; L protein of 

glycine cleavage complex second 

part (2nd module) 

AZ01 F10 wrbA flavodoxin-like protein, trp 

repressor binding protein 

AZ01 F11 ptsG multimodular PtsG: PTS family 

enzyme IIC, glucose-specific (1st 

module) 

AZ01 F12 malE ABC superfamily (peri_bind) 

maltose transport protein, substrate 

recognition for transport and 

chemotaxis (2nd module) 

AZ01 G1 tktB transketolase 2, thiamin-binding, 

isozyme 

AZ01 G2 pfkA 6-phosphofructokinase I 

AZ01 G3 edd 6-phosphogluconate dehydratase 

AZ01 G4 ylbE conserved protein 

AZ01 G5 ylbF unknown CDS 

AZ01 G6 renD DLP12 prophage; 

AZ01 G7 ybcK DLP12 prophage; putative 

recombinase 



 

  152 

AZ01 G8 ybcL DLP12 prophage; protein with 

phosphatidylethanolamine binding 

domain 

AZ01 G9 glxK glycerate kinase II 

AZ01 G10 flgA flagellar biosynthesis; assembly of 

basal-body periplasmic P ring 

AZ01 G11 gnd gluconate-6-phosphate 

dehydrogenase, decarboxylating (1st 

module) 

AZ01 G12 mqo malate dehydrogenase 

AZ01 H1 lacZ beta-galactosidase, lac operon 

AZ01 H2 eno enolase 

AZ01 H3 rpiA ribosephosphate isomerase, 

constitutive 

AZ01 H4 glcB malate synthase G 

AZ01 H5 rpe D-ribulose-5-phosphate 3-epimerase 

AZ01 H6 gntR transcriptional repressor for 

gluconate utilization (GalR/LacI 

familiy) 

AZ01 H7 tpiA triosephosphate isomerase 

AZ01 H8 ykfI CP4-6 prophage; 

AZ01 H9 yggG conserved protein (2nd module) 
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AZ01 H10 fliC flagellar biosynthesis; flagellin, 

filament structural protein (1st 

module) 

AZ01 H11 icd isocitrate dehydrogenase in e14 

prophage, specific for NADP+ (2nd 

module) 

AZ01 H12 yegT putative MFS family transport 

protein (2nd module) 

AZ02 A1 alsI ribose 5-phosphate isomerase B, 

also acts on allose (allose 6-

phosphate isomerase) 

AZ02 A2 talB transaldolase B (2nd module) 

AZ02 A3 talA transaldolase A (2nd module) 

AZ02 A4 pfkB 6-phosphofructokinase II 

AZ02 A5 setB MFS transporter 

AZ02 A6 crp transcriptional regulator, catabolite 

activator protein (CAP), cyclic 

AMP receptor protein (CAMP-

binding family), interacts with 

RNAP 

AZ02 A7 pdhR transcriptional repressor for 

pyruvate dehydrogenase complex 

(GntR family) (1st module) 
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AZ02 A8 pykF pyruvate kinase I (formerly F), 

fructose stimulated (2nd module) 

AZ02 A9 sdhC succinate dehydrogenase , 

cytochrome b556 

AZ02 A10 mngR transcriptional represssor for TCA 

cycle, fatty acyl responsive 

transcriptional regulator (GntR 

family) 

AZ02 A11 tktA transketolase 1 thiamin-binding, 

isozyme 

AZ02 A12 Empty Empty well 

AZ02 B1 leuS leucine tRNA synthetase (1st 

module) 

AZ02 B2 rluE putative ribosomal large subunit 

pseudouridine synthase 

AZ02 B3 alsR transcriptional repressor of ribose 

catabolism  (RpiR/YebK family) 

AZ02 B4 maeB multimodular MaeB: putative malic 

oxidoreductase (1st module) 

AZ02 B5 frdA fumarate reductase, anaerobic, 

catalytic and NAD/flavoprotein 

subunit 

AZ02 B6 ydiY conserved hypothetical protein 
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AZ02 B7 uvrA UvrA with UvrBC is a DNA 

excision repair enzyme (2nd 

module) 

AZ02 B8 fruB Sugar Specific PTS family, 

fructose-specific enzyme IIA/FPr 

component (1st module) 

AZ02 B9 yhfA conserved hypothetical protein 

AZ02 B10 msrB putative methionine sulfoxide 

reductase/regulator 

AZ02 B11 yacH putative membrane protein (3rd 

module) 

AZ02 B12 dps stress response DNA-binding 

protein; starvation induced 

resistance to H2O2, ferritin-like 

AZ02 C1 aroP APC family, aromatic amino acid 

transporter (2nd module) 

AZ02 C2 ydhZ conserved hypothetical protein 

AZ02 C3 serA D-3-phosphoglycerate 

dehydrogenase 

AZ02 C4 b0360 IS21 protein 1 

AZ02 C5 gltA citrate synthase 

AZ02 C6 pgi Phospho glucose isomerase 

AZ02 C7 caiC crotonobetaine/carnitine-CoA ligase 
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AZ02 C8 lacZ beta-D-galactosidase (1st module) 

AZ02 C9 cyoA cytochrome o ubiquinol oxidase 

subunit II 

AZ02 C10 U139 promoterless strain 

AZ02 C11 tdcG_2 L-serine deaminase 3 

AZ02 C12 cysH 3'-phosphoadenosine 5'-

phosphosulfate (PAPS) reductase 

AZ02 D1 ansB periplasmic L-asparaginase II 

AZ02 D2 tdcG_2 L-serine deaminase 3 

AZ02 D3 intA CP4-57 prophage; integrase 

AZ02 D4 tdcB threonine dehydratase, catabolic, 

PLP-dependent enzyme (1st 

module) 

AZ02 D5 atpI membrane-bound ATP synthase 

subunit, F1-F0-type proton-ATPase 

AZ02 D6 adiA arginine decarboxylase 

AZ02 D7 cadA lysine decarboxylase 1 

AZ02 D8 emrR transcriptional repressor of for 

multidrug resistance pump (MarR 

family) 

AZ02 D9 idnR IdnR transcriptional regulator 

AZ02 D10 hdeB unknown CDS 
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AZ02 D11 gadW putative transcriptional regulator 

(AraC/XylS family) (2nd module) 

AZ02 D12 yhjG conserved protein 

AZ02 E1 yhjJ putative peptidase 

AZ02 E2 yhjK conserved protein (2nd module) 

AZ02 E3 b3044 IS2 protein 

AZ02 E4 rhsB RhsB protein in RhsB element (4th 

module) 

AZ02 E5 yiaW unknown CDS 

AZ02 E6 yidE putative transport protein (1st 

module) 

AZ02 E7 yihR putative aldose-1-epimerase 

AZ02 E8 glpX putative enzyme in glycerol 

metabolism 

AZ02 E9 yijF unknown CDS 

AZ02 E10 yijO putative transcriptional regulator 

(AraC/XylS family) (2nd module) 

AZ02 E11 pagB unknown CDS 

AZ02 E12 hfq host factor I for bacteriophage Q 

beta replication, a growth-related  

protein 

AZ02 F1 ansA cytoplasmic L-asparaginase I 

AZ02 F2 yqjF putative membrane protein 
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AZ02 F3 U66 promoterless strain 

AZ02 F4 yqjG putative enzyme with S-transferase 

domain 

AZ02 F5 yhaH putative membrane protein 

AZ02 F6 fixC related to carnitine metabolism (1st 

module) 

AZ02 F7 sdaA multimodular SdaA: L-serine 

dehydrataseI I (1st module) 

AZ02 F8 exuR transcriptional repressor for carbon 

degradation (GntR family) 

AZ02 F9 tnaC tryptophanase leader peptide 

AZ02 F10 wrbA flavodoxin-like protein, trp 

repressor binding protein 

AZ02 F11 intB prophage P4 integrase (1st module) 

AZ02 F12 macA putative membrane protein 

AZ02 G1 cspG low-temperature-responsive gene, 

nucleic acid-binding domain 

AZ02 G2 intZ CPZ-55 prophage; putative 

integrase 

AZ02 G3 sscR putative synthase 

AZ02 G4 idnK gluconokinase II 

AZ02 G5 somA conserved hypothetical protein 

AZ02 G6 ycbZ putative ATP-dependent protease 
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AZ02 G7 eutB ethanolamine  ammonia-lyase, 

heavy chain (2nd module) 

AZ02 G8 cysJ sulfite reductase, beta (flavoprotein) 

subunit (1st module) 

AZ02 G9 ygjH putative tRNA synthetase 

AZ02 G10 b4283 IS911 protein 

AZ02 G11 yqjC conserved protein 

AZ02 G12 ycjK putative  glutamine synthetase (2nd 

module) 

AZ02 H1 lacZ beta-galactosidase, lac operon 

AZ02 H2 ycjW putative transcriptional repressor 

(GalR/LacI family) (2nd module) 

AZ02 H3 yncD putative outer membrane 

porin/receptor (1st module) 

AZ02 H4 yneI putative aldehyde dehydrogenase 

(2nd module) 

AZ02 H5 ydiP putative transcriptional regulator 

(AraC/XylS family) (2nd module) 

AZ02 H6 yeaM putative transcriptional regulator 

(AraC/XylS family) (2nd module) 

AZ02 H7 yeaT putative transcriptional regulator 

(LysR family) (1st module) 
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AZ02 H8 yedW putative transcriptional regulator 

(OmpR family) 

AZ02 H9 yaaJ putative AGCS family, 

alanine/glycine transport protein 

(2nd module) 

AZ02 H10 acnB aconitate hydratase 2 (2nd module) 

AZ02 H11 fumB fumarase B (fumarate hydratase 

class I), anaerobic isozyme (1st 

module) 

AZ02 H12 ykfG CP4-6 prophage; putative DNA 

repair protein 

AZ03 A1 ycjL putative glutamine amidotransferase 

(1st module) 

AZ03 A2 ycjX conserved hypothetical protein 

AZ03 A3 yncE conserved hypothetical protein 

AZ03 A4 yneJ putative transcriptional regulator 

(LysR family) (1st module) 

AZ03 A5 ydiQ putative electron transfer 

flavoprotein 

AZ03 A6 yeaU putative tartrate dehydrogenase 

AZ03 A7 yedX transthyretin-like protein 

AZ03 A8 ypdA putative sensor protein (1st module) 

AZ03 A9 yjiT conserved protein (1st module) 
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AZ03 A10 citT DASS family, citrate:succinate 

transport (antiport) protein (2nd 

module) 

AZ03 A11 galE UDP-galactose 4-epimerase (1st 

module) 

AZ03 A12 Empty Empty well 

AZ03 B1 poxB pyruvate dehydrogenase/oxidase  

FAD and thiamine PPi binding, 

cytoplasmic in absence of cofactors 

(1st module) 

AZ03 B2 uidA beta-D-glucuronidase 

AZ03 B3 gatY tagatose 6-phosphate aldolase 2, 

subunit with GatZ 

AZ03 B4 galS transcriptional repressor for 

galactose utilization (GalR/LacI 

family) 

AZ03 B5 yjcH conserved hypothetical protein 

AZ03 B6 yjcO conserved hypothetical protein 

AZ03 B7 mdtO putative transporter (Pit family) 

(2nd module) 

AZ03 B8 mdtN putative multidrug resistance efflux 

pump protein, membrane protein 

AZ03 B9 phnQ conserved hypothetical protein 
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AZ03 B10 yjdB putative transmembrane protein (1st 

module) 

AZ03 B11 aniC putative APC family, 

putrescine/ornithine transport 

protein, cryptic 

AZ03 B12 yjdF unknown CDS 

AZ03 C1 yhbW putative monooxygenase 

AZ03 C2 yjjU putative transcriptional regulator 

(2nd module) 

AZ03 C3 serA D-3-phosphoglycerate 

dehydrogenase 

AZ03 C4 yhfK hypothetical protein 

AZ03 C5 yhfL unknown CDS 

AZ03 C6 yhfP conserved protein 

AZ03 C7 yhgA putative transposase (1st module) 

AZ03 C8 yrbL unknown CDS 

AZ03 C9 yhcA putative periplasmic chaperone 

protein 

AZ03 C10 U139 promoterless strain 

AZ03 C11 yhcG unknown CDS 

AZ03 C12 sohA putative protease; htrA suppressor 

protein 

AZ03 D1 ybcW DLP12 prophage 
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AZ03 D2 galU glucose-1-phosphate 

uridylyltransferase 

AZ03 D3 gutM transcriptional activator for glucitol 

utilization 

AZ03 D4 srlR transcriptional repressor for glucitol 

utilization (DeoR family) (2nd 

module) 

AZ03 D5 fucR transcriptional activator for L-

fucose utilization  (DeoR family) 

(2nd module) 

AZ03 D6 dhaR putative regulator in two-component 

regulatory system (EBP family), 

FIS-like domain (1st module) 

AZ03 D7 feaB phenylacetaldehyde dehydrogenase 

(2nd module) 

AZ03 D8 galR transcriptional repressor for 

galactose utilization (GalR/LacI 

family) 

AZ03 D9 bglA 6-phospho-beta-glucosidase A 

AZ03 D10 glcC transcriptional activator  for 

glycolate utilization (GntR family) 
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AZ03 D11 mhpR transcriptional activator for 3-

hydroxyphenylpropionate 

degradation (IclR family) 

AZ03 D12 feaR transcriptional activator of 2-

phenylethylamine catabolism 

(AraC/XylS family) (2nd module) 

AZ03 E1 gatR_1 split transcriptional repressor for 

galactitol utilization, fragment 1 

AZ03 E2 hcaR multimodular HcaR: transcriptional 

activator of hca cluster (LysR 

family) (1st module) 

AZ03 E3 yciK putative oxoacyl-(acyl carrier 

protein) reductase 

AZ03 E4 yfdZ putative PLP-dependent 

aminotransferase 

AZ03 E5 sohB putative peptidase (2nd module) 

AZ03 E6 yrfF conserved hypothetical protein 

AZ03 E7 yhhY putative acyltransferase 

AZ03 E8 yhhN unknown CDS 

AZ03 E9 yhhQ putative integral membrane protein 

(1st module) 

AZ03 E10 norV putative  flavodoxin 
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AZ03 E11 ygbJ putative dehydrogenase, NAD(P)-

binding 

AZ03 E12 fsaA putative transaldolase 

AZ03 F1 torT periplasmic sensor in multi-

comopnent regulatory system with 

TorS (sensory kinase) and TorR 

(regulator), regulates 

trimethylamine n-oxide reductase 

respiratory system 

AZ03 F2 fdnG formate dehydrogenase-N, alpha 

subunit, nitrate inducible (1st 

module) 

AZ03 F3 U66 promoterless strain 

AZ03 F4 ylcE DLP12 prophage 

AZ03 F5 ackA acetate kinase A (propionate kinase 

2) 

AZ03 F6 narQ sensory histidine kinase in two-

component regulatory system with 

NarP ( NarL) (2nd module) 

AZ03 F7 ttdA L-tartrate dehydratase 

AZ03 F8 glpD sn-glycerol-3-phosphate 

dehydrogenase FAD/NAD(P)-

binding (aerobic) 
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AZ03 F9 fdhD formate dehydrogenase formation 

protein 

AZ03 F10 wrbA flavodoxin-like protein, trp 

repressor binding protein 

AZ03 F11 zraS ZraSR Two-Component Signal 

Transduction System 

AZ03 F12 nrfA nitrite reductase periplasmic 

cytochrome c(552): 

AZ03 G1 yjdI conserved hypothetical protein 

AZ03 G2 dmsA anaerobic dimethyl sulfoxide 

reductase, subunit A (1st module) 

AZ03 G3 cbdA putative third cytochrome oxidase, 

subunit  I 

AZ03 G4 ndh respiratory NADH dehydrogenase 

2; cupric reductase (2nd module) 

AZ03 G5 aldH aldehyde dehydrogenase, prefers 

NADP over NAD 

AZ03 G6 aldA aldehyde dehydrogenase A, NAD-

linked 

AZ03 G7 fhlA transcriptional activator for 

induction of formate hydrogen-lyase  

(EBP family) (2nd module) 
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AZ03 G8 nrfE formate-dependent nitrite reductase; 

involved in attachment of haem c to 

cytochrome c552 

AZ03 G9 cybC cytochrome b(562) 

AZ03 G10 yhhZ conserved protein 

AZ03 G11 yhiP putative POT family, peptide 

transport protein 

AZ03 G12 b0582 IS186 protein 

AZ03 H1 lacZ beta-galactosidase, lac operon 

AZ03 H2 yjfQ putative transcriptional repressor 

(DeoR family) (2nd module) 

AZ03 H3 ytfE conserved hypothetical protein 

AZ03 H4 ytfF putative cationic amino acid 

transporter (1st module) 

AZ03 H5 ytfL putative hemolysin-related protein 

(1st module) 

AZ03 H6 yjgH putative translation factor 

AZ03 H7 yjgR putative enzyme contains P-loop 

containing nucleotide triphosphate 

hydrolase domain 

AZ03 H8 yjhU putative transcriptional regulator 

AZ03 H9 mltD membrane-bound lytic murein 

transglycosylase D 
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AZ03 H10 fldA flavodoxin 1 

AZ03 H11 pflA pyruvate formate lyase activating 

enzyme 1 

AZ03 H12 narZ nitrate reductase 2, alpha subunit 

(1st module) 

AZ04 A1 nuoM NADH dehydrogenase I chain M, 

membrane subunit (2nd module) 

AZ04 A2 insB_4 IS1 protein InsB 

AZ04 A3 hydN electron transport protein (FeS 

center) from formate to hydrogen 

AZ04 A4 hycB hydrogenase-3, iron-sulfur subunit 

(part of FHL complex) 

AZ04 A5 fdhF formate dehydrogenase H, 

selenopolypeptide subunit 

AZ04 A6 nudE conserved protein, MutT-like 

AZ04 A7 yhhM unknown CDS 

AZ04 A8 sirA small ubiquitous protein required for 

normal growth 

AZ04 A9 norR putative transcriptional regulator 

(EBP family) (2nd module) 

AZ04 A10 ygbI putative transcriptional repressor 

(DeoR family) (1st module) 
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AZ04 A11 ssuE NAD(P)H dependent FMN 

reductase, sulfate starvation-induced 

protein 

AZ04 A12 Empty Empty well 

AZ04 B1 torS sensory kinase in multi-component 

regulatory system with TorR 

(regulator) and TorT (periplasmic 

sensor), regulates trimethylamine n-

oxide reductase respiratory system 

(2nd module) 

AZ04 B2 torR response regulator in multi-

component regualtory system wtih 

TorS (sensory kinase) and TorT 

(periplasmic sensor), regulates 

trimethylamine n-oxide reductase 

respiratory system (TorR family) 

AZ04 B3 adhE multifunctional multimodular AdhE: 

acetaldehyde-CoA dehydrogenase 

(1st module) 

AZ04 B4 b2192 IS5 protein 

AZ04 B5 yfbV conserved hypothetical protein 

AZ04 B6 aegA putative oxidoreductase, Fe-S 

subunit  
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AZ04 B7 ygiP putative transcriptional regulator 

(LysR family) 

AZ04 B8 glpE thiosulfate/cyanide sulfurtransferase 

(rhodanese) 

AZ04 B9 fdoG formate dehydrogenase-O, major 

subunit (1st module) 

AZ04 B10 zraP zinc homeostasis protein 

AZ04 B11 dcuS sensory histidine kinase in two-

component regulatory system with 

DcuR, regulator of anaerobic 

fumarate respiration  

AZ04 B12 deoR transcriptional repressor for 

nucleotide catabolism (DeoR 

family) (2nd module) 

AZ04 C1 ugd UDP-glucose 6-dehydrogenase (1st 

module) 

AZ04 C2 rfbA dTDP-glucose pyrophosphorylase 

(1st module) 

AZ04 C3 serA D-3-phosphoglycerate 

dehydrogenase 

AZ04 C4 rfbB dTDP-glucose 4,6 dehydratase, 

NAD(P)-binding 
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AZ04 C5 gcvT glycine cleavage complex protein T, 

aminomethyltransferase, 

tetrahydrofolate-dependent 

AZ04 C6 kbl 2-amino-3-ketobutyrate CoA ligase 

(glycine acetyltransferase) 

AZ04 C7 glmU bifunctional multimodular GlmU: 

N-acetyl glucosamine-1-phosphate 

uridyltransferase (1st module) 

AZ04 C8 fpr ferredoxin-NADP reductase, N-term 

FAD, C-term NAD sites 

AZ04 C9 yhiD putative Mg(2+) transport ATPase 

AZ04 C10 U139 promoterless strain 

AZ04 C11 fhuF acts in reduction of ferrioxamine B 

iron 

AZ04 C12 pppA bifunctional prepilin peptidase, 

cleaves N-terminal peptide off and 

methylates new N-terminal amino 

acid (2nd module) 

AZ04 D1 b2974 conserved hypothetical protein 

AZ04 D2 hybO hydrogenase-2, small chain, 

required for membrane targeting and 

nickel aquisition by of HybC 

AZ04 D3 chiA endochitinase 
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AZ04 D4 yhfX conserved protein (1st module) 

AZ04 D5 yhfZ unknown CDS 

AZ04 D6 yzgL conserved protein 

AZ04 D7 yhhW conserved hypothetical protein 

AZ04 D8 rna RNase I, cleaves phosphodiester 

bond between any two nucleotides 

AZ04 D9 recE Rac prophage; exonuclease VIII, ds 

DNA exonuclease, 5' --> 3' specific 

(2nd module) 

AZ04 D10 rnd RNase D, processes tRNA precursor 

AZ04 D11 ptrB protease II 

AZ04 D12 clpB ATP-dependent protease, Hsp 100, 

part of novel multi-chaperone 

system with DnaK, DnaJ, and GrpE 

(2nd module) 

AZ04 E1 ftsH ATP-dependent zinc-metallo 

protease (2nd module) 

AZ04 E2 hslV peptidase component of the HslUV 

protease 

AZ04 E3 mcrB component of 5-methylcytosine-

specific restriction enzyme McrBC 

AZ04 E4 yhgF conserved protein (3rd module) 
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AZ04 E5 rssB response regulator involved in 

protein turnover, controls stability 

of RpoS (1st module) 

AZ04 E6 rnt RNase T, degrades tRNA , has 

exonuclease and ssDNAse activity 

AZ04 E7 amyA cytoplasmic alpha-amylase 

AZ04 E8 degQ serine endoprotease 

AZ04 E9 pinE e14 prophage; inversion of adjacent 

DNA 

AZ04 E10 htrA periplasmic serine protease Do, heat 

shock protein (2nd module) 

AZ04 E11 yedQ conserved protein (2nd module) 

AZ04 E12 erfK conserved hypothetical protein 

AZ04 F1 yeeA putative membrane protein, 

transport (1st module) 

AZ04 F2 yejG conserved hypothetical protein 

AZ04 F3 U66 promoterless strain 

AZ04 F4 apbE hypothetical protein with similarity 

to Salmonella typhimurium 

thiamine biosynthesis/iron-sulfur 

cluster metabolism protein 

AZ04 F5 ygiR conserved protein 

AZ04 F6 ynjF putative transferase 
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AZ04 F7 b1788 unknown CDS 

AZ04 F8 yoaF conserved hypothetical protein 

AZ04 F9 yoaA putative ATP-dependent helicase, 

SOS repair 

AZ04 F10 wrbA flavodoxin-like protein, trp 

repressor binding protein 

AZ04 F11 yebR conserved hypothetical protein 

AZ04 F12 yohL conserved hypothetical protein 

AZ04 G1 pncB nicotinate phosphoribosyltransferase 

AZ04 G2 pepD aminoacyl-histidine dipeptidase 

(peptidase D) 

AZ04 G3 xseB exonuclease VII, small subunit 

AZ04 G4 rne RNase E  (1st module) 

AZ04 G5 dcp dipeptidyl carboxypeptidase II 

AZ04 G6 guaB multimodular GuaB: putative 

membrane protein (2nd module) 

AZ04 G7 prlC oligopeptidase A, (1st module) 

AZ04 G8 bax conserved hypothetical protein 

AZ04 G9 rph RNase PH 

AZ04 G10 fadB multifunctional multimodular FadB: 

3-hydroxybutyryl-coa epimerase 

(EC 5.1.2.3); delta(3)-cis-delta(2)-

trans-enoyl-coa-isomerase (EC 
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5.3.3.8); enoyl-coa-hydratase 

(4.2.1.17) (1st module) 

AZ04 G11 pepE (alpha)-aspartyl dipeptidase 

AZ04 G12 hsdR endonuclease R, host restriction (1st 

module) 

AZ04 H1 lacZ beta-galactosidase, lac operon 

AZ04 H2 ybhD putative transcriptional regulator 

(LysR family) (1st module) 

AZ04 H3 ynfB unknown CDS 

AZ04 H4 rstA response regulator (activator) in 

two-component regulatory system 

with RstB (OmpR family) 

AZ04 H5 slyB putative outer membrane lipoprotein 

AZ04 H6 ydhO putative lipoprotein (1st module) 

AZ04 H7 osmC resistance protein, osmotically 

inducible 

AZ04 H8 flk cell division protein 

AZ04 H9 tolC outer membrane channel; specific 

tolerance to colicin E1; segregation 

of daughter chromosomes, role in 

organic solvent tolerance 

AZ04 H10 yhhF putative methyltransferase 

AZ04 H11 uspA universal stress protein A 
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AZ04 H12 ecfI NA 

AZ05 A1 yhiI putative membrane protein 

AZ05 A2 yhiJ conserved hypothetical protein (2nd 

module) 

AZ05 A3 yeaX putative oxidoreductase 

AZ05 A4 yebU putative methyltransferase (2nd 

module) 

AZ05 A5 b1966 putative outer membrane porin 

protein 

AZ05 A6 yedY putative reductase 

AZ05 A7 apt adenine phosphoribosyltransferase 

AZ05 A8 add adenosine deaminase 

AZ05 A9 amn AMP nucleosidase 

AZ05 A10 cdd cytidine/deoxycytidine deaminase 

AZ05 A11 rfe undecaprenyl-phosphate ?-N-

acetylglucosaminyl transferase 

AZ05 A12 Empty Empty well 

AZ05 B1 yifM_2 4-acetamido-4,6-dideoxy-D-

galactose transferase 

AZ05 B2 metF 5,10-methylenetetrahydrofolate 

reductase 

AZ05 B3 deoA thymidine phosphorylase 

AZ05 B4 deoB phosphopentomutase 
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AZ05 B5 deoD purine-nucleoside phosphorylase 

AZ05 B6 yodB putative cytochrome 

AZ05 B7 yeeJ putative transcriptional regulator 

(1st module) 

AZ05 B8 yeeU CP4-44 prophage; putative 

structural protein 

AZ05 B9 yeiT putative glutamate synthase (1st 

module) 

AZ05 B10 yeiP putative elongation factor 

AZ05 B11 b1331 IS5 protein 

AZ05 B12 sieB Rac prophage; phage superinfection 

exclusion protein 

AZ05 C1 spr suppresses thermosensitivity of prc 

mutants at low osmolality 

(lipoprotein) 

AZ05 C2 yfbJ unknown CDS 

AZ05 C3 serA D-3-phosphoglycerate 

dehydrogenase 

AZ05 C4 elaD conserved hypothetical protein 

AZ05 C5 yfbR conserved protein 

AZ05 C6 yfcC putative integral membrane protein 

AZ05 C7 intS putative prophage Sf6-like integrase 

AZ05 C8 b2394 putative transposase 



 

  178 

AZ05 C9 hyfR transcriptional activator for 

expression of hydrogenase 4 genes, 

interacts with sigma 54 (EBP 

family) (2nd module) 

AZ05 C10 U139 promoterless strain 

AZ05 C11 yiiF unknown CDS 

AZ05 C12 csiE stationary phase inducible protein 

AZ05 D1 yfjP CP4-57 prophage; putative GTP-

binding factor 

AZ05 D2 yfjR CP4-57 prophage; putative 

transcriptional repressor (DeoR 

family) 

AZ05 D3 yqaC putative glycosyltransferase 

AZ05 D4 ygdQ putative transmembrane protein, 

transport 

AZ05 D5 yqeI conserved protein 

AZ05 D6 ygeH putative invasion (regulator) protein 

AZ05 D7 ygeY putative deacetylase (1st module) 

AZ05 D8 ygiL putative fimbrial-like protein (1st 

module) 

AZ05 D9 eaeH outer membrane protein important 

for attachment, pathogenesis factor 
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AZ05 D10 ykgD putative transcriptional regulator 

(AraC/XylS family) (2nd module) 

AZ05 D11 gsk inosine-guanosine kinase 

AZ05 D12 smtA S-adenosylmethionine-dependent 

methyltransferase (1st module) 

AZ05 E1 purM phosphoribosylaminoimidazole 

synthetase (AIR synthetase) 

AZ05 E2 ygiH conserved hypothetical protein 

AZ05 E3 udp uridine phosphorylase 

AZ05 E4 fxsA suppress F exclusion of 

bacteriophage T7 

AZ05 E5 cysQ gene product acts on 3'-

phosphoadenosine-5'-

phosphosulfate 

AZ05 E6 deoC 2-deoxyribose-5-phosphate aldolase, 

NAD(P)-linked 

AZ05 E7 metK methionine adenosyltransferase 1 

(AdoMet synthetase) (2nd module) 

AZ05 E8 ykgM putative ribosomal protein 

AZ05 E9 ykgC putative oxidoreductase, 

FAD/NAD(P)-binding (2nd module) 

AZ05 E10 aes acetyl-esterase 

AZ05 E11 ycbC putative enzyme 
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AZ05 E12 upp uracil phosphoribosyltransferase 

AZ05 F1 folB dihydroneopterin aldolase 

AZ05 F2 ysgA putative dienelactone hydrolase 

AZ05 F3 U66 promoterless strain 

AZ05 F4 aspA aspartate ammonia-lyase (aspartase) 

AZ05 F5 cpdB 2':3'-cyclic-nucleotide 2'-

phosphodiesterase 

AZ05 F6 yjiH conserved protein 

AZ05 F7 yjjI conserved hypothetical protein 

AZ05 F8 yqgD unknown CDS 

AZ05 F9 phoP response regulator in two-

component regulatory system with 

PhoQ, transcribes genes expressed 

under low Mg+ concentration 

(OmpR family) 

AZ05 F10 wrbA flavodoxin-like protein, trp 

repressor binding protein 

AZ05 F11 guaA multimodular GuaA: glutamine 

aminotransferase of GMP 

synthetase (1st module) 

AZ05 F12 pgk phosphoglycerate kinase 

AZ05 G1 sspA stringent starvation protein A, 

regulator of transcription 
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AZ05 G2 arpA regulator of acetyl CoA synthetase 

AZ05 G3 yjhI putative transcriptional repressor 

(IclR family) 

AZ05 G4 sgcC NA 

AZ05 G5 yjhS conserved protein 

AZ05 G6 adk adenylate kinase 

AZ05 G7 flgH flagellar biosynthesis, basal-body 

outer-membrane L 

(lipopolysaccharide layer) ring 

protein 

AZ05 G8 fabF 3-oxoacyl-[acyl-carrier-protein] 

synthase II 

AZ05 G9 cfa cyclopropane fatty acyl 

phospholipid synthase (unsaturated-

phospholipid methyltransferase) 

(2nd module) 

AZ05 G10 ydfO Qin prophage; 

AZ05 G11 yebF conserved hypothetical protein 

AZ05 G12 b1998 CP4-44 prophage; putative outer 

membrane protein 

AZ05 H1 lacZ beta-galactosidase, lac operon 

AZ05 H2 fabZ (3R)-hydroxymyristol acyl carrier 

protein dehydratase 
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AZ05 H3 crl transcriptional regulator of cryptic 

genes for curli formation and 

fibronectin binding 

AZ05 H4 yibL conserved protein 

AZ05 H5 yicH conserved protein 

AZ05 H6 yieE unknown CDS 

AZ05 H7 yihL putative transcriptional repressor 

(GntR family) 

AZ05 H8 yihX putative dehydratase or phosphatase 

AZ05 H9 nadK conserved protein 

AZ05 H10 guaC GMP reductase (2nd module) 

AZ05 H11 barA bifunctional multimodular BarA: 

sensory histidine kinase in two 

component regulatory system, 

activates OmpR (1st module) 

AZ05 H12 ygjO putative ribosomal RNA small 

subunit methyltransferase (2nd 

module) 

AZ06 A1 coaE dephospho-CoA kinase 

AZ06 A2 rumA putative RNA methyltransferase 

(2nd module) 
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AZ06 A3 soxS transcriptional activator of 

superoxide response regulon 

(AraC/XylS family) 

AZ06 A4 yhcF putative transcriptional regulator 

AZ06 A5 speE spermidine synthase  (putrescine 

aminopropyltransferase) 

AZ06 A6 ykgJ putative ferredoxin 

AZ06 A7 rnk regulator of nucleoside diphosphate 

kinase 

AZ06 A8 mgsA methylglyoxal synthase 

AZ06 A9 gadB glutamate decarboxylase, PLP-

dependent, isozyme beta 

AZ06 A10 hdhA 7alpha-hydroxysteroid 

dehydrogenase, NAD-dependent 

AZ06 A11 pdxY pyridoxal kinase 2/pyridoxine 

kinase (2nd module) 

AZ06 A12 Empty Empty well 

AZ06 B1 nudB dATP pyrophosphohydrolase, 

MutT-like 

AZ06 B2 cpsG phosphomannomutase  in colanic 

acid gene cluster 

AZ06 B3 pyrG CTP synthetase 
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AZ06 B4 gcvA transcriptional regulator for 

cleavage of glycine (LysR family) 

AZ06 B5 gcvP glycine cleavage complex protein P, 

glycine decarboxylase, PLP-

dependent 

AZ06 B6 speB agmatinase 

AZ06 B7 phnL putative ABC superfamily 

(atp_bind), phosphonate transport 

protein also putative C-P lyase 

component 

AZ06 B8 nrdG anaerobic ribonucleotide reductase 

activating protein 

AZ06 B9 yfbS putative response regulator (1st 

module) 

AZ06 B10 ubiX 3-octaprenyl-4-hydroxybenzoate 

carboxy-lyase 

AZ06 B11 usg putative aspartate-semialdehyde 

dehydrogenase, NAD(P)-binding 

(2nd module) 

AZ06 B12 yfcU putative outer membrane protein 

AZ06 C1 yfcV putative fimbrial-like protein 
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AZ06 C2 fadI putative acetyl-CoA 

acetyltransferase with thiolase 

domain 

AZ06 C3 serA D-3-phosphoglycerate 

dehydrogenase 

AZ06 C4 yfdL CPS-53 prophage; 

AZ06 C5 yfdV putative AEC family transporter 

(2nd module) 

AZ06 C6 yfdU putative oxalyl-CoA decarboxylase, 

FAD and thiamine PPi binding (1st 

module) 

AZ06 C7 fryB putative PTS system enzyme IIB 

component 

AZ06 C8 ucpA putative acetoin dehydrogenase 

AZ06 C9 eutN putative detox protein, ethanolamine 

utilization 

AZ06 C10 U139 promoterless strain 

AZ06 C11 der putative GTP-binding factor (1st 

module) 

AZ06 C12 yfgA conserved protein (2nd module) 

AZ06 D1 sseB enhances serine sensitivity 

AZ06 D2 pepB aminopeptidase (AP) 

AZ06 D3 yfhG conserved protein 
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AZ06 D4 yfhK putative sensory kinase in regulatory 

system (2nd module) 

AZ06 D5 b2639 CP4-57 prophage; putative arsenical 

pump protein 

AZ06 D6 luxS autoinducer 2 (AI-2) synthase; acts 

in quorum sensing 

AZ06 D7 recX regulator 

AZ06 D8 rhsA RhsA protein in RhsA element (2nd 

module) 

AZ06 D9 ygcU putative oxidase, FAD-binding 

subunit 

AZ06 D10 ygdL putative enzyme, NAD(P)-binding 

(1st module) 

AZ06 D11 yqfA putative transmembrane protein 

AZ06 D12 ygfF putative oxidoreductase, NAD(P)-

binding 

AZ06 E1 ygfI putative transcriptional regulator 

(LysR familiy) 

AZ06 E2 yggE conserved protein 

AZ06 E3 mscS putative membrane protein,  

involved in stability of MscS 

mechanosensitive channel, (1st 

module) 
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AZ06 E4 yggM conserved protein 

AZ06 E5 ydjN putative transport protein (1st 

module) 

AZ06 E6 asr acid shock protein 

AZ06 E7 ydgI putative APC family, 

arginine/ornithine antiporter 

AZ06 E8 ydiM putative MFS family transport 

protein (1st module) 

AZ06 E9 ydiF putative acetyl-CoA:acetoacetyl-

CoA transferase alpha subunit (1st 

module) 

AZ06 E10 ydiS putative electron transfer 

flavoprotein,  NAD/FAD-binding 

domain 

AZ06 E11 yncC putative transcriptional regulator 

(GntR familiy) 

AZ06 E12 tam trans-aconitate methyltransferase 

(1st module) 

AZ06 F1 folX D-erythro-7,8-dihydroneopterin 

triphosphate 2'-epimerase (also has 

dihydroneopterin aldolase activity) 

AZ06 F2 ydfH putative transcriptional repressor 

(GntR family) 
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AZ06 F3 U66 promoterless strain 

AZ06 F4 ynfE putative reductase (1st module) 

AZ06 F5 pyrH uridylate kinase (2nd module) 

AZ06 F6 psiF induced by phosphate starvation 

AZ06 F7 glnK regulatory protein, P-II 2, for 

nitrogen assimilation by glutamine 

synthetase, regulates GlnL (NRII) 

and GlnE (ATase) 

AZ06 F8 gcl glyoxylate carboligase 

AZ06 F9 b4285 putative transposase 

AZ06 F10 wrbA flavodoxin-like protein, trp 

repressor binding protein 

AZ06 F11 appA phytase and phosphoanhydride 

phosphorylase (pH 2.5 acid 

phosphatase) 

AZ06 F12 phoH PhoB-dependent, ATP-binding pho 

regulon component (2nd module) 

AZ06 G1 gloA glyoxalase I, nickel isomerase 

AZ06 G2 ybdL putative PLP-dependent 

aminotransferase (1st module) 

AZ06 G3 rhlE putative ATP-dependent helicase 

(2nd module) 



 

  189 

AZ06 G4 ybjK putative transcriptional regulator 

(DeoR family) 

AZ06 G5 yafS putative methyltransferase 

AZ06 G6 dpiB sensory histidine kinase in two-

component regulatory system with 

DpiA, regulation of citrate 

fermentation and plasmid 

inheritance genes (1st module) 

AZ06 G7 ydgH unknown CDS 

AZ06 G8 yegE putative modular sensory 

transducing histidine kinase (2nd 

module) 

AZ06 G9 yfeN unknown CDS 

AZ06 G10 yqgA conserved hypothetical protein 

AZ06 G11 yghU putative S-transferase 

AZ06 G12 pldA outer membrane phospholipase A 

AZ06 H1 lacZ beta-galactosidase, lac operon 

AZ06 H2 pldB lysophospholipase L(2) 

AZ06 H3 ybdH putative alcohol dehydrogenase 

AZ06 H4 ybiH putative transcriptional represor 

(TetR/AcrR family) 

AZ06 H5 ybjJ putative transport protein/putative 

regulator (1st  module) (1st module) 
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AZ06 H6 insA_7 IS1 protein InsA 

AZ06 H7 citC citrate lyase synthetase (citrate (pro-

3S)-lyase ligase) 

AZ06 H8 pntA pyridine nucleotide 

transhydrogenase (proton pump), 

alpha subunit (2nd module) 

AZ06 H9 udk uridine/cytidine kinase 

AZ06 H10 xapA xanthosine phosphorylase (purine 

nucleoside phosphorylase) 

AZ06 H11 speC ornithine decarboxylase isozyme 

AZ06 H12 gssA bifunctional: glutathionylspermidine 

synthetase; glutathionylspermidine 

amidase (2nd module) 

AZ07 A1 yigI conserved hypothetical protein 

AZ07 A2 rhtB RhtB homoserine Rht Transporter 

AZ07 A3 hemB 5-aminolevulinate dehydratase ( 

porphobilinogen synthase) 

AZ07 A4 entD enterochelin synthetase, component 

D (phoshpantetheinyltransferase) 

AZ07 A5 lipA lipoate synthase, an iron-sulfur  

enzyme (2nd module) 

AZ07 A6 lipB putative ligase in lipoate 

biosynthesis 
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AZ07 A7 ynfK putative dethiobiotin synthetase 

AZ07 A8 intF CP4-6 prophage; putative phage 

integrase (2nd module) 

AZ07 A9 menD bifunctional modular MenD: 2-

oxoglutarate decarboxylase (1st 

module) and SHCHC synthase (1st 

module) 

AZ07 A10 menF isochorismate synthase 

(isochorismate hydroxymutase 2), 

menaquinone biosynthesis 

AZ07 A11 folC multifunctional folylpolyglutamate 

synthase; dihydrofolate synthase, 

also has formylTHF polyglutamate 

synthase activity (2nd module) 

AZ07 A12 Empty Empty well 

AZ07 B1 menG putative methyltransferase in 

menaquinone biosynthesis protein 

AZ07 B2 cobU bifunctional: cobinamide kinase; 

cobinamide phosphate 

guanylyltransferase 

AZ07 B3 mcrA e14 prophage; restriction of DNA at 

5-methylcytosine residues 
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AZ07 B4 yahB putative transcriptional regulator 

(LysR family) (1st module) 

AZ07 B5 yaiM putative esterase 

AZ07 B6 yaiP putative enzyme in polysaccharide 

metabolism (1st module) 

AZ07 B7 ybdG putative transport (1st module) 

AZ07 B8 ybeF putative transcriptional regulator 

(LysR family) or periplasmic 

binding protein 

AZ07 B9 hscC putative heatshock protein (Hsp70 

family) (1st module) 

AZ07 B10 abrB putative transport protein (1st 

module) 

AZ07 B11 ybgQ putative outer membrane protein 

(1st module) 

AZ07 B12 mazE part of proteic killer gene system, 

suppressor of inhibitory function of 

ChpA 

AZ07 C1 ybgD putative fimbrial-like protein 

AZ07 C2 ybhC putative pectinesterase (2nd 

module) 

AZ07 C3 serA D-3-phosphoglycerate 

dehydrogenase 
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AZ07 C4 fiu outer membrane porin protein, 

putative ferrisiderophore receptor 

(1st module) 

AZ07 C5 ybiO putative integral membrane protein 

(2nd module) 

AZ07 C6 ybjS putative dehydrogenase, NAD(P)-

binding (1st module) 

AZ07 C7 hcp hybrid-cluster protein with unknown 

physiological role 

AZ07 C8 ybjE conserved hypothetical protein 

AZ07 C9 yccA putative TEGT family transport 

protein 

AZ07 C10 U139 promoterless strain 

AZ07 C11 pspB phage shock protein; regulatory 

gene, activates expression of psp 

operon with PspC 

AZ07 C12 solA putative sarcosine  FAD/NAD(P)-

binding oxidase (1st module) 

AZ07 D1 ycgE putative transcriptional repressor 

(MerR family) (1st module) 

AZ07 D2 ykgE putative oxidoreductase 

AZ07 D3 yahK putative dehydrogenase, NAD(P) 

binding 
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AZ07 D4 ybaO putative transcriptional regulator 

(AsnC familiy) 

AZ07 D5 cueR putative heavy metal transcriptional 

repressor (MerR family) 

AZ07 D6 allR transcriptional repressor of allantoin 

metabolism (IclR family) 

AZ07 D7 sfmC putative periplasmic chaperone 

AZ07 D8 b0663 NA 

AZ07 D9 ubiC chorismate pyruvate lyase 

AZ07 D10 ybhJ putative hydratase (2nd module) 

AZ07 D11 pqiA paraquat-inducible protein A, 

membrane (1st module) 

AZ07 D12 ymcE suppresses fabA and ts growth 

mutation 

AZ07 E1 csgC putative curli production protein 

AZ07 E2 mviN putative virulence factor 

AZ07 E3 ycgM putative isomerase 

AZ07 E4 ycjM putative sucrose phosphorylase (1st 

module) 

AZ07 E5 ycbR putative periplasmic chaperone 

AZ07 E6 ycbB putative carboxypeptidase (N-

terminal ) 

AZ07 E7 hemG protoporphyrin flavoprotein oxidase 
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AZ07 E8 mntR conserved protein 

AZ07 E9 yliI putative dehydrogenase 

AZ07 E10 ybjN unknown CDS 

AZ07 E11 folA dihydrofolate reductase type I; 

trimethoprim resistance 

AZ07 E12 hemH ferrochelatase 

AZ07 F1 entF adenosinylation of serine, 

component F of enterobactin 

synthetase (nonribosomal peptide 

synthetase) (3rd module) 

AZ07 F2 acpP acyl carrier protein 

AZ07 F3 U66 promoterless strain 

AZ07 F4 pabC 4-amino-4-deoxychorismate lyase 

(aminotransferase) (2nd module) 

AZ07 F5 molR_2 split molybdate metabolism 

regulator,  fragment 2 of 3 

AZ07 F6 ubiE S-adenosylmethionine:2-DMK 

methyltransferase / 2-octaprenyl-6-

methoxy-1,4-benzoquinone 

methylase 

AZ07 F7 hemN O2-independent 

coproporphyrinogen III oxidase (1st 

module) 
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AZ07 F8 mog putative molybdochetalase in 

molybdopterine biosynthesis 

AZ07 F9 pspE phage shock protein 

AZ07 F10 wrbA flavodoxin-like protein, trp 

repressor binding protein 

AZ07 F11 sfmA putative fimbrial-like protein 

AZ07 F12 bioB biotin synthetase (2nd module) 

AZ07 G1 moaA molybdopterin biosynthesis, protein 

A (1st module) 

AZ07 G2 iaaA putative asparaginase 

AZ07 G3 hemA glutamyl tRNA reductase 

AZ07 G4 yeiG putative esterase 

AZ07 G5 ispB octaprenyl diphosphate synthase 

AZ07 G6 yiaD putative outer membrane protein 

AZ07 G7 yihD conserved hypothetical protein 

AZ07 G8 hemL glutamate-1-semialdehyde 

aminotransferase (aminomutase), 

PLP-dependent 

AZ07 G9 folD bifunctional 5,10-methylene-

tetrahydrofolate dehydrogenase and 

5,10-methylene-tetrahydrofolate 

cyclohydrolase 

AZ07 G10 ybhK putative phosphatase/sulfatase 
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AZ07 G11 moeA molybdopterin biosynthesis protein 

AZ07 G12 lolB outer membrane lipoprotein, 

localization of lipoproteins in the 

outer membrane 

AZ07 H1 lacZ beta-galactosidase, lac operon 

AZ07 H2 folE GTP cyclohydrolase I 

AZ07 H3 bisC biotin sulfoxide reductase (1st 

module) 

AZ07 H4 mobA molybdopterin-guanine dinucleotide 

synthase 

AZ07 H5 yoaH conserved hypothetical protein 

AZ07 H6 aaeR putative transcriptional regulator 

(LysR family) (1st module) 

AZ07 H7 kbaZ tagatose 6-phosphate aldolase 1, 

subunit togwther with AgaY 

AZ07 H8 yhaK conserved hypothetical protein 

AZ07 H9 yhdH putative dehydrogenase, NAD(P) 

binding (2nd module) 

AZ07 H10 yhcB conserved hypothetical protein 

AZ07 H11 yraM putative enzyme (1st module) 

AZ07 H12 yhbO putative intracellular proteinase with 

catalase domain 

AZ08 A1 yhbQ conserved hypothetical protein 
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AZ08 A2 yhbU putative protease 

AZ08 A3 b0671 NA 

AZ08 A4 rhsE rhsE protein in rhs element (2nd 

module) 

AZ08 A5 prpB putative 

carboxyphosphonoenolpyruvate 

mutase 

AZ08 A6 hyaA hydrogenase-1 small subunit 

AZ08 A7 ghrA putative oxidoreductase, NAD(P)-

binding (2nd module) 

AZ08 A8 valV valine tRNA 2B 

AZ08 A9 yeeI conserved hypothetical protein 

AZ08 A10 asnV asparagine tRNA 

AZ08 A11 yejH putative ATP-dependent helicase 

(1st module) 

AZ08 A12 Empty Empty well 

AZ08 B1 yfeC putative negative regulator 

AZ08 B2 srmB ATP-dependent RNA helicase (1st 

module) 

AZ08 B3 trxC reduced thioredoxin 2 

AZ08 B4 metZ initiator methionine tRNA-f1 

(duplicate of metW,V) 

AZ08 B5 yaeQ conserved hypothetical protein 
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AZ08 B6 proL proline tRNA 2 

AZ08 B7 argW arginine tRNA 5 

AZ08 B8 yibK putative tRNA/rRNA 

methyltransferase 

AZ08 B9 rhoL rho operon leader peptide 

AZ08 B10 rho transcription termination factor Rho;  

polarity suppressor (2nd module) 

AZ08 B11 rlmB putative tRNA/rRNA 

methyltransferase 

AZ08 B12 aspU aspartate tRNA 1 (duplicate of 

aspT,V) 

AZ08 C1 valT valine tRNA 1 (duplicate of 

valU,X,Y) 

AZ08 C2 ileV isoleucine tRNA 1 (duplicate of 

ileT,U) 

AZ08 C3 serA D-3-phosphoglycerate 

dehydrogenase 

AZ08 C4 dxr subunit of DXP reductoisomerase 

AZ08 C5 yafT unknown CDS 

AZ08 C6 yafJ conserved hypothetical protein 

AZ08 C7 b0257 CP4-6 prophage; IS911, putative 

transposase 
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AZ08 C8 yagG CP4-6 prophage; putative sugar 

transport protein (3rd module) 

AZ08 C9 ygeX putative dehydratase (deaminase), 

PLP-dependent enzyme (2nd 

module) 

AZ08 C10 U139 promoterless strain 

AZ08 C11 ppdD putative major component of type 

IV pilin, prelipin peptidase 

dependent protein 

AZ08 C12 yadN putative fimbrial-like protein 

AZ08 D1 yaeH unknown CDS 

AZ08 D2 ykfA CP4-6 prophage; putative GTP-

binding factor (1st module) 

AZ08 D3 yagI CP4-6 prophage; putative 

transcriptional regulator (IclR 

family) 

AZ08 D4 yadC putative fimbrial-like protein (2nd 

module) 

AZ08 D5 serW serine tRNA 5 (duplicate of serX) 

AZ08 D6 hepA RNA Polymerase (RNAP)-binding 

ATPase and RNAP recycling factor 

AZ08 D7 pcnB poly(A) polymerase I 
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AZ08 D8 sufI suppressor of ftsI, putaive 

periplasmic protein, cupredoxin-like 

AZ08 D9 tyrV tyrosine tRNA 1 (duplicate of tyrT) 

AZ08 D10 cysT cysteine tRNA 

AZ08 D11 argQ arginine tRNA 2 (duplicate of 

argV,Y,Z) 

AZ08 D12 argZ arginine tRNA 2 (duplicate of 

argV,Y,Q) 

AZ08 E1 glyU glycine tRNA 1 

AZ08 E2 deaD cold-shock DeaD box ATP-

dependent RNA helicase (1st 

module) 

AZ08 E3 pnp polynucleotide phosphorylase, 

member of mRNA degradosome 

(3rd module) 

AZ08 E4 rhsD RhsD protein in RhsD element (3rd 

module) 

AZ08 E5 agaR transcriptional repressor of N-acetyl 

galactosamine metabolism (DeoR 

family) 

AZ08 E6 yhaJ putative transcriptional regulator 

(LysR family) 

AZ08 E7 yhdA conserved protein (2nd module) 
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AZ08 E8 yhcM putative ATPase 

AZ08 E9 yraL putative enzyme with 

methyltransferase domain 

AZ08 E10 yraR putative NADH dehydrogenase 

AZ08 E11 yhbP conserved protein 

AZ08 E12 yhbT conserved hypothetical protein 

AZ08 F1 glnU glutamine tRNA 1 (duplicate of 

glnW) 

AZ08 F2 glnW glutamine tRNA 1 (duplicate of 

glnU) 

AZ08 F3 U66 promoterless strain 

AZ08 F4 prpR transcriptional activator of 

propionate catabolism (EBP family) 

(2nd module) 

AZ08 F5 serX serine tRNA 5 (duplicate of serW) 

AZ08 F6 ydhQ putative enzyme (2nd module) 

AZ08 F7 serU serine tRNA 2 

AZ08 F8 yeeO putative MATE family transport 

protein (3rd module) 

AZ08 F9 nac transcriptional repressor for 

histidine utilization/nitrogen 

assimilation (LysR family) 
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AZ08 F10 wrbA flavodoxin-like protein, trp 

repressor binding protein 

AZ08 F11 rsuA 16S rRNA pseudouridine synthase 

AZ08 F12 yfiC putative methyltransferase (1st 

module) 

AZ08 G1 yfiF putative  tRNA/rRNA 

methyltransferase (2nd module) 

AZ08 G2 rof Rho-binding antiterminator 

AZ08 G3 qseB putative transcriptional regulator 

(OmpR family) 

AZ08 G4 zupT conserved protein 

AZ08 G5 ecfG putative membrane protein 

AZ08 G6 yqjI conserved hypothetical protein 

AZ08 G7 ybaY glycoprotein/polysaccharide 

metabolism 

AZ08 G8 pgpB phosphatidylglycerophosphate 

phosphatase B 

AZ08 G9 yfdC putative transport 

AZ08 G10 ecfD putative lipoprotein (2nd module) 

AZ08 G11 yqiJ unknown CDS 

AZ08 G12 dacB D-alanyl-D-alanine 

carboxypeptidase, penicillin-binding 

protein 4 
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AZ08 H1 lacZ beta-galactosidase, lac operon 

AZ08 H2 def peptide deformylase 

AZ08 H3 slyX conserved hypothetical protein 

AZ08 H4 kdtA 3-deoxy-D-manno-octulosonic-acid 

transferase (KDO transferase) 

AZ08 H5 yifE putative LysR type transcriptional 

regulator with pssR 

AZ08 H6 iap aminopeptidase in alkaline 

phosphatase isozyme conversion 

(1st module) 

AZ08 H7 dgkA diacylglycerol kinase 

AZ08 H8 efp elongation factor P (EF-P) 

AZ08 H9 fklB FKBP-type 22KD peptidyl-prolyl 

cis-trans isomerase (rotamase) 

AZ08 H10 ytfM putative outer membrane protein 

AZ08 H11 pmbA peptide maturation protein, 

maturation of antibiotic MccB17, 

see tld genes ? 

AZ08 H12 infA protein chain initiation factor IF-1 

AZ09 A1 cls cardiolipin synthase 

AZ09 A2 nlpC lipoprotein 
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AZ09 A3 msbB myristoyl transferase in lipid A 

biosynthesis, suppressor of htrB 

(lpxL) 

AZ09 A4 pgsA phosphatidylglycerophosphate 

synthetase  (CDP-1,2-diacyl-sn-

glycero-3-phosphate phosphatidyl 

transferase) 

AZ09 A5 lepA GTP-binding elongation factor (1st 

module) 

AZ09 A6 nlpD lipoprotein (2nd module) 

AZ09 A7 lgt phosphatidylglycerol-prolipoprotein 

diacylglyceryl transferase 

AZ09 A8 prfB peptide chain release factor RF-2 

(2nd module) 

AZ09 A9 plsC 1-acyl-sn-glycerol-3-phosphate 

acyltransferase (2nd module) 

AZ09 A10 rbfA ribosome-binding factor, role in 

processing of 10S rRNA 

AZ09 A11 glgB 1,4-alpha-glucan branching enzyme 

(2nd module) 

AZ09 A12 Empty Empty well 

AZ09 B1 tufA protein chain elongation factor EF-

Tu (duplicate of tufB) 
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AZ09 B2 slyD FKBP-type peptidyl prolyl cis-trans 

isomerase (rotamase) 

AZ09 B3 rfaZ lipopolysaccharide core biosynthesis 

AZ09 B4 nlpA lipoprotein-28, possible binding 

protein 

AZ09 B5 blc outer membrane lipoprotein 

(lipocalin) 

AZ09 B6 ygjN unknown CDS 

AZ09 B7 ygjV conserved protein 

AZ09 B8 yhaM conserved hypothetical protein 

AZ09 B9 yhbC conserved hypothetical protein 

AZ09 B10 yraQ conserved protein (2nd module) 

AZ09 B11 psd phosphatidylserine decarboxylase 

AZ09 B12 yhbX putative transmembrane protein (1st 

module) 

AZ09 C1 yhbE putative membrane protein (1st 

module) 

AZ09 C2 yhcO conserved protein, barnase inhibitor-

like 

AZ09 C3 serA D-3-phosphoglycerate 

dehydrogenase 

AZ09 C4 smf hypothetical protein  

AZ09 C5 yhdN unknown CDS 
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AZ09 C6 bfd NA 

AZ09 C7 yheO putative regulator 

AZ09 C8 yhfG conserved hypothetical protein 

AZ09 C9 ygjJ unknown CDS 

AZ09 C10 U139 promoterless strain 

AZ09 C11 ygjQ putative integral membrane protein 

AZ09 C12 ygjR putative NAD(P)-binding 

dehydrogenase (1st module) 

AZ09 D1 fkpB NA 

AZ09 D2 lpxC UDP-3-O-acyl N-acetylglucosamine 

deacetylase 

AZ09 D3 frr ribosome releasing factor 

AZ09 D4 plsX fatty acid/phospholipid synthesis 

protein, methyltransferase domain 

AZ09 D5 rffC NA 

AZ09 D6 tufB protein chain elongation factor EF-

Tu; possible GTP-binding factor 

(duplicate of tufA) 

AZ09 D7 prfC peptide chain release factor RF-3; 

possible GTP-binding factor (1st 

module) 

AZ09 D8 tsf protein chain elongation factor EF-

Ts 
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AZ09 D9 ygiW conserved hypothetical protein 

AZ09 D10 ygiZ conserved hypothetical protein 

AZ09 D11 ygiD putative enzyme with dioxygenase 

domain 

AZ09 D12 ygiF conserved hypothetical protein 

AZ09 E1 yqjH putative enzyme, ferredoxin 

reductase-like, FAD-linked , 

NADP-linked 

AZ09 E2 map methionine aminopeptidase 

AZ09 E3 tesB acyl-CoA thioesterase II 

AZ09 E4 ribA GTP cyclohydrolase II 

AZ09 E5 vacJ lipoprotein precursor 

AZ09 E6 rluD 23S rRNA pseudouridine synthase 

AZ09 E7 rfaH transcriptional activator affecting 

biosynthesis, assembly and export 

of lipopolysaccharide core, F pilin, 

and haemolysin 

AZ09 E8 glgS glycogen biosynthesis, rpoS 

dependent 

AZ09 E9 greA transcription elongation factor, 

cleaves 3' nucleotide of paused 

mRNA 

AZ09 E10 smf_2 hypothetical protein 



 

  209 

AZ09 E11 fkpA FKBP-type peptidyl-prolyl cis-trans 

isomerase (rotamase) 

AZ09 E12 rfaQ lipopolysaccharide core 

biosynthesis; modification of 

heptose region of core (2nd module) 

AZ09 F1 hdfR transcriptional repressor of 

phosphatidylserine synthase (LysR 

family), also believed to be 

regulator HdfR of flhDC operon if 

joined with b3762 

AZ09 F2 cysD ATP-sulfurylase, subunit 1 

(ATP:sulfate adenylyltransferase) 

AZ09 F3 U66 promoterless strain 

AZ09 F4 plsB glycerolphosphate acyltransferase 

(2nd module) 

AZ09 F5 yjeK putative aminomutase 

AZ09 F6 ytfB conserved protein 

AZ09 F7 msrA peptide methionine sulfoxide 

reductase 

AZ09 F8 yjgA putative ABC superfamily 

(atp_bind) transport protein 

AZ09 F9 ppiC peptidyl-prolyl cis-trans isomerase 

C (rotamase C) 
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AZ09 F10 wrbA flavodoxin-like protein, trp 

repressor binding protein 

AZ09 F11 rpsB 30S ribosomal subunit protein S2 

AZ09 F12 yfcG putative glutathione S-transferase 

AZ09 G1 lpxP palmitoleoyl-acyl carrier protein 

(ACP)-dependent acyltransferase, 

cold induced gene 

AZ09 G2 hrpA helicase, ATP-dependent (1st 

module) 

AZ09 G3 fldB flavodoxin 2 

AZ09 G4 argP inhibitor of replication initiation, 

also transcriptional regulator of 

dnaA and argK (affects arginine 

transport) (LysR family) 

AZ09 G5 dfp flavoprotein affecting synthesis of 

DNA and pantothenate metabolism 

(1st module) 

AZ09 G6 nohB DLP12 prophage; bacteriophage 

DNA packaging protein 

AZ09 G7 rpmE 50S ribosomal subunit protein L31 

AZ09 G8 thrU threonine tRNA 4 

AZ09 G9 ygiU conserved protein 

AZ09 G10 pyrC dihydro-orotase 
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AZ09 G11 ligA DNA ligase 

AZ09 G12 parC DNA topoisomerase IV, subunit A 

AZ09 H1 lacZ beta-galactosidase, lac operon 

AZ09 H2 hsdM  DNA methylase M, host 

modification 

AZ09 H3 cmk cytidine monophosphate (CMP) 

kinase 

AZ09 H4 pyrB aspartate carbamoyltransferase 

AZ09 H5 ymgC unknown CDS 

AZ09 H6 panE 2-dehydropantoate reductase 

AZ09 H7 tolA tol protein required for outer 

membrane integrity, uptake of group 

A colicins, C-terminal is coreceptor 

with F pilus for filamentous phages, 

role in translocation of filamenous 

phage DNA to cytoplasm (1st 

module) 

AZ09 H8 yhjY putative lipase 

AZ09 H9 priA primosomal protein N' (= factor Y) 

directs replication fork assembly at 

D-loops, ATP-dependent (2nd 

module) 

AZ09 H10 yohD putative integral membrane protein 
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AZ09 H11 yohJ putative transmembrane protein 

AZ09 H12 cysS cysteine tRNA synthetase (2nd 

module) 

AZ10 A1 hrpB helicase, ATP-dependent (1st 

module) 

AZ10 A2 seqA negative modulator of initiation of 

replication, inhibits open complex 

formation, mutation in gene alters 

cell membrane 

AZ10 A3 helD DNA helicase IV (2nd module) 

AZ10 A4 metG methionine tRNA synthetase (1st 

module) 

AZ10 A5 yejL conserved hypothetical protein 

AZ10 A6 btuB outer membrane porin, transporter 

for vitamin B12/cobalamin, receptor 

for E colicins, and bacteriophage 

BF23 (1st module) 

AZ10 A7 ypjA putative outer membrane protein 

(1st module) 

AZ10 A8 pinH homolog of pin/cin, phage invertible 

sequence 

AZ10 A9 yqaB putative phosphoglucomutase, 

conatins a phophatase-like domain 
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AZ10 A10 ygaD conserved protein 

AZ10 A11 ygcB putative enzyme 

AZ10 A12 Empty Empty well 

AZ10 B1 mazG conserved protein 

AZ10 B2 ygeQ unknown CDS 

AZ10 B3 yagK CP4-6 prophage 

AZ10 B4 dksA dnaK suppressor protein 

AZ10 B5 proS proline tRNA synthetase (1st 

module) 

AZ10 B6 asnS asparagine tRNA synthetase (2nd 

module) 

AZ10 B7 mfd transcription-repair ATP-dependent 

coupling factor (1st module) 

AZ10 B8 pheM phenylalanyl-tRNA synthetase 

(pheST) operon leader peptide 

AZ10 B9 selD selenophosphate synthase 

AZ10 B10 hisS histidine tRNA synthetase 

AZ10 B11 alaS alanyl-tRNA synthetase 

AZ10 B12 selA selenocysteine synthase (with SelD) 

(2nd module) 

AZ10 C1 lysU lysine tRNA synthetase, inducible; 

heat shock protein 
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AZ10 C2 skp periplasmic molecular chaperone for 

outer membrane proteins 

AZ10 C3 serA D-3-phosphoglycerate 

dehydrogenase 

AZ10 C4 tgt tRNA-guanine transglycosylase 

AZ10 C5 hupB DNA-binding protein HU-beta, NS1 

(HU-1) 

AZ10 C6 dnaX DNA polymerase III, tau and 

gamma subunits; DNA elongation 

factor III (1st module) 

AZ10 C7 rluC 23S rRNA pseudouridine synthase 

AZ10 C8 cca tRNA nucleotidyl transferase 

AZ10 C9 hupA DNA-binding protein HU-alpha 

(HU-2) 

AZ10 C10 U139 promoterless strain 

AZ10 C11 dkgB 2,5-diketo-D-gluconate reductase B 

AZ10 C12 yfeY conserved hypothetical protein 

AZ10 D1 eutS putative carboxysome structural 

protein, ethanol utilization 

AZ10 D2 ypfG unknown CDS 

AZ10 D3 yffH conserved protein, MutT-like 

AZ10 D4 ypfH conserved protein 

AZ10 D5 ypfJ conserved protein 
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AZ10 D6 hda putative chromosomal replication 

initiator, DnaA-type 

AZ10 D7 yfgB putative pyruvate formate lyase 

activating enzyme (2nd module) 

AZ10 D8 iscS cysteine desulfurase (tRNA 

sulfurtransferase) PLP-dependent 

(1st module) 

AZ10 D9 iscR putative protein believed to be 

involved in assembly of Fe-S 

clusters, DNA-binding domain 

AZ10 D10 yfjL CP4-57 prophage; 

AZ10 D11 ydaQ Rac prophage; 

AZ10 D12 yohC putative  transport protein 

AZ10 E1 dusC conserved protein 

AZ10 E2 yeiE putative transcriptional regulator 

(LysR familiy) 

AZ10 E3 yejO putative outer membrane protein 

(1st module) 

AZ10 E4 elaA putative transferase 

AZ10 E5 ppiB peptidyl-prolyl cis-trans isomerase 

B (rotamase B) 

AZ10 E6 ligT hypothetical protein 

AZ10 E7 yajB conserved hypothetical protein 
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AZ10 E8 ybfF putative enzyme (1st module) 

AZ10 E9 yccF conserved hypothetical protein 

AZ10 E10 yecM conserved hypothetical protein 

AZ10 E11 mrp putative ATP-binding protein 

AZ10 E12 yejK nucleotide associated protein, 

present in spermidine nucleoids 

AZ10 F1 gltX glutamate tRNA synthetase, 

catalytic subunit (1st module) 

AZ10 F2 stpA DNA-bending protein with 

chaperone activity 

AZ10 F3 U66 promoterless strain 

AZ10 F4 glyQ glycine tRNA synthetase, alpha 

subunit 

AZ10 F5 trmA tRNA (uracil-5-)-methyltransferase 

(2nd module) 

AZ10 F6 ycgF conserved protein (2nd module) 

AZ10 F7 yniC putative enzyme, with a phophatase-

like domain 

AZ10 F8 nudG putative enzyme (MutT-like) 

AZ10 F9 yeaL putative membrane protein 

AZ10 F10 wrbA flavodoxin-like protein, trp 

repressor binding protein 

AZ10 F11 yeaP conserved protein (2nd module) 
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AZ10 F12 yoaB conserved protein 

AZ10 G1 yebS putative membrane protein 

AZ10 G2 tolB tol protein required for outer 

membrane integrity, uptake of group 

A colicins, and translocation of 

phage DNA to cytoplasm, may be 

part of multiprotein peptidoglycan 

recycling complex (Two domains) 

(2nd module) 

AZ10 G3 yohM putative transmembrane protein 

AZ10 G4 pepN aminopeptidase N 

AZ10 G5 gpt guanine-hypoxanthine 

phosphoribosyltransferase 

AZ10 G6 thiI sulfur transfer protein (from cys to 

ThiS and from IscS to U8-tRNA) 

(2nd module) 

AZ10 G7 sbcB exonuclease I, 3' --> 5' specific; 

deoxyribophosphodiesterase 

AZ10 G8 xseA exonuclease VII, large subunit 

AZ10 G9 yhiR conserved protein 

AZ10 G10 malS alpha-amylase (2nd module) 

AZ10 G11 yicC conserved protein (2nd module) 

AZ10 G12 pepQ proline dipeptidase (2nd module) 
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AZ10 H1 lacZ beta-galactosidase, lac operon 

AZ10 H2 rluF putative pseudouridine synthase 

AZ10 H3 mrr restriction of methylated adenine 

AZ10 H4 yfaY putative competence-damage 

protein 

AZ10 H5 elaB unknown CDS 

AZ10 H6 yfbU conserved hypothetical protein 

AZ10 H7 yfcD putative enzyme (MutT-like) 

AZ10 H8 yfcE putative metallo-dependent 

phosphatase 

AZ10 H9 yfcI putative transposase (1st module) 

AZ10 H10 dedA putative integral membrane protein 

AZ10 H11 yfeA conserved protein (2nd module) 

AZ10 H12 ypjB conserved protein 

AZ11 A1 yfjN CP4-57 prophage; putative cell 

division protein (2nd module) 

AZ11 A2 tilS cell cycle protein 

AZ11 A3 tig peptidyl-prolyl cis/trans isomerase, 

trigger factor; a molecular 

chaperone involved in cell division 

AZ11 A4 dicB Qin prophage; inhibitior of cell 

division 



 

  219 

AZ11 A5 proX ABC superfamily (peri_bind)  

glycine/betaine/proline transport 

protein 

AZ11 A6 cspA major cold shock protein 7.4, 

transcription antiterminator of hns, 

AZ11 A7 b2680 putative resistance protein, possible 

transporter 

AZ11 A8 ygaZ putative amino acid transporter 

AZ11 A9 ygdR conserved hypothetical protein 

AZ11 A10 yqeH conserved protein 

AZ11 A11 ygeG conserved hypothetical protein 

AZ11 A12 Empty Empty well 

AZ11 B1 ygeI unknown CDS 

AZ11 B2 idi isopentenyl diphosphate isomerase 

AZ11 B3 ydfA Qin prophage; 

AZ11 B4 creB tolerance to colicin E2 

AZ11 B5 yeaS putative transport protein 

AZ11 B6 yeaZ putative glycoprotein endopeptidase 

AZ11 B7 yobF unknown CDS 

AZ11 B8 yebO conserved hypothetical protein 

AZ11 B9 yebE unknown CDS 
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AZ11 B10 dacA D-alanyl-D-alanine 

carboxypeptidase, penicillin-binding 

protein 5 (1st module) 

AZ11 B11 htpX heat shock protein, integral 

membrane protein 

AZ11 B12 treA trehalase, periplasmic 

AZ11 C1 osmB osmotically inducible lipoprotein 

AZ11 C2 hslJ heat shock protein hslJ 

AZ11 C3 serA D-3-phosphoglycerate 

dehydrogenase 

AZ11 C4 otsB trehalose-6-phosphate phophatase, 

biosynthetic 

AZ11 C5 nlpI lipoprotein involved in cell division 

AZ11 C6 yjjV putative hydrolase (1st module) 

AZ11 C7 ibpB small heat shock protein IbpB 

AZ11 C8 ftsN essential cell division protein, 

epimerase- or mutase-like (2nd 

module) 

AZ11 C9 cutA periplasmic divalent cation 

tolerance protein; cytochrome c 

biogenesis 

AZ11 C10 U139 promoterless strain 

AZ11 C11 mdoB phosphoglycerol transferase I, 
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AZ11 C12 ynfA putative transmembrane protein 

AZ11 D1 ynfC unknown CDS 

AZ11 D2 ydgC putative membrane protein 

AZ11 D3 ydhH conserved hypothetical protein 

AZ11 D4 ydhD conserved protein 

AZ11 D5 yjjJ conserved protein 

AZ11 D6 imp organic solvent tolerance 

AZ11 D7 crcB protein involved in resistance to 

camphor-induced chromosome 

decondensation 

AZ11 D8 cspB Qin prophage; cold shock protein; 

may regulate transcription 

AZ11 D9 agaS putative tagatose-6-phosphate 

ketose/aldose isomerase (1st 

module) 

AZ11 D10 inaA pH inducible protein involved in 

stress response, protein kinase-like 

AZ11 D11 pdxB erythronate-4-phosphate 

dehydrogenase 

AZ11 D12 nudF conserved protein, MutT-like 

AZ11 E1 ftsJ 23S rRNA m2U2552 

methyltransferase 
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AZ11 E2 ftsY multimodular FtsY: membrane 

binding domain of cell division 

protein (1st module) 

AZ11 E3 uspB ethanol tolerance protein 

AZ11 E4 yfjM CP4-57 prophage; 

AZ11 E5 envY transcriptional activator of envelope 

proteins; thermoregulation of porin 

biosynthesis (AraC/XylS familiy) 

(2nd module) 

AZ11 E6 dhaM dihydroxyacetone kinase subunit M 

AZ11 E7 speF ornithine decarboxylase isozyme, 

inducible 

AZ11 E8 ykgF putative dehydrogenase 

AZ11 E9 yajC preprotein translocase IISP family, 

membrane subunit 

AZ11 E10 ybaT putative APC family, amino-acid 

transport protein (1st module) 

AZ11 E11 yafN conserved hypothetical protein 

AZ11 E12 yjaH conserved protein 

AZ11 F1 ecfE putative protease 

AZ11 F2 yaiW conserved hypothetical protein 

AZ11 F3 U66 promoterless strain 

AZ11 F4 ecfK putative outer membrane antigen 
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AZ11 F5 trkA Trk system transport of potassium , 

NAD(P)-binding (1st module) 

AZ11 F6 yahI putative carbamate kinase 

AZ11 F7 b0298 putative transposase-related protein 

AZ11 F8 ybbC unknown CDS 

AZ11 F9 b0501 unknown CDS 

AZ11 F10 wrbA flavodoxin-like protein, trp 

repressor binding protein 

AZ11 F11 yaiE conserved protein 

AZ11 F12 paaX transcriptional repressor for 

phenylacetic acid degradation 

AZ11 G1 yadR conserved hypothetical protein 

AZ11 G2 ybaB conserved hypothetical protein 

AZ11 G3 ybaA unknown CDS 

AZ11 G4 cdaR SdaR transcriptional regulator 

AZ11 G5 adrA conserved protein (2nd module) 

AZ11 G6 ppiD peptidyl-prolyl cis-trans isomerase, 

for periplasmic folding of outer 

membrane proteins (1st module) 

AZ11 G7 ybaV conserved hypothetical protein 

AZ11 G8 yafM conserved hypothetical protein 

AZ11 G9 uxuR transcriptional repressor for uxu 

operon 
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AZ11 G10 ykiA unknown CDS 

AZ11 G11 ykfJ unknown CDS 

AZ11 G12 yahM unknown CDS 

AZ11 H1 lacZ beta-galactosidase, lac operon 

AZ11 H2 mraZ protein encoded by an operon 

involved in formation of the cell 

envelope and cell division 

AZ11 H3 ybaN putative phage gene 58 

AZ11 H4 yagJ CP4-6 prophage 

AZ11 H5 ychH unknown CDS 

AZ11 H6 yfbE putative aminotransferase 

AZ11 H7 eco ecotin, a serine protease inhibitor 

AZ11 H8 polA DNA polymerase I, 3' --> 5' 

polymerase, 5' --> 3'  and 3' --> 5' 

exonuclease (1st module) 

AZ11 H9 treF cytoplasmic trehalase 

AZ11 H10 yhgE unknown CDS 

AZ11 H11 yaaW conserved hypothetical protein 

AZ11 H12 priC primosomal replication protein N'' 

AZ12 A1 insA_3 CP4-6 prophage; IS1 protein InsA 

AZ12 A2 ascG transcriptional repressor of carbon 

metabolism (GalR/LacI family) 

AZ12 A3 pth peptidyl-tRNA hydrolase 
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AZ12 A4 ais protein induced by aluminum, 

phosphoglycerate mutase-like 

domain 

AZ12 A5 b1420 unknown CDS 

AZ12 A6 yjiY carbon starvation protein (2nd 

module) 

AZ12 A7 napF Fe-S ferredoxin-type protein: 

electron transfer 

AZ12 A8 dpbA putative endonuclease 

AZ12 A9 rdoA conserved hypothetical protein 

AZ12 A10 pck phosphoenolpyruvate carboxykinase 

AZ12 A11 b0165 unknown CDS 

AZ12 A12 Empty Empty well 

AZ12 B1 yadK putative adhesin 

AZ12 B2 cpdA cyclic 3',5'-adenosine 

monophosphate phosphodiesterase 

AZ12 B3 yacG conserved hypothetical protein 

AZ12 B4 trmU catalyzes 2-thiouridine modification 

of tRNA 

AZ12 B5 yadS conserved hypothetical protein 

AZ12 B6 xylB xylulokinase 

AZ12 B7 yggD putative repressor 
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AZ12 B8 ydeO putative transcriptional regulator 

(AraC/XylS family) (2nd module) 

AZ12 B9 eutR putative ARAC-type regulatory 

protein 

AZ12 B10 yehS unknown CDS 

AZ12 B11 yihN putative MFS superfamily transport 

protein (1st module) 

AZ12 B12 aldB aldehyde dehydrogenase B  

(lactaldehyde dehydrogenase) 

AZ12 C1 yafV putative NAD(P)-binding enzyme 

AZ12 C2 cytR transcriptional repressor for 

nucleoside catabolism and recycling 

(GalR/LacI family) 

AZ12 C3 serA D-3-phosphoglycerate 

dehydrogenase 

AZ12 C4 yrbA putative transcriptional regulator 

(BolA family) 

AZ12 C5 ydeP multimodular YdeP: putative 

reductase (2nd module) 

AZ12 C6 ompN outer membrane protein N, non-

specific porin (1st module) 

AZ12 C7 yafU unknown CDS 

AZ12 C8 ybeB conserved hypothetical protein 
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AZ12 C9 yafD unknown CDS 

AZ12 C10 U139 promoterless strain 

AZ12 C11 dnaQ DNA polymerase III, epsilon 

subunit, 3-5 exonucleolytic 

proofreading function 

AZ12 C12 yafL putative lipoprotein (2nd module) 

AZ12 D1 ybgI conserved protein 

AZ12 D2 lit e14 prophage; phage T4 late gene 

expression 

AZ12 D3 ycgJ unknown CDS 

AZ12 D4 ycgL conserved hypothetical protein 

AZ12 D5 ydbH conserved protein 

AZ12 D6 nhoA N-hydroxyarylamine O-

acetyltransferase 

AZ12 D7 ydeJ conserved protein 

AZ12 D8 dinG LexA regulated (SOS) repair 

enzyme (2nd module) 

AZ12 D9 xthA exonuclease III,  may repair singlet 

oxygen induced lesions 

AZ12 D10 sppA protease IV, a signal peptide 

peptidase (2nd module) 

AZ12 D11 purT phosphoribosylglycinamide 

formyltransferase 2 
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AZ12 D12 ung uracil-DNA-glycosylase 

AZ12 E1 mutS methyl-directed mismatch repair, 

recognize exocyclic adducts of 

guanosine (2nd module) 

AZ12 E2 mutH methyl-directed mismatch repair 

protein 

AZ12 E3 mutY adenine DNA glycosylase (1st 

module) 

AZ12 E4 ileX isoleucine tRNA 2 

AZ12 E5 creA unknown CDS 

AZ12 E6 yccR conserved protein 

AZ12 E7 ecpD putative periplasmic pilin chaperone 

similar to PapD 

AZ12 E8 ybfE LexA regulated, possible SOS 

response 

AZ12 E9 yciG conserved hypothetical protein 

AZ12 E10 tyrS tyrosine tRNA synthetase 

AZ12 E11 dcm DNA cytosine methylase 

AZ12 E12 sbmC DNA gyrase inhibitor 

AZ12 F1 ada bifunctional Ada: transcriptional 

regulator of DNA repair (AraC/Xyl 

family) (1st module) and O6-
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methylguanine-DNA 

methyltransferase 

AZ12 F2 ygiS putative ABC superfamily 

(peri_bind)  oligipeptide transport 

protein 

AZ12 F3 U66 promoterless strain 

AZ12 F4 dam DNA adenine methylase 

AZ12 F5 gadX putative transcriptional regulator  

(AraC/XylS family) 

AZ12 F6 mutM formamidopyrimidine DNA 

glycosylase 

AZ12 F7 xylE MFS family, xylose:proton symport 

protein (1st module) 

AZ12 F8 yjiW LexA regulated, possible SOS 

response 

AZ12 F9 ykgH conserved protein 

AZ12 F10 wrbA flavodoxin-like protein, trp 

repressor binding protein 

AZ12 F11 yagB CP4-6 prophage; 

AZ12 F12 yagM CP4-6 prophage 

AZ12 G1 yagY unknown CDS 

AZ12 G2 yagZ unknown CDS 

AZ12 G3 ykgI unknown CDS 
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AZ12 G4 b0309 unknown CDS 

AZ12 G5 yafK conserved protein 

AZ12 G6 mutT 7,8-dihydro-8-oxoguanine-

triphosphatase, prefers dGTP 

AZ12 G7 dinB DNA polymerase IV, devoid of 

proofreading, damage-inducible 

protein P (1st module) 

AZ12 G8 brnQ LIVCS family, branched chain 

amino acid transporter system II 

(LIV-II) 

AZ12 G9 ftsK cell division protein, required for 

cell division and chromosome 

partitioning (1st module) 

AZ12 G10 ydgL putative oxidoreductase, inner 

membrane protein 

AZ12 G11 sodB superoxide dismutase, iron 

AZ12 G12 nfo endonuclease IV 

AZ12 H1 lacZ beta-galactosidase, lac operon 

AZ12 H2 recN protein used in recombination and 

DNA repair (2nd module) 

AZ12 H3 ilvD dihydroxyacid dehydratase 

AZ12 H4 rmuC conserved protein (1st module) 

AZ12 H5 yaiA unknown CDS 
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AZ12 H6 aidB putative acyl-CoA dehydrogenase; 

adaptive response (transcription 

activated by Ada) (2nd module) 

AZ12 H7 ybfD conserved protein 

AZ12 H8 ybgA conserved protein 

AZ12 H9 b0725 unknown CDS 

AZ12 H10 ybgE unknown CDS 

AZ12 H11 ybgC conserved hypothetical protein 

AZ12 H12 ybhL putative transport protein 

AZ13 A1 yafC putative transcriptional regulator 

(LysR family) (1st module) 

AZ13 A2 rnhA RNase HI, degrades RNA of DNA-

RNA hybrids 

AZ13 A3 dinJ damage-inducible protein J 

AZ13 A4 ybgH putative POT family transport 

protein (1st module) 

AZ13 A5 ybiS conserved hypothetical protein 

AZ13 A6 ymfE e14 prophage 

AZ13 A7 minC cell division inhibitor; activated 

MinC inhibits FtsZ ring formation 

AZ13 A8 ycgK unknown CDS 

AZ13 A9 ldhA fermentative D-lactate 

dehydrogenase, NAD-dependent 
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AZ13 A10 yddH putative enzyme 

AZ13 A11 ydeI unknown CDS 

AZ13 A12 Empty Empty well 

AZ13 B1 ybiA conserved protein 

AZ13 B2 astC succinylornithine transaminase, also 

has acetylornitine transaminase  

activity, PLP-dependent 

AZ13 B3 ydjA conserved protein 

AZ13 B4 yebG DNA damage-inducible gene in 

SOS regulon, dependent on cyclic 

AMP and H-NS 

AZ13 B5 yfiE putative transcriptional regulator 

(LysR family) 

AZ13 B6 ygbA conserved hypothetical protein 

AZ13 B7 nudH invasion protein, MutT-like 

AZ13 B8 yggH putative methyltransferase 

AZ13 B9 mug DNA glycosylase, G/U mismatch 

specific 

AZ13 B10 yneK conserved protein 

AZ13 B11 rob transcriptional activator for 

resistance to antibiotics, organic 

solvents and heavy metals 
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(AraC/XylS family) (right origin 

binding protein) (1st module) 

AZ13 B12 sulA suppressor of lon; inhibitor of cell 

division and FtsZ ring formation 

upon DNA damage/inhibition, 

HslVU and Lon involved in its 

turnover 

AZ13 C1 fur transcriptional  repressor of iron 

transport  (Fur family) 

AZ13 C2 soxR soxR transcriptional dual regulator 

AZ13 C3 serA D-3-phosphoglycerate 

dehydrogenase 

AZ13 C4 secE preprotein translocase IISP family, 

membrane subunit 

AZ13 C5 ybhM putative integral membrane protein, 

transport 

AZ13 C6 ybjO unknown CDS 

AZ13 C7 ycaL putative heat shock protein 

AZ13 C8 ycaI putative recombination protein, 

metallo-hydrolase domain 

AZ13 C9 ycbK conserved hypothetical protein 

AZ13 C10 U139 promoterless strain 

AZ13 C11 ycbW unknown CDS 
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AZ13 C12 ycdN unknown CDS 

AZ13 D1 yagU unknown CDS 

AZ13 D2 yahD conserved hypothetical protein 

AZ13 D3 prpC methylcitrate synthase (citrate 

synthase 2) 

AZ13 D4 b0374 flagellar protein; similar to 3rd 

module of ATP-binding components 

of transporters 

AZ13 D5 yaiZ unknown CDS 

AZ13 D6 ybaD conserved protein 

AZ13 D7 ybaQ conserved protein 

AZ13 D8 allA ureidoglycolate hydrolase 

AZ13 D9 nhaA NhaA family of transport protein, 

Na+/H antiporter (1st module) 

AZ13 D10 fdrA putative acyl-CoA synthetase, 

membrane protein  (1st module) 

AZ13 D11 ahpC alkyl hydroperoxide reductase, C22 

subunit, thioredoxin-like; 

detoxification of hydroperoxides 

AZ13 D12 yccE putative hemoglobin-binding protein 

AZ13 E1 ycjG putative chloromuconate 

cycloisomerase (muconate 

cycloisomerase) (2nd module) 
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AZ13 E2 marR transcriptional repressor for 

antibiotic resistance and oxidative 

stress 

AZ13 E3 aceB malate synthase A 

AZ13 E4 katE catalase; hydroperoxidase HPII(III) , 

RpoS dependent 

AZ13 E5 evgA response regulator (activator)  in 

two-component regulatory system 

with EvgS, regulates multidrug 

resistance  (LuxR/UhpA family) 

AZ13 E6 ypjD conserved protein 

AZ13 E7 yqcD conserved hypothetical protein 

AZ13 E8 nfnB dihydropteridine reductase/oxygen-

insensitive NAD(P)H nitroreductase 

AZ13 E9 sodC superoxide dismutase precursor 

(Cu-Zn) 

AZ13 E10 yaiX putative acyl transferase 

AZ13 E11 pmrD polymyxin resistance protein B 

AZ13 E12 hscB Hsc20 co-chaperone that acts with 

Hsc66 in IscU iron-sulfur cluster 

assembly 

AZ13 F1 ygeA putative aspartate racemase 
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AZ13 F2 bacA bacitracin resistance; possibly 

phosphorylates undecaprenol 

AZ13 F3 U66 promoterless strain 

AZ13 F4 yhjX putative oxalate/formate antiporter, 

MFS family (2nd module) 

AZ13 F5 secB molecular chaperone in protein 

export 

AZ13 F6 secA preprotein translocase; secretion 

protein of IISP family 

AZ13 F7 emrE DLP12 prophage; MFP family 

auxillary multidrug transport 

protein, methylviologen and 

ethidium resistance 

AZ13 F8 ahpF alkyl hydroperoxide reductase 

subunit, FAD/NAD(P)-binding; 

detoxification of hydroperoxides 

(2nd module) 

AZ13 F9 tatE subunit of TatABCE protein export 

complex 

AZ13 F10 wrbA flavodoxin-like protein, trp 

repressor binding protein 
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AZ13 F11 lolA periplasmic protein effects 

translocation of lipoproteins from 

inner membrane to outer membrane 

AZ13 F12 sanA vancomycin sensitivity, putative 

oxidoreductase 

AZ13 G1 trmE GTP-binding protein with a role in 

modification of tRNA 

AZ13 G2 emrA multidrug resistance secretion 

protein 

AZ13 G3 insA_1 IS1 protein InsA 

AZ13 G4 yajO putative oxidoreductase, NAD(P)-

linked 

AZ13 G5 ylaB conserved protein (2nd module) 

AZ13 G6 ylaC unknown CDS 

AZ13 G7 ybaK conserved hypothetical protein 

AZ13 G8 ylbG putative regulator 

AZ13 G9 yagT putative oxidoreductase 

AZ13 G10 yahC conserved protein 

AZ13 G11 b0332 conserved hypothetical protein 

AZ13 G12 b0373 putative transposase-related protein 

AZ13 H1 lacZ beta-galactosidase, lac operon 

AZ13 H2 insA_2 CP4-6 prophage; IS1 protein InsA 2 

AZ13 H3 yaiI conserved hypothetical protein 
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AZ13 H4 ybaP conserved hypothetical protein 

AZ13 H5 allS putative transcriptional regulator 

LYSR-type 

AZ13 H6 ydcK putative LpxA-like enzyme 

AZ13 H7 allD ureidoglycolate dehydrogenase 

AZ13 H8 dsbG periplasmic disulfide isomerase, 

thiol-disulphide oxidase (1st 

module) 

AZ13 H9 cbpA curved DNA-binding protein 

AZ13 H10 borD DLP12 prophage; bacteriophage 

lambda Bor lipoprotein homolog, 

involved in serum resistance 

AZ13 H11 marC inner membrane protein involved in 

multiple antibiotic resistance 

AZ13 H12 slyA transcriptional activator for 

hemolysin (MarR family) 

AZ14 A1 syd interacts with secY 

AZ14 A2 nfrB bacteriophage N4 receptor, subunit, 

inner membrane protein (2nd 

module) 

AZ14 A3 b0255 CP4-6 prophage; IS911 homolog 

AZ14 A4 yagE CP4-6 prophage; putative synthase 
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AZ14 A5 b0540 DLP12 prophage; putative 

transposase-related protein 

AZ14 A6 cusC putative outer membrane protein 

(possible copper ion efflux system) 

AZ14 A7 ybdR putative dehydrogenase, NAD(P) 

binding (1st module) 

AZ14 A8 ybeR unknown CDS 

AZ14 A9 ybeU unknown CDS 

AZ14 A10 ubiF 2-octoprenyl-3-methyl-6-methoxy-

1,4-benzoquinone hydroxylase (1st 

module) 

AZ14 A11 ybhE putative isomerase 

AZ14 A12 Empty Empty well 

AZ14 B1 ybhQ conserved protein 

AZ14 B2 ybiN putative methyltransferase 

AZ14 B3 sbmA ABC superfamily (membrane 

module of atp&memb) transporter 

(2nd module) 

AZ14 B4 ybbL putative ABC superfamily 

(atp_bind) putrescine/spermidine 

transport protein 

AZ14 B5 kdsB 3-deoxy-D-manno-octulosonate-

cytidylyltransferase 
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AZ14 B6 entS putative POT family transport 

protein (1st module) 

AZ14 B7 lolC ABC superfamily (membrane), 

lipoprotein transmembrane 

transporter (2nd module) 

AZ14 B8 pepT putative peptidase 

T(aminotripeptidase), Zn-dependent 

AZ14 B9 znuC ABC superfamily (atp_bind) high 

affinity Zn transport protein 

AZ14 B10 yfhH multimodular YfhH: putative ABC 

superfamily (membrane) transport 

protein (1st module) 

AZ14 B11 yrbG putative CacA family, Na:Ca 

transport protein 

AZ14 B12 yheS putative ABC superfamily 

(atp_bind) transport protein (1st 

module) 

AZ14 C1 slt lytic murein transglycosylase, 

soluble (2nd module) 

AZ14 C2 yadG putative ABC superfamily 

(atp_bind) transport protein (1st 

module) 
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AZ14 C3 serA D-3-phosphoglycerate 

dehydrogenase 

AZ14 C4 gltJ ABC superfamily (membrane), 

glutamate/aspartate transporter 

AZ14 C5 ybeZ putative phosphate starvation-

inducible protein, ATP-binding (2nd 

module) 

AZ14 C6 modF ABC superfamily (atp_bind) 

molybdenum transport protein (1st 

module) 

AZ14 C7 artP ABC superfamily (atp&memb) 

arginine transport transport protein 

AZ14 C8 cydD bifunctional multimodular CydD: 

ABC superfamily (membrane), 

cytochrome-related transporter, Zn 

sensitive (1st module) 

AZ14 C9 yddA bifunctional multimodular YddA: 

putative ABC superfamily 

(membrane) transport protein (1st 

module) 

AZ14 C10 U139 promoterless strain 

AZ14 C11 btuC ABC superfamily (membrane), 

vitamin B12 transport protein 
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AZ14 C12 mglA ABC superfamily (atp_bind) 

galactose (methyl-galactoside) 

transport protein (1st module) 

AZ14 D1 yojI putative ABC superfamily (atp 

module of atp&membrane) transport 

protein (2nd module) 

AZ14 D2 hisQ ABC superfamily (membrane) 

histidine and 

lysine/arginine/ornithine transport 

system 

AZ14 D3 cysW ABC superfamily (membrane) 

thiosulfate permease W protein 

AZ14 D4 ugpA ABC superfamily (membrane) sn-

glycerol 3-phosphate  transport 

protein 

AZ14 D5 dppB ABC superfamily (membrane) 

dipeptide transport protein 1 (2nd 

module) 

AZ14 D6 pstC ABC superfamily (membrane) high-

affinity phosphate transporter 

AZ14 D7 alsA subunit of D-allose ABC transporter 

AZ14 D8 phnC ABC superfamily (atp_bind) 

phosphonate transport protein 
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AZ14 D9 ybdF conserved hypothetical protein 

AZ14 D10 ybdN unknown CDS 

AZ14 D11 rihA putative purine nucleoside hydrolase 

AZ14 D12 ycdO conserved hypothetical protein 

AZ14 E1 fhuC ABC superfamily (atp_bind) 

hydroxymate-dependent iron 

transport protein 

AZ14 E2 oppB ABC superfamily (membrane) 

oligopeptide transport protein (2nd 

module) 

AZ14 E3 ydeA MFS family,  L-

arabinose/isopropyl-beta-D-

thiogalactopyranoside export 

protein, contributes to control of 

arabinose regulon (2nd module) 

AZ14 E4 yhdX putative ABC superfamily 

(membrane) amino acid  transport 

protein (2nd module) 

AZ14 E5 yhdY putative ABC superfamily 

(membrane) amino acid transport 

protein (2nd module) 

AZ14 E6 xylG ABC superfamily (atp_bind) D-

xylose transport protein 
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AZ14 E7 ytfR putative ABC superfamily 

(membrane) sugar transport protein 

(1st module) 

AZ14 E8 ycdZ putative transport protein 

AZ14 E9 ymdB conserved protein 

AZ14 E10 yceK unknown CDS 

AZ14 E11 ycfJ putative membrane protein 

AZ14 E12 ycgH conserved protein (2nd module) 

AZ14 F1 ycgN conserved hypothetical protein 

AZ14 F2 ycgY putative enzyme 

AZ14 F3 U66 promoterless strain 

AZ14 F4 b1228 unknown CDS 

AZ14 F5 rluB putative pseudouridine synthase 

AZ14 F6 yciS conserved hypothetical protein 

AZ14 F7 perR CP4-6 prophage; putative 

transcriptional repressor for 

peroxide resistance (LysR family) 

(1st module) 

AZ14 F8 cusR response regulator in two-

component regulatory system with 

CusS, transcriptional regulation of 

copper resistance (1st module) 
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AZ14 F9 uspG conserved hypothetical protein with 

adenine nucleotide-binding domain 

AZ14 F10 wrbA flavodoxin-like protein, trp 

repressor binding protein 

AZ14 F11 ybeQ conserved hypothetical protein (1st 

module) 

AZ14 F12 ybeT conserved hypothetical protein 

AZ14 G1 ybhA putative phosphatase 

AZ14 G2 ybiM unknown CDS 

AZ14 G3 b0656 IS5 protein 

AZ14 G4 ampH putative enzyme 

AZ14 G5 yadF carbonic anhydrase 

AZ14 G6 ygeR putative lipoprotein 

AZ14 G7 fepD ABC superfamily (membrane), 

ferric enterobactin (enterochelin) 

transporter 

AZ14 G8 ycfT putative transport protein (2nd 

module) 

AZ14 G9 potA ABC superfamily (atp_bind), 

spermidine/putrescine transport 

protein 

AZ14 G10 znuA subunit of ZnuA/ZnuB/ZnuC ABC 

transporter 
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AZ14 G11 yfhB unknown CDS 

AZ14 G12 yrbF putative ABC superfamily 

(atp_bind) transport protein 

AZ14 H1 lacZ beta-galactosidase, lac operon 

AZ14 H2 kefG putative electron transfer 

flavoprotein-NAD/FAD/quinone 

oxidoreductase 

AZ14 H3 yjjK putative ABC superfamily 

(atp_bind) transport protein (1st 

module) 

AZ14 H4 racC Rac prophage; contains recE and 

oriJ 

AZ14 H5 ybaL putative CPA2  family transport 

protein (1st module) 

AZ14 H6 zitB putative CDF family transport 

protein (1st module) 

AZ14 H7 sapA ABC superfamily (peri_bind)  

peptide transport protein 

AZ14 H8 mglB ABC superfamily (peri_bind) 

galactose transport protein (1st 

module) 

AZ14 H9 nupX putative NUP family transport 

protein 
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AZ14 H10 yeiM putative NUP family transport 

protein (1st module) 

AZ14 H11 hisJ ABC superfamily (peri_bind)  

histidine transport protein 

AZ14 H12 yphF putative ABC superfamily 

(peri_bind) transport protein 

AZ15 A1 ugpB ABC superfamily (peri_bind)  sn-

glycerol 3-phosphate transport 

protein (2nd module) 

AZ15 A2 dctA DAACS family,  C4-dicarboxylic 

acids transport protein 

AZ15 A3 dppA ABC superfamily (peri_bind)  

dipeptide transport protein (1st 

module) 

AZ15 A4 alsB subunit of D-allose ABC transporter 

AZ15 A5 dcuA Dcu family, anaerobic dicarboxylate 

transport protein 

AZ15 A6 ybfG conserved hypothetical protein 

AZ15 A7 cvpA membrane protein required for 

colicin V production 

AZ15 A8 ybiJ unknown CDS 
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AZ15 A9 nmpC DLP12 prophage; outer membrane 

porin protein; at  locus of qsr 

prophage (1st module) 

AZ15 A10 ybiU conserved hypothetical protein 

AZ15 A11 ybiV conserved protein, contains 

phophatase-like domain 

AZ15 A12 Empty Empty well 

AZ15 B1 ybjH unknown CDS 

AZ15 B2 ymcC putative synthetase 

AZ15 B3 yccM putative ferredoxin-type protein 

AZ15 B4 ybcV DLP12 prophage; putative  envelop 

protein (nohA?) 

AZ15 B5 ybhI putative DASS family transport 

protein (1st module) 

AZ15 B6 potF ABC superfamily (peri_bind)  

putrescine transporter (1st module) 

AZ15 B7 oppA ABC superfamily (peri_bind) , 

oligopeptide transport protein with 

chaperone properties 

AZ15 B8 ydcS putative ABC superfamily 

(peri_bind) transport protein 
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AZ15 B9 yeaV putative BCCT family, 

betaine/choline/glycine transport 

protein 

AZ15 B10 yejA putative ABC superfamily 

(peri_bind)  oligopeptide transport 

protein (1st module) 

AZ15 B11 sstT YgjU DAACS transporter 

AZ15 B12 ybcY DLP12 prophage; homolog of phage 

21 head protein, putative methylase 

AZ15 C1 yiiP putative CDF family transport 

protein 

AZ15 C2 ybdK conserved hypothetical protein 

AZ15 C3 serA D-3-phosphoglycerate 

dehydrogenase 

AZ15 C4 yjcE putative CPA1 family, 

sodium:hydrogen transport protein 

(1st module) 

AZ15 C5 b1367 Rac prophage; 

AZ15 C6 ydbC putative oxidoreductase, aldo/keto 

reductase family, NAD(P)-linked 

(2nd module) 

AZ15 C7 ydbD conserved hypothetical protein (2nd 

module) 
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AZ15 C8 ydcF conserved hypothetical protein 

AZ15 C9 yliE conserved protein (2nd module) 

AZ15 C10 U139 promoterless strain 

AZ15 C11 ydcL unknown CDS 

AZ15 C12 ydcA unknown CDS 

AZ15 D1 ydcX unknown CDS 

AZ15 D2 stfE e14 prophage; putative tail fiber 

protein 

AZ15 D3 yncI conserved protein 

AZ15 D4 ydfZ unknown CDS 

AZ15 D5 yceP unknown CDS 

AZ15 D6 pspF transcriptional activator of phage 

shock  (EBP family) (1st module) 

AZ15 D7 ycfS putative enzyme 

AZ15 D8 ycfD putative enzyme 

AZ15 D9 ycgX putative phage protein 

AZ15 D10 b1240 unknown CDS 

AZ15 D11 yciA putative enzyme 

AZ15 D12 ybjQ conserved hypothetical protein 

AZ15 E1 ybjM unknown CDS 

AZ15 E2 betT BCCT family, high-affinity choline 

transporter (2nd module) 
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AZ15 E3 entC isochorismate synthetase, 

enterochelin biosynthesis (2nd 

module) 

AZ15 E4 ytfQ putative ABC superfamily 

(peri_bind), D-ribose transport 

protein 

AZ15 E5 crcA PagP monomer 

AZ15 E6 ybjP unknown CDS 

AZ15 E7 ybjL putative transport protein (2nd 

module) 

AZ15 E8 yliG conserved protein (2nd module) 

AZ15 E9 fepB ferric enterobactin ABC transporter 

AZ15 E10 ybaE putative ABC superfamily 

(peri_bind) transport protein 

AZ15 E11 nanR transcriptional repressor of sialic 

acid metabolism  (GntR family) (1st 

module) 

AZ15 E12 ppa inorganic pyrophosphatase 

AZ15 F1 ynaI putative transmembrane protein 

AZ15 F2 ydfE Qin prophage; 

AZ15 F3 U66 promoterless strain 

AZ15 F4 ydgD putative enzyme 

AZ15 F5 ydgA conserved protein 
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AZ15 F6 ydgK putative oxidoreductase 

AZ15 F7 ydgR putative POT family, peptide 

transport protein (2nd module) 

AZ15 F8 ydhR unknown CDS 

AZ15 F9 ydhS putative oxidoreductase 

AZ15 F10 wrbA flavodoxin-like protein, trp 

repressor binding protein 

AZ15 F11 ydiL unknown CDS 

AZ15 F12 kil hypothetical protein 

AZ15 G1 clpS conserved hypothetical protein 

AZ15 G2 ycaD putative MFS family transport 

protein (1st module) 

AZ15 G3 ycaK putative electron transfer 

flavoprotein-NAD/FAD/quinone 

oxidoreductase 

AZ15 G4 ycaP conserved hypothetical protein (2nd 

module) 

AZ15 G5 ftsQ essential cell division protein FtsQ 

AZ15 G6 ycdC putative transcriptional repressor 

(TetR/AcrR family) 

AZ15 G7 ymdE putative malonyl-CoA:Acyl carrier 

protein transacylase 

AZ15 G8 sraB small RNA 
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AZ15 G9 ycfR unknown CDS 

AZ15 G10 ymfI e14 prophage 

AZ15 G11 ycgI unknown CDS 

AZ15 G12 ymgE conserved hypothetical protein 

AZ15 H1 lacZ beta-galactosidase, lac operon 

AZ15 H2 ushA UDP-sugar hydrolase 5'-

nucleotidase 

AZ15 H3 ynfM putative MFS family transport 

protein (1st module) 

AZ15 H4 mdtK putative MATE family transport 

protein (1st module) 

AZ15 H5 yebQ putative MFS family transport 

protein (1st module) 

AZ15 H6 setA MFS transporetr 

AZ15 H7 selC selenocysteinyl tRNA 

AZ15 H8 racR Rac prophage; putative prophage 

repressor 

AZ15 H9 uxuA mannonate hydrolase 

AZ15 H10 lacY MFS family, galactoside permease 

(M protein) (1st module) 

AZ15 H11 araJ MFS family, arabinose polymer 

transporter (1st module) 
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AZ15 H12 yajR putative MFS family transport 

protein (1st module) 

AZ16 A1 focA FNT family transport protein 

(formate channel 1) (2nd module) 

AZ16 A2 mdtG putative MFS family transport 

protein (1st module) 

AZ16 A3 narU MFS superfamily, nitrate extrusion 

protein (1st module) 

AZ16 A4 ydjE putative MFS family transport 

protein (1st module) 

AZ16 A5 yfcJ putative MFS family transport 

protein (2nd module) 

AZ16 A6 idnT IdnT idonate Gnt tranporter 

AZ16 A7 yjhF putative GntP family transport 

protein 

AZ16 A8 dkgA 2,5-diketo-D-gluconate reductase A 

AZ16 A9 yaaU putative MFS family transport 

protein (1st module) 

AZ16 A10 ygbN putative GntP family transport 

protein (1st module) 

AZ16 A11 b1403 IS21 protein 2 

AZ16 A12 Empty Empty well 

AZ16 B1 yqhH putative outer membrane lipoprotein 



 

  255 

AZ16 B2 gmr conserved protein (2nd module) 

AZ16 B3 ymjA unknown CDS 

AZ16 B4 uspE conserved protein with adenine 

nucleotide-binding domain (1st 

module) 

AZ16 B5 ydaO conserved protein 

AZ16 B6 ydaG Rac prophage; 

AZ16 B7 uspF conserved hypothetical protein with 

adenine nucleotide-binding domain 

AZ16 B8 yncJ unknown CDS 

AZ16 B9 yddE conserved protein 

AZ16 B10 yddM putative transcriptional regulator 

(OmpR family) 

AZ16 B11 cspD similar to CspA but not cold shock 

induced, nucleic acid-binding 

domain 

AZ16 B12 ycaC putative cysteine hydrolase 

AZ16 C1 ycaN putative transcriptional regulator 

(LysR family) (1st module) 

AZ16 C2 ycaO conserved hypothetical protein (3rd 

module) 

AZ16 C3 serA D-3-phosphoglycerate 

dehydrogenase 
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AZ16 C4 ycdM putative enzyme 

AZ16 C5 b1027 putative transposase-related protein 

AZ16 C6 yceF conserved protein 

AZ16 C7 ycfQ putative regulator (TetR/AcrR 

family) 

AZ16 C8 b1142 e14 prophage 

AZ16 C9 ydhP putative MFS family transport 

protein (1st module) 

AZ16 C10 U139 promoterless strain 

AZ16 C11 b1172 conserved hypothetical protein 

AZ16 C12 ycgR putative regulator (TetR/AcrR 

family) 

AZ16 D1 fsr MFS family fosmidomycin transport 

protein (2nd module) 

AZ16 D2 ynfL putative transcriptional regulator 

(LysR family) (1st module) 

AZ16 D3 ydhB putative transcriptional regulator 

(LysR familiy) 

AZ16 D4 ribE riboflavin synthase, alpha chain 

AZ16 D5 kdgR putative transcriptional repressor 

(IclR family) 

AZ16 D6 yabN putative periplasmic binding protein 

of transport system (2nd module) 
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AZ16 D7 yebA conserved protein 

AZ16 D8 ptsA General PTS family, enzyme I, 

phosphohistidine domain (1st 

module) 

AZ16 D9 gntP GntP family, gluconate transport 

protein, GNT III system (1st 

module) 

AZ16 D10 ydcJ conserved hypothetical protein 

AZ16 D11 rssA putative transmembrane protein 

AZ16 D12 ompW OmpW, outer membrane protein  

AZ16 E1 ycjZ putative transcriptional regulator 

(LysR family) (1st module) 

AZ16 E2 fes enterochelin esterase 

AZ16 E3 cmr MFS superfamily transporter, 

multidrug/chloramphenicol efflux 

transporter (1st module) 

AZ16 E4 tonB energy transducer; uptake of iron, 

cyanocobalimin; sensitivity to 

phages, colicins (1st module) 

AZ16 E5 yhhT putative PerM family permease (1st 

module) 

AZ16 E6 pheP APC family, phenylalanene 

transporter (2nd module) 
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AZ16 E7 chaC cation transport regulator 

AZ16 E8 nupG MFS family, nucleoside transport 

(2nd module) 

AZ16 E9 yniA conserved protein, protein kinase-

like 

AZ16 E10 ydjX putative YdjX-Z family transport 

protein 

AZ16 E11 yddW conserved protein with 

glycosyltransferase domain 

AZ16 E12 yneE putative transmembrane transporter 

AZ16 F1 yneH putative glutaminase 

AZ16 F2 nohA Qin prophage;  packaging protein 

NU1 

AZ16 F3 U66 promoterless strain 

AZ16 F4 glnH ABC superfamily (peri_bind)  

glutamine high-affinity transporter 

AZ16 F5 hcaT putative 3-phenylpropionic acid 

MFS family transport protein (1st 

module) 

AZ16 F6 nanT MFS family, sialic acid transport 

protein (1st module) 
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AZ16 F7 uhpT MFS family, hexose phosphate 

transport protein, possible 

membrane subunit (1st module) 

AZ16 F8 uhpA response regulator (activator ) in 

two-component regulatory system 

wtih UhpB, regulates carbon 

transport  (LuxR/UhpA family) 

AZ16 F9 ydcI putative transcriptional regulator 

(LysR familiy) (1st module) 

AZ16 F10 wrbA flavodoxin-like protein, trp 

repressor binding protein 

AZ16 F11 ychJ conserved hypothetical protein 

AZ16 F12 yciC putative membrane protein (1st 

module) 

AZ16 G1 ycjY conserved hypothetical protein with 

alpha/beta-Hydrolase domain 

AZ16 G2 fepA outer membrane porin, receptor for 

ferric enterobactin (enterochelin) 

and colicins B and D (1st module) 

AZ16 G3 narX sensory histidine kinase in two 

component regulatory system with 

NarL, senses nitrate/nitrite, 
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regulates anaerobic respiration and 

fermentation (2nd module) 

AZ16 G4 yciI conserved hypothetical protein 

AZ16 G5 uxaC uronate isomerase 

AZ16 G6 ppiA peptidyl-prolyl cis-trans isomerase 

A (rotamase A) 

AZ16 G7 shiA MFS family, shikimate and 

dehydroshikimate transport protein 

(1st module) 

AZ16 G8 yncG putative glutathione S-transferase 

AZ16 G9 glpA sn-glycerol-3-phosphate 

dehydrogenase FAD/NAD(P)-

binding (anaerobic), large subunit 

(1st module) 

AZ16 G10 fadL transport of long-chain fatty acids; 

sensitivity to phage T2, porin 

AZ16 G11 nupC NUP family, nucleoside transport 

AZ16 G12 yqeG putative HAAAP family transport 

protein 

AZ16 H1 lacZ beta-galactosidase, lac operon 

AZ16 H2 ygfU putative NCS2 family transport 

protein (1st module) 
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AZ16 H3 pitA PiT family, low-affinity phosphate 

transporter (1st module) 

AZ16 H4 xylF ABC superfamily (peri_bind)  

xylose transport protein 

AZ16 H5 corA MIT family, Mg2+/Ni2+/Co2+ 

transport protein (Mg transport 

system I) 

AZ16 H6 cysZ required for sulfate transport 

AZ16 H7 codB NCS1 family, cytosine transporter 

(2nd module) 

AZ16 H8 mscL mechanosensitive channel 

AZ16 H9 gntT GntP family, high-affinity gluconate 

permease in GNT I system 

AZ16 H10 zntA P-type ATPase family, 

Pb/Cd/Zn/Hg transporting ATPase 

(2nd module) 

AZ16 H11 lctP LctP transporter, L-lactate permease 

(1st module) 

AZ16 H12 rbsD D-ribose high-affinity transport 

system; membrane-associated 

protein 

AZ17 A1 mlc transcriptional repressor for glucose 

uptake and glycolysis , global 
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repressor of carbohydrate 

metabolism (NagC/XylR (ROK) 

family) (2nd module) 

AZ17 A2 pitB PiT family, low-affinity phosphate 

transporter (1st module) 

AZ17 A3 fecA outer membrane porin, receptor for 

ferric citrate, in multi-component 

regulatory system with cytoplasmic 

FecI (sigma factor) and membrane 

bound FecR (1st module) 

AZ17 A4 ychM putative SulP family transport 

protein (1st module) 

AZ17 A5 xasA putative APC family, 

glutamate:gamma-aminobutyric 

acid antiporter 

AZ17 A6 chbA Sugar Specific PTS family, 

cellobiose/arbutin/salicinsugar 

specific enzyme IIA component 

AZ17 A7 b1997 CP4-44 prophage; IS2 protein 

AZ17 A8 mtr HAAAP family, tryptophan-specific 

transport protein 

AZ17 A9 cadB APC family, lysine/cadaverine 

transport protein 
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AZ17 A10 treB Sugar Specific PTS family, 

trehalose(maltose)-specific enzyme 

IIBC component (2nd module) 

AZ17 A11 ydiU conserved protein 

AZ17 A12 Empty Empty well 

AZ17 B1 ydiV conserved protein 

AZ17 B2 yeaE putative oxidoreductase, NAD(P)-

linked (1st module) 

AZ17 B3 manY Sugar Specific PTS family, 

mannose-specific enzyme IIC 

component 

AZ17 B4 ygjI putative APC family transport 

protein 

AZ17 B5 frlA putative APC family, methionine 

transport protein 

AZ17 B6 yeeR CP4-44 prophage; putative 

membrane protein 

AZ17 B7 yeeV CP4-44 prophage; 

AZ17 B8 yegP conserved hypothetical protein 

AZ17 B9 yfaD putative transposase (1st module) 

AZ17 B10 yfdG CPS-53 prophage, putative integral 

membrane protein 

AZ17 B11 yfdQ CPS-53 prophage (2nd module) 
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AZ17 B12 yffS CPZ-55 prophage, putative 

transcriptional regulator 

AZ17 C1 yfgH putative outer membrane lipoprotein 

AZ17 C2 yfhR putative methylase or hydrolase (1st 

module) 

AZ17 C3 serA D-3-phosphoglycerate 

dehydrogenase 

AZ17 C4 yfhL putative ferredoxin 

AZ17 C5 smpA small membrane protein A 

AZ17 C6 yfjI CP4-57 prophage; 

AZ17 C7 yqaD unknown CDS 

AZ17 C8 csiD conserved protein (2nd module) 

AZ17 C9 yncB putative dehydrogenase, NAD(P) 

binding (2nd module) 

AZ17 C10 U139 promoterless strain 

AZ17 C11 ego putative ABC superfamily 

(atp_bind) sugar transport protein 

(1st module) 

AZ17 C12 nagE multimodular NagE: PTS family 

enzyme IIC, n-acetylglucosamine-

specific (1st module) 
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AZ17 D1 manX PTS family, mannose-specific 

enzyme IIA component (1st 

module) 

AZ17 D2 tyrP HAAAP family, tyrosine-specific 

transport protein 

AZ17 D3 srlA split PTS system, glucitol/sorbitol-

specific IIB component 

AZ17 D4 yahO unknown CDS 

AZ17 D5 b1437 unknown CDS 

AZ17 D6 yncA putative antibiotic N-

acetyltransferase 

AZ17 D7 lsrR putative transcriptional repressor 

AZ17 D8 b0259 CP4-6 prophage; IS5 protein 1 

AZ17 D9 nagB glucosamine-6-phosphate 

deaminase 

AZ17 D10 yoaE putative transmembrane protein (1st 

module) 

AZ17 D11 yecH unknown CDS 

AZ17 D12 yahN putative transport protein 

AZ17 E1 panB 3-methyl-2-oxobutanoate 

hydroxymethyltransferase 

AZ17 E2 nagA N-acetylglucosamine-6-phosphate 

deacetylase (2nd module) 



 

  266 

AZ17 E3 grxB glutaredoxin 2 

AZ17 E4 pdxH pyridoxine 5'-phosphate oxidase 

AZ17 E5 dcd 2'-deoxycytidine 5'-triphosphate 

deaminase 

AZ17 E6 thiM hydoxyethylthiazole kinase (THZ 

kinase) 

AZ17 E7 gshA gamma-glutamate-cysteine ligase 

AZ17 E8 gntK gluconate kinase 2 in GNT I system, 

thermoresistant 

AZ17 E9 grxC glutaredoxin 3 

AZ17 E10 nrdD anaerobic ribonucleoside-

triphosphate reductase 

AZ17 E11 thiG thiamine biosynthesis enzyme 

subunit, with ThiH 

AZ17 E12 ychF putative GTP-binding protein 

AZ17 F1 kch putative VIC family potassium 

channel protein 

AZ17 F2 yciW unknown CDS 

AZ17 F3 U66 promoterless strain 

AZ17 F4 mpaA unknown CDS 

AZ17 F5 pinR Rac prophage; putative transposon 

resolvase 
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AZ17 F6 yddL putative outer membrane porin 

protein 

AZ17 F7 ydeQ putative adhesin; similar to FimH 

protein 

AZ17 F8 ydeV putative sugar kinase (2nd module) 

AZ17 F9 yneF putative transport protein (1st 

module) 

AZ17 F10 wrbA flavodoxin-like protein, trp 

repressor binding protein 

AZ17 F11 ydfI putative mannitol dehydrogenase 

(2nd module) 

AZ17 F12 cspI Qin prophage; cold shock-like 

protein 

AZ17 G1 grpE Hsp 24 nucleotide exchange factor 

(1st module) 

AZ17 G2 spy periplasmic protein related to 

spheroblast formation 

AZ17 G3 ydjF putative transcriptional regulator 

(DeoR family) (1st module) 

AZ17 G4 ydjL putative dehydrogenase, NAD(P) 

binding 

AZ17 G5 rrmA 23S rRNA m1G745 

methyltransferase 
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AZ17 G6 proQ protein that affects activity of ProP 

transporter 

AZ17 G7 pphA serine/threonine specific protein 

phosphatase 1, signals protein 

misfolding 

AZ17 G8 torY cytochrome c-type protein in 

trimethylamine N-oxide reductase 

system III with TorZ (1st module) 

AZ17 G9 yaiN conserved hypothetical protein 

AZ17 G10 yeeX conserved protein 

AZ17 G11 yeeE putative membrane component of 

transport system (1st module) 

AZ17 G12 wcaJ putative UDP-glucose lipid carrier 

transferase/glucose-1-phosphate 

transferase  in colanic acid gene 

cluster 

AZ17 H1 lacZ beta-galactosidase, lac operon 

AZ17 H2 yegW putative transcriptional repressor 

AZ17 H3 yehD putative fimbrial-like protein (1st 

module) 

AZ17 H4 yehZ putative ABC superfamily 

(peri_bind) transport protein 
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(possibly glycine betaine choline 

transport for osmoprotection) 

AZ17 H5 yeiC putative sugar kinase (2nd module) 

AZ17 H6 yciT putative transcriptional regulator 

(DeoR family) (2nd module) 

AZ17 H7 ydcR multimodular YdcR; putative 

transcriptional regulator (GntR 

family) (1st module) 

AZ17 H8 stfR Rac prophage; putative tail fiber 

protein (1st module) 

AZ17 H9 ynbA putative enzyme 

AZ17 H10 ydcG putative enzyme 

AZ17 H11 ydcM putative transposase 

AZ17 H12 thiC 5'-phosphoryl-5-aminoimidazole = 

4-amino-5-hydroxymethyl-2-

methylpyrimidine-P 

AZ18 A1 yhdJ putative  methyltransferase 

AZ18 A2 b3218 IS5 protein 

AZ18 A3 kefF putative electron transfer 

flavoprotein-NAD/FAD/quinone 

oxidoreductase, subunit for KefC 

K+ efflux system 

AZ18 A4 dusB conserved protein 
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AZ18 A5 ribC riboflavin synthase, beta chain 

AZ18 A6 thiL thiamin-monophosphate kinase 

AZ18 A7 gst glutathionine S-transferase 

AZ18 A8 nrdB ribonucleoside-diphosphate 

reductase 1, beta subunit 

AZ18 A9 nrdH glutaredoxin-like protein; hydrogen 

donor 

AZ18 A10 aceK isocitrate dehydrogenase 

kinase/phosphatase, also has 

ATPase activity 

AZ18 A11 aphA subunit of acid 

phosphatase/phosphotransferase 

AZ18 A12 Empty Empty well 

AZ18 B1 yibF putative glutathione S-transferase 

(1st module) 

AZ18 B2 ampD N-acetyl-anhydromuramyl-L-

alanine amidase 

AZ18 B3 dgt deoxyguanosine triphosphate 

triphosphohydrolase 

AZ18 B4 ybjC unknown CDS 

AZ18 B5 fecI sigma (19) factor of RNA 

polymerase, affected by  FecR and 
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outer membrane receptor FecA 

(TetR/ArcR family) 

AZ18 B6 yfeK conserved protein 

AZ18 B7 yqiC conserved protein 

AZ18 B8 accB acetylCoA carboxylase, BCCP 

subunit, carrier of biotin 

AZ18 B9 trxA thioredoxin 1, redox factor 

AZ18 B10 yhgN putative integral membrane protein 

AZ18 B11 nadC quinolinate 

phosphoribosyltransferase 

AZ18 B12 panD aspartate 1-decarboxylase 

AZ18 C1 grxA glutaredoxin1 redox coenzyme for 

glutathione-dependent 

ribonucleotide reductase 

AZ18 C2 osmE transcriptiaonal activator of ntrL 

gene 

AZ18 C3 serA D-3-phosphoglycerate 

dehydrogenase 

AZ18 C4 yfaL conserved protein (2nd module) 

AZ18 C5 pdxK pyridoxal-pyridoxamine 

kinase/hydroxymethylpyrimidine 

kinase 
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AZ18 C6 ribB 3,4 dihydroxy-2-butanone-4-

phosphate synthase 

AZ18 C7 ggt gamma-glutamyltranspeptidase (1st 

module) 

AZ18 C8 rhlB putative ATP-dependent helicase 

(2nd module) 

AZ18 C9 asd aspartate-semialdehyde 

dehydrogenase, NAD(P)-binding 

(1st module) 

AZ18 C10 U139 promoterless strain 

AZ18 C11 hdeD conserved protein 

AZ18 C12 yhjC putative transcriptional regulator 

(LysR family) (1st module) 

AZ18 D1 bcsE unknown CDS 

AZ18 D2 yiaG putative transcriptional regulator 

AZ18 D3 yiaU putative transcriptional regulator 

(LysR family) 

AZ18 D4 pgmI phosphoglycerate mutase III, 

cofactor independent (3rd module) 

AZ18 D5 yidL putative transcriptional regulator 

(AraC/XylS family) (2nd module) 

AZ18 D6 yidS putative oxidoreductase with 

FAD/NAD(P)-binding domain 
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AZ18 D7 yidI NA 

AZ18 D8 yaiB unknown CDS 

AZ18 D9 bolA activator of morphogenic pathway 

(BolA family), important in general 

stress response 

AZ18 D10 ompX outer membrane protease, receptor 

for phage OX2 

AZ18 D11 yedP conserved protein with phophatase-

like domain 

AZ18 D12 atoS sensory protein kinase in two-

component regulatory system with  

AtoC (2nd module) 

AZ18 E1 amiA N-acetylmuramoyl-l-alanine 

amidase I 

AZ18 E2 slp outer membrane protein, induced 

after carbon starvation 

AZ18 E3 rfaD ADP-L-glycero-D-mannoheptose-6-

epimerase, NAD(P)-binding 

AZ18 E4 murC L-alanine adding enzyme, UDP-N-

acetyl-muramate:alanine ligase (1st 

module) 
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AZ18 E5 mrcB bifunctional multimodular MrcB: 

tglycosyl transferase of penicillin-

binding protein 1b  (2nd module) 

AZ18 E6 fhuA outer membrane porine protein 

porin, receptor for ferrichrome, 

colicin M, and phages T1, T5, and 

phi80 (1st module) 

AZ18 E7 ompG outer membrane protein; novel porin 

AZ18 E8 lpp murein lipoprotein, links outer and 

inner membranes 

AZ18 E9 rcsA transcriptional activator of 

capsular/exo- polysaccharide 

synthesis (LuxR/UhpA family) 

AZ18 E10 agn43 CP4-44 prophage; phase-variable 

outer membrane associated fluffing 

protein (2nd module) 

AZ18 E11 mltC membrane-bound lytic murein 

transglycosylase C 

AZ18 E12 yidC preprotein translocase, membrane 

component 

AZ18 F1 murB UDP-N-

acetylenolpyruvoylglucosamine 

reductase, FAD-binding 
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AZ18 F2 fimD outer membrane protein; export and 

assembly of type 1 fimbriae, 

interrupted 

AZ18 F3 U66 promoterless strain 

AZ18 F4 yjbB putative PNaS family transport 

protein/regulator/enzyme (1st 

module) 

AZ18 F5 yjbE conserved hypothetical protein 

AZ18 F6 yjbF putative membrane associated 

protein 

AZ18 F7 psiE conserved hypothetical protein 

AZ18 F8 yjbJ unknown CDS 

AZ18 F9 yjbI conserved protein 

AZ18 F10 wrbA flavodoxin-like protein, trp 

repressor binding protein 

AZ18 F11 dusA conserved protein 

AZ18 F12 yjbQ conserved hypothetical protein 

AZ18 G1 yjcD conserved protein (1st module) 

AZ18 G2 yjdK unknown CDS 

AZ18 G3 yjeI conserved protein 

AZ18 G4 yjeN unknown CDS 

AZ18 G5 b2861 IS2 protein 

AZ18 G6 yjeB conserved protein 
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AZ18 G7 yjfI unknown CDS 

AZ18 G8 yjfK unknown CDS 

AZ18 G9 ytfI conserved hypothetical protein 

AZ18 G10 yjgJ unknown CDS 

AZ18 G11 rcsF regulator in colanic acid synthesis; 

overexpression confers mucoid 

phenotype, increases capsule 

synthesis 

AZ18 G12 ybbB conserved hypothetical protein 

AZ18 H1 lacZ beta-galactosidase, lac operon 

AZ18 H2 ompT DLP12 prophage; protease VII; 

outer membrane protein 3b (a), 

putative porin 

AZ18 H3 ompA outer membrane protein 3a (II*;G;d) 

(2nd module) 

AZ18 H4 hipB transcriptional repressor which 

interacts with HipA 

AZ18 H5 uidC membrane-associated protein 

AZ18 H6 cld regulator of length of O-antigen 

component of lipopolysaccharide 

chains 
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AZ18 H7 pbpG D-alanyl-D-alanine endopeptidase; 

penicillin-binding protein 7 and 

penicillin-binding protein 8 

AZ18 H8 cirA outer membrane porin, receptor for 

colicin I, requires TonB (1st 

module) 

AZ18 H9 murA UDP-N-acetylglucosamine 1-

carboxyvinyltransferase 

AZ18 H10 nanA N-acetylneuraminate lyase 

(aldolase) 

AZ18 H11 mreC rod shape-determining protein 

AZ18 H12 fadE putative medium-/long-chain acyl-

CoA dehydrogenase (4th module) 

AZ19 A1 yhiL unknown CDS 

AZ19 A2 hdeA conserved protein 

AZ19 A3 yhjB putative transcriptional regulator 

(LuxR/UhpA familiy) 

AZ19 A4 yhjR unknown CDS 

AZ19 A5 yiaF conserved protein 

AZ19 A6 yiaJ transcriptional repressor (IclR 

family) 

AZ19 A7 yiaT putative outer membrane protein, 

scaffolding protein? 
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AZ19 A8 yidK putative SSS family, myo-inositor 

transporter, C term 

glycosyltransferase-like 

AZ19 A9 yidR conserved protein (2nd module) 

AZ19 A10 yidH conserved hypothetical protein 

AZ19 A11 yajG putative lipoprotein 

AZ19 A12 Empty Empty well 

AZ19 B1 ddlA D-alanine-D-alanine ligase A (2nd 

module) 

AZ19 B2 ybiF putative membrane protein 

AZ19 B3 mipA scaffolding protein for murein-

synthesizing holoenzyme, outer 

membrane protein 

AZ19 B4 dsrA anti-sense RNA, silencer of rcsA 

gene, interact with rpoS translation 

AZ19 B5 rcsC sensory histidine kinase in two-

component regulatory system with 

RcsB, regulates colanic capsule 

biosynthesis (2nd module) 

AZ19 B6 ypeA putative acyltransferase 

AZ19 B7 hofM conserved hypothetical protein 

AZ19 B8 b3505 IS5 protein 
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AZ19 B9 htrL involved in lipopolysaccharide 

biosynthesis 

AZ19 B10 rplT 50S ribosomal subunit protein L20, 

also posttranslational autoregulator 

AZ19 B11 rpmI 50S ribosomal subunit protein A 

AZ19 B12 rrfG 5S rRNA 

AZ19 C1 rpsL 30S ribosomal subunit protein S12 

AZ19 C2 rrnG 16S rRNA 

AZ19 C3 serA D-3-phosphoglycerate 

dehydrogenase 

AZ19 C4 rpsP 30S ribosomal subunit protein S16 

AZ19 C5 rpsO 30S ribosomal subunit protein S15 

AZ19 C6 rrfD 5S rRNA 

AZ19 C7 rrlD 23S rRNA 

AZ19 C8 rpsM 30S ribosomal subunit protein S13 

AZ19 C9 rplN 50S ribosomal subunit protein L14 

AZ19 C10 U139 promoterless strain 

AZ19 C11 yfhM conserved protein 

AZ19 C12 yphG putative transferase 

AZ19 D1 yfjG conserved hypothetical protein 

AZ19 D2 b2641 CP4-57 prophage; 

AZ19 D3 yqaE putative YqaE family transport 

protein 
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AZ19 D4 ygcW putative deoxygluconate 

dehydrogenase 

AZ19 D5 ygcF putative coenzyme PQQ synthesis 

protein, nitrogenase iron-

molybdenum domain 

AZ19 D6 ygdI unknown CDS 

AZ19 D7 yqeK unknown CDS 

AZ19 D8 sseA putative sulfurtransferase 

AZ19 D9 yphH putative transcriptional repressor 

(NagC/XylR (ROK) family) (2nd 

module) 

AZ19 D10 smpB small protein B 

AZ19 D11 yfjW CP4-57 prophage; 

AZ19 D12 b2651 unknown CDS 

AZ19 E1 ygaQ unknown CDS 

AZ19 E2 ygaV conserved protein 

AZ19 E3 yqcE putative MFS family transporter 

(2nd module) 

AZ19 E4 csdA cysteine sulfinate desulfinase 

AZ19 E5 ygeF conserved hypothetical protein 

AZ19 E6 yjiM putative 2-hydroxyglutaryl-CoA 

dehydratase 

AZ19 E7 yjiA putative cobalamin synthesis protein 
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AZ19 E8 yjiX unknown CDS 

AZ19 E9 yjiJ putative sugar transporter (1st 

module) 

AZ19 E10 yjjL putative MFS family transport 

protein, cryptic, joins former yjiZ 

and yjjL 

AZ19 E11 rpsJ 30S ribosomal subunit protein S10 

AZ19 E12 rpmB 50S ribosomal subunit protein L28 

AZ19 F1 rrlG 23S rRNA 

AZ19 F2 rpsG 30S ribosomal subunit protein S7, 

initiates assembly 

AZ19 F3 U66 promoterless strain 

AZ19 F4 rmf ribosome modulation factor  

(involved in dimerization of 70S 

ribosomes) 

AZ19 F5 rrnH 16S rRNA 

AZ19 F6 rrlH 23S rRNA 

AZ19 F7 rrfH 5S rRNA 

AZ19 F8 rpsA 30S ribosomal subunit protein S1 

(3rd module) 

AZ19 F9 rimL acetyl transferase, modifies N-

terminal serine of 50S ribosomal 

subunit protein L7/L12 
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AZ19 F10 wrbA flavodoxin-like protein, trp 

repressor binding protein 

AZ19 F11 rplY 50S ribosomal subunit protein L25 

AZ19 F12 ssrA 10Sa RNA, non-ribosomal RNA, 

mediates tagging and proteolysis of 

incomplete polypeptides 

AZ19 G1 rrfC 5S rRNA 

AZ19 G2 rrnA 16S rRNA 

AZ19 G3 rrlA 23S rRNA 

AZ19 G4 rrnB 16S rRNA 

AZ19 G5 rrfB 5S rRNA 

AZ19 G6 rplL 50S ribosomal subunit protein 

L7/L12 

AZ19 G7 rrfE 5S rRNA 

AZ19 G8 rrlB 23S rRNA 

AZ19 G9 rrlE 23S rRNA 

AZ19 G10 yidX unknown CDS 

AZ19 G11 yieH putative enzyme with a phophatase-

like domain 

AZ19 G12 fabR putative regulator (TetR/AcrR 

family) 

AZ19 H1 lacZ beta-galactosidase, lac operon 

AZ19 H2 yiiR conserved protein 
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AZ19 H3 nudC conserved hypothetical protein, 

MutT-like protein 

AZ19 H4 rimJ acetylation of N-terminal alanine of 

30S ribosomal subunit protein S5 

AZ19 H5 rpsU 30S ribosomal subunit protein S21 

AZ19 H6 rrnC 16S rRNA 

AZ19 H7 dgoR putative transcriptional repressor 

(GntR familiy) 

AZ19 H8 yieG conserved protein (1st module) 

AZ19 H9 yihU putative oxidoreductase (1st 

module) 

AZ19 H10 yiiQ conserved protein 

AZ19 H11 sthA pyridine nucleotide 

transhydrogenase 

AZ19 H12 rsd regulator of sigma D, has binding 

activity to the major sigma subunit 

of RNAP 

AZ20 A1 mdtH putative MFS superfamily transport 

protein 

AZ20 A2 ygjD putative O-sialoglycoprotein 

endopeptidase 

AZ20 A3 yjfY unknown CDS 

AZ20 A4 rrnD 16S rRNA 
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AZ20 A5 ftsZ tubulin-like GTP-binding protein 

and GTPase, forms circumferential 

ring in cell division 

AZ20 A6 fliF flagellar biosynthesis; basal-body 

MS(membrane and 

supramembrane)-ring and collar 

protein 

AZ20 A7 phoR sensory kinase in two-component 

regulatory system with PhoB, 

regulates pho regulon (2nd module) 

AZ20 A8 clpX specificity component of clpA-clpP 

ATP-dependent serine protease, 

chaperone 

AZ20 A9 yebB unknown CDS 

AZ20 A10 fliE flagellar biosynthesis; basal-body 

component 

AZ20 A11 gyrB DNA gyrase, subunit B (type II 

topoisomerase) (1st module) 

AZ20 A12 Empty Empty well 

AZ20 B1 malF ABC superfamily (membrane) 

maltose transport protein (2nd 

module) 
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AZ20 B2 flgM anti-FliA (anti-sigma) factor; also 

known as RflB protein 

AZ20 B3 rhaT DMT Superfamily, L-rhamnose:H+ 

symporter protein (1st module) 

AZ20 B4 relA (p)ppGpp synthetase I  (GTP 

pyrophosphokinase) 

AZ20 B5 uvrC UvrC with UvrAB is a DNA 

excision repair enzyme (1st module) 

AZ20 B6 ihfB IHF transcriptional dual regulator 

AZ20 B7 cynT carbonic anhydrase 

AZ20 B8 flgB flagellar biosynthesis, cell-proximal 

portion of basal-body rod 

AZ20 B9 htpG chaperone Hsp90, heat shock 

protein C 62.5 

AZ20 B10 yjjY hypothetical protein 

AZ20 B11 cynR transcriptional regulator of cyanate 

metabolism (LysR family) (1st 

module) 

AZ20 B12 ydfV Qin prophage; 

AZ20 C1 lacZ beta-D-galactosidase (1st module) 

AZ20 C2 motA proton conductor component of 

motor, torque generator 
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AZ20 C3 serA D-3-phosphoglycerate 

dehydrogenase 

AZ20 C4 ompR transcriptional regulator in two-

component regulatory system with 

EnvZ, affects outer membrane 

protein synthesis (OmpR family) 

(1st module) 

AZ20 C5 relB Qin prophage; part of two-

component toxin-antitoxin system 

with RelE, transcriptional repressor 

of relBE operon 

AZ20 C6 uvrY putative transcriptional regulator for 

damaged DNA repair (LuxR/UhpA 

familiy) 

AZ20 C7 cyaA adenylate cyclase 

AZ20 C8 rhaS positive regulator for L-rhamnose 

catabolism (AraC/XylS family) (2nd 

module) 

AZ20 C9 chaB cation transport regulator 

AZ20 C10 U139 promoterless strain 

AZ20 C11 argU arginine tRNA 4 

AZ20 C12 garD galactarate dehydratase 
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AZ20 D1 oxyR transcriptional regulator of oxidative 

stress, regulates intracellular 

hydrogen peroxide (LysR family) 

AZ20 D2 araE MFS family, L-arabinose: proton 

symport  protein (low-affinity 

transporter) (1st module) 

AZ20 D3 rhaD rhamnulose-1-phosphate aldolase 

(2nd module) 

AZ20 D4 tar subunit of MCP-II 

AZ20 D5 ompC outer membrane protein 1b (ib;c), 

porin (1st module) 

AZ20 D6 ndk nucleoside diphosphate kinase 

AZ20 D7 ruvA Holliday junction helicase subunit A 

(1st module) 

AZ20 D8 rpoD sigma D (sigma 70) factor of RNA 

polymerase, major sigma factor 

during exponential growth (2nd 

module) 

AZ20 D9 dsdX Gnt family transport protein (1st 

module) 

AZ20 D10 fliL flagellar biosynthesis 

AZ20 D11 greB transcription elongation factor and 

transcript cleavage 
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AZ20 D12 katG catalase; hydroperoxidase HPI(I) 

AZ20 E1 araB L-ribulokinase (2nd module) 

AZ20 E2 glnA glutamine synthetase (2nd module) 

AZ20 E3 ligB putative DNA ligase 

AZ20 E4 araD L-ribulose-5-phosphate 4-epimerase 

(1st module) 

AZ20 E5 gpp guanosine pentaphosphatase and 

exopolyphosphatase 

AZ20 E6 polB DNA polymerase II and and 3' --> 5' 

exonuclease 

AZ20 E7 uvrD DNA-dependent ATPase I and 

helicase II (1st module) 

AZ20 E8 dnaK chaperone Hsp70 in DNA 

biosynthesis/cell division (1st 

module) 

AZ20 E9 gmk guanylate kinase 

AZ20 E10 ybeL conserved hypothetical protein 

AZ20 E11 sodA superoxide dismutase, manganese 

AZ20 E12 rhaB rhamnulokinase 

AZ20 F1 leuA 2-isopropylmalate synthase 

AZ20 F2 rpoH sigma H (sigma 32) factor of RNA 

polymerase; transcription of heat 
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shock proteins induced by 

cytoplasmic stress 

AZ20 F3 U66 promoterless strain 

AZ20 F4 hlyE hemolysin E 

AZ20 F5 yiiU conserved hypothetical protein 

AZ20 F6 araC transcriptional regulator of 

arabinose catabolism (AraC/XylS 

family)(2nd module) 

AZ20 F7 gltB glutamate synthase, large subunit 

(2nd module) 

AZ20 F8 dnaJ chaperone with DnaK; heat shock 

protein 

AZ20 F9 groE GroES, 10 Kd chaperone binds to 

Hsp60 in pres. Mg-ATP, 

suppressing its ATPase activity  

AZ20 F10 wrbA flavodoxin-like protein, trp 

repressor binding protein 

AZ20 F11 lexA transcriptional repressor for SOS 

response (signal peptidase of LexA 

family) 

AZ20 F12 rpoS sigma S (sigma 38) factor of RNA 

polymerase, major sigmafactor 

during stationary phase 
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AZ20 G1 hemC hydroxymethylbilane synthase 

(porphobilinogen deaminase) 

AZ20 G2 pstS ABC superfamily (peri_bind) high-

affinity phosphate transporter 

AZ20 G3 fliA sigma F (sigma 28) factor of RNA 

polymerase, transcription of late 

flagellar genes (class 3a and 3b 

operons) 

AZ20 G4 rpoE sigma E (sigma 24 ) factor of RNA 

polymerase, response to periplasmic 

stress (TetR/ArcR family) 

AZ20 G5 recA DNA strand exchange and 

recombination protein with 

proteiase and nuclease activity (1st 

module) 

AZ20 G6 arcB multimodular ArcB: membrane part 

of sensory histidine kinase in two-

component regulatory system with 

ArcA, senses redox conditions (1st 

module) 

AZ20 G7 malX Sugar Specific PTS family, maltose 

and glucose-specific IIC (1st 

module) 
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AZ20 G8 phoA modular PhoA: alkaline phosphatase 

(2nd module) 

AZ20 G9 lon DNA-binding, ATP-dependent 

protease la; cleaves RcsA and SulA, 

heat shock k-protein (ATP ase 

activity) (2nd module) 

AZ20 G10 yecF unknown CDS 

AZ20 G11 umuD component of DNA polymerase V, 

signal peptidase with UmuC 

AZ20 G12 trpL trp operon leader peptide 

AZ20 H1 lacZ beta-galactosidase, lac operon 

AZ20 H2 lacI transcriptional repressor of lactose 

catabolism (GalR/LacI family) 

AZ20 H3 dsdC transcriptional regulator of D-serine 

dehydratase (deaminase) (LysR 

family) (1st module) 

AZ20 H4 fliY cysteine binding periplasmic 

transport protein, sulfate starvation 

induced 

AZ20 H5 malI transcriptional repressor of maltose 

regulon (GalR/LacI family) 

AZ20 H6 galP MFS family, galactose:proton 

symporter (1st module) 
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AZ20 H7 rpsT 30S ribosomal subunit protein S20 

AZ20 H8 ubiG 3-demethylubiquinone-9 3-

methyltransferase and 2-octaprenyl-

6-hydroxy phenol methylase 

AZ20 H9 phoB response regulator in two-

component regulatory system with 

PhoR (or CreC) , regulates  Pi 

uptake (OmpR family) (1st module) 

AZ20 H10 clpP proteolytic subunit of clpA-clpP 

ATP-dependent serine protease, heat 

shock protein F21.5 

AZ20 H11 yeaH conserved hypothetical protein 

AZ20 H12 ssb ssDNA-binding protein controls 

activity of RecBCD nuclease 

AZ21 A1 yoaD conserved protein (2nd module) 

AZ21 A2 yfbM conserved protein 

AZ21 A3 yafZ hypothetical protein 

AZ21 A4 gudP YgcZ MFS transporter 

AZ21 A5 cvrA YcgO CPA1 Transporter 

AZ21 A6 ybjG putative permease 

AZ21 A7 aqpZ AqpZ - water MIP channel 

AZ21 A8 yebF unknown CDS 
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AZ21 A9 lacA galactoside O-acetyltransferase 

monomer, subunit of galactoside O-

acetyltransferase  

AZ21 A10 araF arabinose ABC transporter 

 


