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Abstract 

Agrobacterium tumefaciens is a Gram-negative soil bacterium best known 

for its ability to genetically modify host organisms, and it is also known to form 

biofilms on both abiotic and plant surfaces. Central to the processes of virulence 

and biofilm formation is the problem of surface attachment. To investigate the 

process of surface attachment, a screen was performed for mutants deficient in 

this process. Two separate mutations were isolated in a gene called exoR, found 

to be homologous to the exoR gene initially studied in the plant symbiont 

Sinorhizobium meliloti.  In the current work, A. tumefaciens ExoR has been found 

to play a critical role in surface attachment, biofilm formation, exopolysaccharide 

production, motility, virulence and a number of additional functions. DNA 

microarray analysis of the ExoR regulon revealed a large network of regulated 

genes (~600 genes), some activated and others repressed by ExoR.  This 

analysis has provided striking correlation between the mutant phenotypes 

observed and target genes, indicating negative regulation of exo genes and 

positive control of motility and chemotaxis-related genes.  These experiments 

also identified a role for ExoR in regulating a Type VI secretion system in A. 

tumefaciens, which also influences surface attachment.  These and other 

aspects of the exoR phenotype are consistent with its role as a regulatory 

protein.  However, the ExoR protein is not a typical transcriptional regulator, but 

is predicted to be secreted to the periplasm via an N-terminal secretion signal, 

and also contains several tetratricopeptide repeat (TPR) domains, thought to 
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mediate protein-protein interactions.  Additionally, the role of exopolysaccharide 

overproduction on the transcriptome was evaluated, resulting in identification of 

several groups of genes that are indirectly impacted in the exoR mutant through 

its overproduction of exopolysaccharide. 
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Chapter 1 

A General Introduction to Agrobacterium tumefaciens, Surface Attachment 
and Biofilm Formation. 

Portions of this chapter were co-authored with Clay Fuqua for publication in 
Current Opinion in Microbiology (2009). 

 

1.1  Agrobacterium tumefaciens 

Species of Agrobacterium are common soil bacteria, and are members of 

the Rhizobiaceae family within the Alphaproteobacteria group.  Agrobacterium 

tumefaciens causes crown gall, a neoplastic disease of dicotyledonous plants.  

Most studies of A. tumefaciens have focused on its ability to genetically transform 

host plants via the interkingdom transfer of T-DNA, a specific replicated segment 

of the large tumor-inducing, (Ti), plasmid (Escobar & Dandekar, 2003). 

Virulence is responsive to plant exudates, and requires deployment of a 

Type IV secretion (T4S) system to deliver the T-DNA and associated proteins 

(Christie et al., 2005; Fuqua, 2008; Gelvin, 2003).  Transported substrates of the 

VirB/D4 T4S system in A. tumefaciens include one or more large fragments 

(roughly 20 kb) of T-DNA and several effector proteins encoded on the 200 kb 

tumor-inducing (Ti) plasmid.  The secreted effector proteins contribute to 

directing the T-DNA from the bacterial cell into the plant, import into the nucleus, 

and eventual integration of the T-DNA within the plant chromosomal DNA.  The 

transfer process bears similarity to conjugal transfer between bacteria, although 

the secreted effectors are transported independently of the T-DNA.  T-DNA 

integration into the host chromosome ensures the long-term production of 
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enzymes that catalyze the biosynthesis of plant growth hormones, causing 

uncontrolled neoplastic growth of the infected tissue, and production of a class of 

small metabolites called opines, novel compounds that only pTi-bearing bacteria 

can metabolize as a source of carbon, nitrogen and phosphorus (Figure 1.1).  

Several virulence loci (designated as vir genes) encoded on the Ti plasmid 

outside the T-DNA are required for the infection process and have diverse 

functions including comprising the T4S system itself, the secreted effector 

proteins, DNA transfer functions, and the VirA-VirG two component regulatory 

system.   

VirA and VirG regulate the T-DNA transfer process in response to 

phenolics such as acetosyringone (AS) produced by wounded plants, certain 

sugars, low phosphorus and acidic pH, all conditions considered to be indicative 

of wounded plant tissue (McCullen & Binns, 2006).  The VirA/G system is able to 

respond to this variety of signals via the multiple domains of VirA.  VirA is 

localized to the membrane, and contains a periplasmic domain and a cytoplasmic 

domain, which can be subdivided into linker, kinase and receiver domains 

(Bladergroen et al., 2003; Chang & Winans, 1992; Jin et al., 1990).  The linker 

domain recognizes phenolics such as acetosyringone, while the periplasmic 

domain recognizes plant-derived monosaccharides via binding with the 

periplasmic sugar-binding protein ChvE (Gao & Lynn, 2005).  Recently, it has 

been demonstrated that the ChvE-VirA interaction is critical to both sugar sensing 

and pH sensing, via distinct amino acid residues (Gao & Lynn, 2005).  VirA  



Figure 1.1:  A simple model of A. tumefaciens virulence

3
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autophosphorylates at a conserved histidine upon identification of these signals, 

and then phosphorylates VirG.  VirG phosphorylation activates the expression of 

as many as 14 vir operons comprising greater than 30 different genes, and 

increases copy number of the Ti plasmid (Cho & Winans, 2005).  The system is 

repressed when indoleacetic acid, a product encoded on the T-DNA and 

produced by an infected plant, inactivates VirA signaling by competing with the 

inducing signals to bind VirA (Liu & Nester, 2006). 

In addition to induction of the Vir genes encoded on the Ti plasmid, 

virulence also requires successful attachment of A. tumefaciens to host cells.  

Several reports suggest that the T4SS assembles at the cell pole (Judd et al., 

2005a), congruent with observations that dominant mode of early attachment is 

via a single pole.  Several different appendages, adhesins and adhesives play 

roles during attachment, and foster the transition from free-swimming to sessile 

growth.  This polar surface interaction reflects a more profound cellular 

asymmetry in A. tumefaciens that influences and is congruent with its lifestyle 

attached to a variety of surfaces. 

 

1.2  Organization and Asymmetry of A. tumefaciens Cells 

Bacterial morphology and extracellular structures greatly impact 

attachment, when single cells forge interactions with target surfaces (Hall-

Stoodley et al., 2004).  Agrobacteria are typically short, motile rod-shaped cells 

(averaging 0.8 x 2 um) with several flagella localized at and around a single pole 

of the cell (Chesnokova et al., 1997).  As described below, there are several 
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other structures that localize to cell poles (Figure 1.2).  One of these is a 

polysaccharide-containing adhesive structure, described as the unipolar 

polysaccharide (UPP; Merritt et al, in preparation).  Additionally, 

immunolocalization and fluorescent tagging of proteins comprising the T4S 

system of A. tumefaciens also suggest that it localizes predominantly to a single 

pole (Atmakuri et al., 2007; Judd et al., 2005b).  An extracellular appendage 

called the T-pilus, also a component of the T4S system, has been visualized to 

extend from cell poles (Kelly & Kado, 2002; Lai et al., 2000).  The UPP and 

several components of the T4S system (VirD4 and VirC1) frequently localize to 

the same pole, although the T4S system unipolar localization appears to be less 

stringent, and a fraction of cells produce fluorescence at both poles (Merritt et al, 

in preparation).  It is a longstanding observation, however, that A. tumefaciens 

often forms stable associations with plant tissue and abiotic surfaces via a single 

cellular pole (Merritt et al., 2007; Pueppke & Hawes, 1985); also see Figures 1.2 

and 1.3).  Furthermore, star-shaped clusters (Figure 1.3 C), often called rosettes, 

with A. tumefaciens cells bound together through their poles, have been reported 

for many years (Braun & Elrod, 1946). 

 The asymmetric locations of extracellular appendages in A. tumefaciens 

may also reflect a more fundamental cellular asymmetry.  Although generally 

considered symmetrical rods, more recent observations suggest that during A. 

tumefaciens cell division, at least under some conditions, the division plane is 

offset from the midcell, giving rise to daughter cells of uneven sizes (Hallez et al., 

2004).  Observations over the years reveal that A. tumefaciens cells may also  



Figure 1.2:  A variety of structures localize to the pole of A. tumefaciens.  Peritrichous flagella 
populate one pole of the cell.  Recent work has shown that a single pole of the cell is 
decorated with a polysaccharide, called the UPP (or unipolar polysaccharide, filled circle).  It is 
theorized that the UPP is likely present on the opposite end of the cell from the flagella, and at 
the same pole as the T4SS (shown by the dotted box) and T-pilus (dotted line).  Genetic 
analysis has shown that the UPP is produced by genes homologous to the C. crescentus 
holdfast synthesis genes.  A subset of the genes implicated in polar development of A. 
tumefaciens are listed, and while each of these has been demonstrated to impact polar 
development, the mechanism of each currently remains under investigation.

Figure 1.3:  Recent work on the unipolar polysaccharide of A. tumefaciens is congruent with 
longstanding observations.  Electron micrographs of A. tumefaciens on carrot cells show polar 
attachment (A).  Lectin staining of pole-bound cells on an abiotic surface show that the 
attachment is mediated by UPP (magenta, panel B).  Early examinations of A. tumefaciens 
growth in carrot media demonstrated the formation of star-like clusters in culture (C).  These 
clusters can also be seen in cultures grown in minimal media, and lectin staining shows that 
these clusters consist of cells bound at the pole by UPP (red, D).  

A B C D 

6
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have one wide end and one narrow end (Atmakuri et al., 2007; Braun & Elrod, 

1946).  It remains to be determined whether the polar surface features described 

above consistently localize to a specific pole.  Cellular asymmetry in bacteria has 

been best characterized in the stalked alphaproteobacterium Caulobacter 

crescentus.  C. crescentus has a biphasic life cycle in which non-motile stalked 

cells, often adhered to surfaces, give rise to motile daughter cells via repeated 

rounds of asymmetric cell division (Brown et al., 2009).  Extensive studies on C. 

crescentus have identified several different key regulators (Table 1.1) that play 

roles in defining the flagellated pole and the stalked pole, at different stages of 

the life cycle (Brown et al., 2009).  Genome sequencing has revealed the 

presence of homologues to these polar development genes in a number of 

Alphaproteobacteria including A. tumefaciens (Hallez et al., 2004).  In A. 

tumefaciens, reasonably strong homologues exist for the PleC, PleD, DivK, DivJ, 

PodJ, CckA and CtrA polar development proteins (Table 1.1, Figure 1.2).  

Indeed, mutations in several of these A. tumefaciens developmental homologues 

result in deficiencies in cell division and polar localization (Kim and Fuqua, in 

preparation).  The specific locations and temporal control of these presumptive 

polar development regulators in A. tumefaciens cells undergoing division and 

during polar attachment remain to be determined.
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Table 1.1:  Polar development homologues in A. tumefaciens 

Protein A. tumefaciens 
Homologuea 

Predicted function and 
localization (Caulobacter model)b 

C. crescentus 
Homologuec 

CtrA Atu2434 Master transcriptional regulator of 
biphasic life cycle in C. crescentus. 
Enriched in swarmer cells and at the 
stalk pole.  

CC3035 

CckA Atu1362 Cognate histidine sensor kinase for 
CtrA via ChpT phosphotransfer.  
Dynamic polar localization. 

CC1078 

PleC Atu0982 Histidine sensor kinase – Required to 
localize other developmental 
proteins.  Inhibits DivK and PleD.  
Dynamic polar localization and 
delocalization.  

CC2482 

DivJ Atu1888 Histidine sensor kinase – Localizes 
to stalked pole in developing stalked 
cell.  Activates DivK and PleD. 

CC1063 

DivK Atu1296 Response regulator – target of DivJ 
kinase.  Nonphosphorylated DivK is 
daughter cell.  Phospho DivK at stalk 
pole. 

CC2463 

DivL Atu0027 Tyrosine kinase suspected to 
stimulate CtrA phosphorylation. 
Dynamic polar localization dependent 
on DivJ. 

CC3484 

PleD Atu1297 Response regulator with GGDEF 
domain and c-di-GMP synthase 
activity.  Required for flagellar 
ejection. 

CC2462 

PodJ Atu0499 Polar development protein J – 
membrane protein required to 
develop holdfast and target correct 
flagellar placement. Swarmer polar 
localization and required proteolytic 
processing 

CC2045 

a A. tumefaciens C58 genome number (http://agro.vbi.vt.edu/public/) 
b See Brown et al. for a comprehensive review on the functions of these proteins 
in C. crescentus development 
c C. crescentus gene number (Genbank) 
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1.3  General Introduction to Biofilms 

 Biofilms are complex communities of microbes enmeshed in an 

extracellular matrix.  They may be composed of a single species, but most 

environmental biofilms are composed of multiple species.  Often, biofilms can 

adhere to a broad range of surfaces.  The extracellular matrix may be composed 

of exopolysaccharides, proteins, and/or DNA, some or all of which may be 

required to maintain the biofilm .  Biofilm formation provides significant benefits to 

microorganisms, including environmental persistence, antimicrobial resistance, 

evasion of host immunity, metabolic interactions, conjugation, and quorum 

sensing (Hall-Stoodley et al., 2004; Hannan et al.; O'Toole et al., 2000). 

In the process of biofilm maturation, individual cells transition from an 

unattached free-swimming state, through reversible surface interactions towards 

stable or irreversible attachment (See (Hall-Stoodley et al., 2004) for a review; 

Figure 1.4).  These attached populations may elaborate an extracellular matrix, 

and mature into a complex, multicellular biofilm.  Dispersal releases cells from 

the biofilm into the planktonic phase.  Each stage of biofilm formation, including 

attachment, is regulated by complex genetic mechanisms and sensitive 

responses to the environment.    



Figure 1.4:  Biofilm formation can be considered as a multi-stage cycle that usually initiates 
with individual cells transitioning from a free-swimming stage to reversible surface interactions, 
and then on to stable or irreversible attachment .  These attached populations may elaborate 
an extracellular matrix, and in many cases mature to form a three-dimensionally complex, 
multicellular biofilm.  Eventual dispersal releases a subpopulation of cells from the biofilm into 
the planktonic phase.  Micrographs show (from right to left) the maturation of a biofilm from 
early, polarly attached single cells through the process of stable attachment and formation of a 
mature, complex biofilm. 

10
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1.4  Mechanisms and Regulation of Surface Attachment in Agrobacterium 
tumefaciens 

Attachment to surfaces is critical to both biofilm formation and virulence in 

A. tumefaciens.  The next portion of this chapter provides a comprehensive 

introduction to this process in A. tumefaciens. 

1.4.1  Transitioning to the surface: A role for motility 

The first hurdle in attachment and biofilm formation is the transition out of 

the planktonic phase and onto the surface.  Most bacteria exhibit a reversible 

attachment stage, that allows for surface sampling, and either subsequent 

detachment or the conversion to a more stable association (Hall-Stoodley et al., 

2004).  Motility clearly has an important influence on surface interactions and 

biofilm formation among many different bacteria.  A. tumefaciens is only 

recognized to exhibit swimming motility through flagellar locomotion, with no 

known alternate motility mechanisms (Merritt et al., 2007).  Non-motile and non-

chemotactic mutants exhibit modest, but reproducible attenuation of virulence on 

plants (Chesnokova et al., 1997; Shaw et al., 1991).  Motility is required for 

efficient surface attachment and biofilm formation by A. tumefaciens (Merritt et 

al., 2007).  Mutants with unpowered flagella (due to mutations in the mot genes), 

are also attachment deficient, indicating that active propulsion is required.  In 

flowing environments aflagellate mutants rapidly grew into very dense biofilms, 

possibly due to lack of migration away from the site of colonization.  These 

findings also suggest that in static environments motility increases the frequency 

of collisions with the surface and that flowing conditions increase the number of 

passive collisions.  Perhaps of equal importance during surface colonization, 
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motility must be repressed as the cell becomes sessile.  A recent report has 

identified a clutch function that disengages flagellar rotation during biofilm 

formation in Bacillus subtilis, although such a function has not been identified for 

A. tumefaciens (Blair et al., 2008). 

1.4.2  Adhesin proteins and early attachment 

As in other bacterial systems, the initial binding to surfaces is thought to be 

mediated by molecular adhesins.  Several different potential adhesins have been 

proposed for A. tumefaciens, but many of these have failed subsequent 

experimental validation.  During the plant infection process, the Ti plasmid-

encoded vir genes are required to direct T-DNA processing, assembly of the T4S 

system, and DNA transfer.  As described above, the vir genes are tightly 

regulated by the presence of plant-released phenolics, and in their absence, are 

not significantly expressed.  The VirB operon encodes the T4S system and also 

a structure known as the T-pilus (Fullner et al., 1996).  The current view is that 

the T-pilus does not function directly in T-DNA transfer, but rather by analogy to 

conjugal pili, may facilitate intimate contact with host cells (Backert et al., 2008; 

Christie et al., 2005).  The T-pilus is a filament of the VirB2 T-pilin protein, 

apparently with the VirB5 protein at its tip (Aly & Baron, 2007).  By analogy to 

other T4S systems, VirB5 is speculated to function as an adhesin, perhaps 

associating with the receptors on the plant cell (Backert et al., 2008).  As 

mentioned above, the VirB proteins and several other Vir proteins (VirD4 and 

VirC1) frequently localize to single cell poles (Atmakuri et al., 2007; Judd et al., 

2005b).  Correspondingly, the T-pilus has been visualized to extend from cell 
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poles, and vir-induced A. tumefaciens were observed to bind to Streptomyces 

filaments via a pilus-like appendage (Kelly & Kado, 2002; Lai et al., 2000).  

These observations prompt an appealing model in which the T-pilus, localized at 

a single A. tumefaciens cell pole, promotes intimate contact between the 

bacterium and the plant cell, positioning the infecting bacterium appropriately to 

deploy the T4S system.  It is also clear however, that agrobacteria which have 

not been induced for the Vir system, or lack the Ti plasmid entirely (and thus 

produce no T-pilus or T4S system), also stably attach by their poles to abiotic 

surfaces and plant tissues (see Figure 1.1, and Refs (Danhorn et al., 2004; 

Ramey et al., 2004).  Therefore, although the Ti-plasmid VirB proteins of the T4S 

system may promote stable contact with plants prior to T-DNA transfer, there 

must be functions encoded elsewhere in the genome that can mediate polar 

attachment.  A recent report using deconvolution microscopy refutes the model of 

T4S system unipolar localization described above and instead document a 

helical array of the VirB T4S proteins along the length of the cell (Aguilar et al. 

2010).  It remains unclear whether these contrasting findings represent a clarified 

view of T4S localization or some other aspect of secretion system function. 

Potential candidates for chromosomally encoded adhesin proteins have 

been identified in the rhizobia, and are called Raps (Rhizobial adhesin proteins) 

and rhicadhesin (Ausmees et al., 2001; Smit et al., 1989).  Rhicadhesin is a small 

Ca++-binding protein that was enriched from the surface of Rhizobium 

leguminosarum cells grown under Ca++-limitation and blocked rhizobial 

attachment to peas (Smit et al., 1989).  Rhicadhesin-like activity has been 
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reported for several rhizobia and for A. tumefaciens (Dardanelli et al., 2003; 

Mongiardini et al., 2008).  Rap proteins are also small Ca++-binding adhesins that 

localize to a single cellular pole.  Sequences for several Rap protein sequences 

were obtained, and the genes that encode them identified (Russo et al., 2006), 

but their relationship to rhicadhesin remains unclear.  No agrobacterial genomes 

encode readily identifiable Rap sequences, as is also true for several other 

rhizobia.  Although rhicadhesin activity was reported in A. tumefaciens (Swart et 

al., 1993), there is as yet no genetic or biochemical support for the function of 

such an adhesin. 

1.4.3  Att proteins: Dispensible for attachment after all 

For many years the view of A. tumefaciens attachment was focused on 

the Att gene cluster (Matthysse et al., 2000).  Att genes, with a wide range of 

predicted functions, were proposed to mediate attachment and were reported to 

be required for virulence.  The genome sequence of A. tumefaciens C58 

(Goodner et al., 2001; Wood et al., 2001) however revealed the Att cluster to be 

located on the 500 kb accessory plasmid pAtC58, known to be dispensable for 

virulence (Hynes et al., 1985).  Analysis using isogenic derivatives found pAtC58 

to exert only mild effects on virulence gene expression, with no obvious impact 

on attachment (Nair et al., 2003).  Directed mutation of attR, the most extensively 

studied Att gene, did not result in virulence deficiencies.  The role of these genes 

in the attachment process is therefore unclear, and a comprehensive re-analysis 

of the att genes may be required to resolve lingering questions about their role, if 

any exists, for attachment. 
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1.4.4  Polysaccharide adhesins and irreversible attachment 

A significant fraction of bacteria that sample a surface will transition from 

reversible testing of the surface to secure, irreversible binding (Klausen et al., 

2006).  For A. tumefaciens, elaboration of cellulose fibrils upon interaction with 

plants has been linked to initiation of irreversible attachment, because cellulose 

mutants are readily dislodged (Matthysse et al., 1981; Matthysse & Kijne, 1998).  

On abiotic surfaces, however, Cel- mutants are fully competent for surface 

attachment, suggesting differential roles for the polysaccharide that depend upon 

the surface that is colonized (Xu et al., unpublished data).  A cellulose 

biosynthetic protein in Escherichia coli, BcsQ, was recently reported to localize to 

a single cellular pole and electron micrographs revealed extrusion of cellulose 

fibrils from a pole (Le Quere & Ghigo, 2009).  Polar synthesis of cellulose has not 

yet been reported for agrobacteria, but if this were found to be the case, it might 

contribute to polar attachment under certain conditions.   

An exciting recent discovery regarding surface attachment is that polarly 

attached A. tumefaciens cells stain with fluorescent wheat germ agglutinin 

(WGA) at the pole that contacts the surface (Figure 1.3 B; and Merritt et al. in 

preparation).  Very few unattached cells bind lectin in suspension, although 

suspended multicellular rosettes stain at the site of polar contact (Figure 1.3 D).  

WGA specifically binds N-acetyl glucosamine (GlcNAc) residues in 

polysaccharides, and hence we describe the structure visualized at the site of 

cell-to-surface contact as the unipolar polysaccharide (UPP).  The UPP bears 

facile similarity to the Caulobacter holdfast, which also labels with this lectin, and 
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functions as a strong adhesive (Tsang et al., 2006).  As with the holdfast, the A. 

tumefaciens UPP is likely comprised of sugars besides GlcNAc, but in neither 

case have these other sugars been defined.  In C. crescentus, the holdfast is 

anchored to the cell via a set of holdfast attachment (Hfa) proteins (Hardy & 

Brun, 2009), but no Hfa homologues have been identified in agrobacterial 

genome sequences. 

In C. crescentus there is a discrete cluster of genes required for holdfast 

biosynthesis (hfs genes), and these clearly comprise a Wzy-dependent 

polysaccharide biosynthetic pathway (Cuthbertson et al., 2009; Toh et al., 2008).  

A screen for biofilm deficient A. tumefaciens mutants revealed an attachment 

mutant disrupted in a gene homologous to the C. crescentus hfsE gene, 

encoding the predicted WbaP component of the holdfast biosynthesis pathway 

(Merritt et al.,in preparation).  Five additional genes with predicted 

polysaccharide biosynthetic functions are linked to this hfsE homologue, and one 

of these is also homologous to HfsD, the predicted Wza outer membrane export 

porin.  Deletion of this gene cluster completely abolishes UPP production and 

adherence to abiotic surfaces as well as plant tissues.  The UPP is observed 

almost exclusively on cells attached by their poles, on surfaces or to each other.  

It is therefore tempting to speculate that extrusion of the UPP is induced by 

surface conditions or even physical contact.  However, there is as yet no direct 

evidence regarding the regulation of UPP elaboration or the genes that 

apparently encode its synthesis.  In addition, the integration of UPP localization 

and function in A. tumefaciens, with that of motility, cellulose biosynthesis, 
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rhicadhesin activity, and the T-pilus remains to be investigated.  Localized 

polysaccharide adhesives may however be more common than previously 

appreciated.  For example, a unipolar surface polysaccharide, found to be a 

glucomannan, was reported for the pea symbiont Rhizobium leguminosarum, 

and mediates polar attachment specificity through binding a pea lectin (Laus et 

al., 2006).   

1.4.5  Regulation of attachment and the ExoR protein 

There is little known regarding how the process of bacterial attachment is 

controlled in A. tumefaciens and in a broader sense for most other bacterial 

systems.  In many systems, motility must be decelerated, relevant 

exopolysaccharides synthesized, and metabolism extensively modified during the 

transition to the sessile phase (Sauer et al., 2002).  Certain conditions, such as 

phosphorus limitation (Danhorn et al. 2004), promote attachment and 

subsequent biofilm formation of A. tumefaciens, but the mechanism(s) by which 

this occurs remains obscure.  The synthesis and turnover of the cellular second 

messenger cyclic digaunosine monophosphate (c-di-GMP) has emerged as a 

major regulator of the free-swimming to sessile transition in many different 

bacteria (Hengge, 2009).  A. tumefaciens encodes many presumptive c-di-GMP 

synthases and phospodiesterases that might degrade this signal, and the 

cellulose synthase is allosterically responsive to c-di-GMP (Amikam & Benziman, 

1989), but there is as yet no direct evidence for control of attachment or biofilm 

formation by these systems.   
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As detailed in this dissertation, an unusual regulatory protein called ExoR, 

homologous to the well-studied ExoR protein of S. meliloti (Chen et al., 2008a), 

profoundly impacts A. tumefaciens attachment, and exoR mutants do not 

effectively colonize abiotic surfaces or plant tissues (Tomlinson et al., 2010).  

ExoR has a series of tetratricopeptide repeat (TPR or Sel1) domains that 

mediate diverse protein-protein interactions (D'Andrea & Regan, 2003), and is 

predicted to be a secreted protein.  In S. meliloti ExoR is secreted to the 

periplasm (Wells et al., 2007).  ExoR mutants are hypermucoid, reflecting 

negative control of the exopolysaccharide succinoglycan (SCG).  However, in A. 

tumefaciens SCG is not required for biofilm formation, and the attachment defect 

of the exoR mutant is largely independent of SCG overproduction (Tomlinson et 

al., 2010).  A. tumefaciens exoR mutants are also aflagellate and nonmotile, 

perhaps contributing to, but not solely responsible for, poor attachment.  DNA 

microarray analysis suggests that ExoR impacts the expression of many different 

A. tumefaciens genes (Chapter 3).  ExoR has been demonstrated to require 

interaction with the ExoS-ChvI two-component regulatory system in S. meliloti 

(Wells et al., 2007), a finding which will be addressed in the following section of 

this introduction.  Although A. tumefaciens has the homologous ChvG-ChvI 

regulatory system, genetic evidence indicates that in A. tumefaciens ExoR 

functions through a different mechanism (Tomlinson et al. 2010).   
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1.5  The ExoS/ChvG-ChvI Two-Component System 

 As described in more detail in Chapter 2, there is significant evidence to 

suggest that ExoR might act through the ChvG-ChvI two component system.  

Although my findings reveal that in A. tumefaciens ExoR can function 

independently of ChvG-ChvI (Chapter 2), it is clear that these systems may have 

considerable overlap (Chapters 2 and 3).  For this purpose, I review the literature 

on ChvG-ChvI and their homologues in S. meliloti below.  

In 1993, two reports described the isolation of acid-sensitive avirulent 

mutants of A. tumefaciens that cannot grow on complex media (Charles & 

Nester, 1993; Mantis & Winans, 1993).  Genetic analysis revealed that these 

mutations lay in the coding regions for genes then named chv for chromosomal 

virulence loci.  These chv genes comprise a two-component system, with the 

histidine kinase ChvG and the ChvI response regulator.  Mutants for chvG and 

chvI manifest virulence deficiencies, and impact vir gene expression.  Virulence 

defects have also been correlated with elevated sensitivity to plant exudates, 

probably due to acidic pH sensitivity.  ChvG-ChvI provide regulation of a large 

number of genes in response to low pH (Li et al., 2002).  DNA microarray 

analysis of gene expression in response to low pH (5.5) revealed that chvI itself 

is also induced at low pH, perhaps via positive autoregulation (Yuan et al., 2008). 

 S. meliloti is a close relative of A. tumefaciens that is a symbiont of 

legumes.  S. meliloti produces succinoglycan (Leigh, 1985), which is required for 
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successful root invasion and eventual nodulation (Cheng and Walker, 1998).  S. 

meliloti has homologues of chvG and chvI, called exoS and chvI in that system, 

respectively, as well as a homologue of exoR.  Early reports on this system 

focused on transposon mutants of exoR and exoS.  Transposon mutations of 

either gene were demonstrated to cause increased succinoglycan production, 

decreased nodulation and decreased flagellar production (Yao et al., 2004).  The 

exoR mutation was demonstrated to be a loss of function mutation, and the exoS 

mutation to be gain of function.  This led to development of a model in which 

ExoR negatively regulates SCG production and motility, and ExoS/ChvI positively 

regulates these functions.  This was further elaborated with analysis of 

suppressor mutants, which demonstrated that a chvI mutation could suppress the 

exoR mutant phenotypes.  Additionally, ExoR was demonstrated to be localized 

to the periplasm (Wells et al., 2007).  This led to a variety of possible models, in 

which ExoR might act from the periplasm to influence ExoS/ChvI either directly or 

indirectly to induce effects on SCG production, nodulation and flagellation.  

Shortly thereafter, biochemical experiments provided evidence for ExoR 

interaction with ExoS, thereby dampening ExoS/ChvI signaling.  In the absence 

of this interaction, the target genes are derepressed (Yao et al., 2004). 

 This work clearly showed a pathway by which ExoR repressed the 

ExoS/ChvI, but questions about the system remained as all work was conducted 

using transposon insertion mutants.  Recently, however, a report has emerged 

describing the successful construction of deletion mutants of exoS and chvI 
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(Belanger et al., 2009). The null mutants are deficient for production of both 

succinoglycan and EPSII, or galactoglucan, indicating that the ExoS/ChvI two 

component system is required for these processes.  Additionally, these deletion 

mutants are deficient for symbiosis, consistent with the transposon mutants 

previously characterized (Belanger et al., 2009). 

  As described in Chapter 2, A. tumefaciens ExoR stands in contrast to the 

S. meliloti paradigm, as it does not require the ChvG/ChvI two-component 

system to exert regulatory effects. 

 

1.6  Type VI Secretion Systems 

 Chapter 4 of this dissertation describes examination of a strong candidate 

for interaction with ExoR in regulating biofilm formation in A. tumefaciens.  This 

candidate is the imp operon, which encodes a Type VI secretion (T6S) system.  

To provide context for this component of the study, the following section reviews 

Type VI secretion systems. 

1.6.1. A new secretion mechanism involved in virulence 

 In addition to the Type IV secretion system described earlier in this 

chapter, A. tumefaciens strain C58 contains a functional Type VI secretion 

system (T6SS) encoded by the fourteen genes of the presumptive imp operon 

(Goodner et al., 2001; Wood et al., 2001; Wu et al., 2008; Yuan et al., 2008).  
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T6SS gene clusters are highly conserved among plant- and animal-associated 

bacteria, and are found in one or more copies in a variety of pathogenic and non-

pathogenic species including Pseudomonas aeruginosa, Edwardsiella tarda, 

Escherichia coli, Salmonella enterica, Pectobacterium atrosepticum, Burkholderia 

mallei, and Azotobacter vinlandii (Filloux et al., 2008; Shalom et al., 2007).  In V. 

cholerae, the T6SS is a major virulence determinant and transports proteins 

lacking amino-terminal hydrophobic signal sequences (Pukatzki et al., 2006).  

Known substrates include the hemolysin co-regulated protein (Hcp) and three 

related valine-glycine repeat (Vgr) proteins, VgrG-1, VgrG-2, and VgrG-3, which 

are predicted to assemble into a trimeric complex analogous to the “tail spike” of 

E. coli bacteriophage T4, perhaps used to puncture the host cell or bacterial 

membranes (Pukatzki et al., 2007).  The imp locus of A. tumefaciens derives its 

name from a homologous T6S system gene cluster in Rhizobium leguminosarum 

that impairs formation of nitrogen-fixing nodules on the roots of Pisum sativum 

and Vicia hirsuta (Bladergroen et al., 2003).  A recent proteomic analysis of the 

A. tumefaciens secretome uncovered a role for the imp gene products in 

secretion of a protein homologous to Hcp (the product of Atu4345), thus 

supporting the functionality of the T6SS.  In a wild-type strain, extracellular Hcp is 

detected in the absence and presence of acetosyringone, at pH 5.5 or 7.0, and at 

both 19ºC and 25ºC.  Despite its presence at significant levels in the secretome, 

the majority of Hcp produced remains inside bacterial cells (Wu et al., 2008).   
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Although the exact function of Hcp is unknown, P. aeruginosa Hcp 

proteins have been shown to form hexameric rings with an internal diameter of 

about 40 Ǻ, suggesting that prior to their own secretion, Hcp proteins may form a 

channel through which other T6SS substrates are transported (Mougous et al., 

2006).  A model proposed by Cascales integrates data from multiple systems, 

and suggests a mechanism by which Hcp builds a needle-type structure from the 

outer membrane and into the environment (Figure 1.5), with IcmF functioning as 

a scaffold for assembly.  In the case of eukaryotic pathogens, Hcp and VgrG 

assemble into this needle-type structure and breach the membrane of a host cell, 

where effectors become active.  Alternatively, the model also shows T6S 

systems that deliver effectors directly into the environment (Figure 1.5) 

(Cascales, 2008). 

In P. aeruginosa, the Hcp1 Secretion Island I (HSI-I) T6SS is controlled at 

the post-translational level by a serine-threonine kinase (PpkA), which is required 

for T6SS assembly and function, and a serine-threonine phosphatase (PppA), 

which downregulates T6SS activity (Mougous et al., 2007).  Expression of the 

HSI-I genes is coordinately regulated with formation of biofilms.  The RetS hybrid 

sensor kinase/response regulator represses genes required for biofilm formation, 

Type VI secretion, and EPS production and activates genes required for Type III 

secretion.  A second hybrid sensor kinase, LadS, opposes RetS by 

downregulating Type III secretion and upregulating biofilm formation and Type VI 

secretion (Ventre et al., 2006).  The RetS homolog AtsR of Burkholderia 
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cenocepacia also coordinately regulates biofilm formation and Type VI secretion 

(Aubert et al., 2008).  In V. parahaemolyticus and enteroaggregative E. coli 

(EAEC), a functional T6SS is required for biofilm formation (Aschtgen et al., 

2008; Enos-Berlage et al., 2005).  The work detailed in Chapter 4 of this 

dissertation will describe the first report of an instance in which inactivation of a 

T6S system results in elevated biofilm formation.  
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Figure 1.5:  A proposed model of type VI secretion (Cascales, 2008).  Hcp 
builds a needle-type structure from the outer membrane and into the 
environment with IcmF (designated as “L” in this figure) functioning as a 
scaffold for assembly.  In the case of eukaryotic pathogens, Hcp and VgrG 
assemble into this needle-type structure and breach the membrane of a host 
cell, where effectors become active.  Alternatively, the model depicts the 
system delivering effectors directly into the environment. 
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Chapter 2 

Agrobacterium tumefaciens ExoR Represses Succinoglycan Biosynthesis 
and is Required for Biofilm Formation and Motility  
 

This chapter has been published in Microbiology (Tomlinson et al., 2010).  

 

2.1  Abstract 

The ubiquitous plant pathogen Agrobacterium tumefaciens attaches 

efficiently to plant tissues and abiotic surfaces and can form complex biofilms.  A 

genetic screen for mutants unable to form biofilms on polyvinylchloride identified 

disruptions in a homologue of the exoR gene.  ExoR is a predicted periplasmic 

protein, originally identified in Sinorhizobium meliloti, but widely conserved 

among alphaproteobacteria.  Disruptions in the A. tumefaciens exoR gene result 

in severely compromised attachment to abiotic surfaces under static and flow 

conditions, and on plant tissues.  These mutants are hypermucoid due to 

elevated production of the exopolysaccharide succinoglycan (SCG), via 

derepression of the exo genes that direct SCG synthesis.  In addition exoR 

mutants have lost flagellar motility, do not synthesize detectable flagellin, and are 

diminished for flagellar gene expression.  The attachment deficiency is however 

complex and not solely attributable to SCG overproduction or motility disruption.  

A. tumefaciens ExoR can function independently of the ChvG-ChvI two 

component system, implicated in ExoR-dependent regulation in S. meliloti.  

Mutations that suppress the exoR motility defect suggest a branched regulatory 

pathway controlling SCG synthesis, motility and biofilm formation. 
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2.2  Introduction 

Agrobacterium tumefaciens is a well-studied plant pathogen best known 

for its ability to genetically transform host plants (Escobar & Dandekar, 2003).  A. 

tumefaciens is a member of the Rhizobiaceae and although a pathogen, is 

closely related to nitrogen-fixing plant symbionts.  The process of interkingdom 

gene transfer in A. tumefaciens is controlled in response to plant exudates 

including certain phenolics and sugars, and requires a type IV secretion system 

(for reviews, see (Christie et al., 2005; Gelvin, 2003).  Infection and gene transfer 

are dependent on attachment of the bacteria to the plant surface.  Attachment 

and biofilm formation by A. tumefaciens C58 has been well established.  Indeed, 

after initial attachment A. tumefaciens can assemble into complex biofilms on 

plant tissues and abiotic surfaces (Danhorn et al., 2004; Merritt et al., 2007; 

Ramey et al., 2004). 

Many bacteria efficiently adhere to surfaces, including a wide range of 

animal and plant pathogens.  In these systems attachment is often mediated by 

cell-surface adhesins such as pili, flagella, curli and polysaccharides.  Rhizobial 

attachment to plants is a critical early step in symbiosis, and probably involves 

several proteinacious adhesins including the so-called Rap adhesins and 

rhicadhesin (Ausmees et al., 2001; Russo et al., 2006; Smit et al., 1989), as well 

as cell surface polysaccharides (Laus et al., 2006).  No analogous cell surface 

adhesins have been definitively reported for A. tumefaciens, although it appears 

to produce a rhicadhesin-type molecule (Dardanelli et al., 2003).  Flagellar 
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motility is required for efficient attachment of A. tumefaciens to a variety of 

surfaces, and non-motile mutants show deficiencies in pathogenesis 

(Chesnokova et al., 1997; Merritt et al., 2007).  Several genes reported to be 

required for attachment and virulence, encoded within the Att cluster (Matthysse 

et al., 2000), were subsequently shown to be dispensable for these processes 

(Nair et al., 2003).  In general, little is known about the factors required for 

attachment or their coordination during the transition of A. tumefaciens to the 

sessile phase.      

Biofilms can range from flat featureless layers, to topographically complex 

assemblages, with cells adhering to surfaces and cohering to other cells (Hall-

Stoodley et al., 2004).  The cells within biofilms are often enmeshed within a 

matrix largely composed of exopolysaccharide, but which may also contain 

proteins and nucleic acids (Branda et al., 2005).  Clonal growth of adherent cells, 

surface-based motility and matrix production drive the formation of mature 

biofilms.  This maturation can be controlled at multiple points through a variety of 

regulatory pathways that respond to changing environmental conditions.  In 

several different bacteria, regulators of exopolysaccharide biosynthesis have 

profound effects on the eventual structure and composition of the mature biofilm. 

For example, VpsR of Vibrio cholerae represses the Vibrio polysaccharide (vps) 

genes; mutants for this regulator overproduce VPS and form dense (rugose) 

biofilms, in comparison to the more diffuse wild type biofilms (Lim et al., 2007).  In 

the plant vascular pathogen Pantoea stewartii, synthesis of the 
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exopolysaccharide, stewartan, is controlled by the EsaR-EsaI quorum sensing 

system, which also regulates biofilm formation (Koutsoudis et al., 2006).  In 

Sinorhizobium meliloti, regulation of the exopolysaccharide SCG influences the 

microbeʼs ability to form symbiotic nodules with host legumes.  Several studies 

have described a potential role for SCG in biofilm formation by S.meliloti, though 

a recent report calls this conclusion into question (Fujishige et al., 2006; Rinaudi 

& Gonzalez, 2009; Wells et al., 2007; Yao et al., 2004).  A. tumefaciens, like S. 

meliloti, also produces SCG (Cangelosi et al., 1987). 

In A. tumefaciens, several regulators have been shown to influence 

attachment and biofilm formation (Fuqua, 2008).  The FNR-type transcription 

factor SinR impacts late stages of biofilm maturation, possibly in response to 

oxygen limitation (Ramey et al., 2004).  BigR, a repressor originally identified in 

Xyllela fastidiosa, is conserved in A. tumefaciens; bigR mutants form abnormally 

dense biofilms on abiotic surfaces (Barbosa & Benedetti, 2007).  Phosphorus 

limitation also results in enhanced biofilm formation through the PhoR-PhoB two-

component regulatory system (Danhorn et al., 2004).   

In this study, we isolated an A. tumefaciens transposon mutant on the 

basis of its profound attachment deficiency.  The transposon insertion disrupts 

the regulator exoR, previously shown to control SCG production in S. meliloti 

(Reed et al., 1991; Yao et al., 2004).  Null mutations in the A. tumefaciens exoR 

gene result in elevated SCG levels, reduced flagellar motility, prevention of 

surface attachment, and complete loss of biofilm formation.    
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2.3  Methods 

2.3.1  Strains, plasmids, reagents and growth conditions 

All strains and plasmids used in this study are described in Table 2.1.  

Buffers, antibiotics and media were obtained from Fisher Scientific (Pittsburgh, 

PA) and Sigma Chemical Co. (St. Louis, MO).  DNA manipulations were 

performed in accordance with standard protocols (Sambrook et al., 1989).  DNA 

sequencing was performed with ABI Big Dye Terminator version 3.1 on an ABI 

3730 sequencer operated by the Indiana Molecular Biology Institute.  

Oligonucleotides (see Table 2) were obtained from Integrated DNA Technologies 

(Coralville, IA).  Plasmids were electroporated into A. tumefaciens by a standard 

method (Mersereau et al., 1990).  A. tumefaciens derivatives were grown in AT 

minimal salts medium and 15mM (NH4)SO4 and either 1% (wt/vol) glucose 

(ATGN) or 0.4% (wt/vol) succinic acid (ATSucN) as the carbon source (Tempé et 

al., 1977).  Antibiotics were used at the following concentrations (µg/ml):  for A. 

tumefaciens, ampicillin (Ap) 50, gentamicin (Gm) 500; kanamycin (Km) 150; 

spectinomycin (Sp) 50; and for E. coli, Ap 100, Gm 25; Km 25, Sp 50.  Antibiotic 

selection was maintained throughout all experiments when using mutants 

generated by plasmid insertion.  Calcofluor was added to media at 200 µg/ml.  

Swim agar contained 0.2, 0.25, or 0.3% BactoAgar. 

 



 

Table 2.1:  Bacterial strains and plasmids 
 

Strain or plasmid Relevant characteristics   Reference     

Agrobacterium tumefaciens 

C58   Nopaline-type strain, pTiC58, pATC58  (Sciaky et al., 1977) 
Sin2   exoR::TnMod-OKmʼ; KmR   This work 
Sin3   exoR::TnMod-OKmʼ; KmR   This work 
BER9   exoR::pRR100     This work 
PMM1   ΔexoR C58 derivative    This work  
PMM2   ΔexoRexoA C58 derivative   This work 
PMM4   ΔflgE C58 derivative    (Merritt et al., 2007) 
ML1   ΔexoA C58 derivative    This work 
ADT1   chvG::pADT112     This work 
ADT2   ΔexoR, chvG::pADT112    This work 
ADT3   ΔexoRexoA, chvG::pADT112   This work 
ADT10   Class I suppressor of PMM1   This work 
ADT11   Class II suppressor of PMM1   This work 
ADT12   Class I suppressor of PMM2   This work 
 

Escherichia coli 

S17-1/λpir  λpir, Tra+, cloning host    Gift of V. de Lorenzo 
SM10/λpir  λpir, cloning host    (Miller et al., 1989) 
DH10B/λpir  λpir, cloning host    Gift of David Bauer 
DH5α Fʼ  Cloning host     (Woodcock et al., 1989) 
TOP10   Cloning host     Invitrogen 
 

Plasmids 

pTNMod-OKmʼ  Plasposon     (Dennis & Zylstra, 1998) 
pCR2.1-TOPO  Cloning vector     Invitrogen 
pGEM-T  Cloning vector     Promega Corp 
pKNG101  Cloning vector, SucS, SpR   (Kaniga et al., 1991)  
pJZ383 Ptac-gfpmut3, SpR, pVS replicon J. Zhu and (Cormack et 

al., 1996) 
pRR100  exoR mutation vector; pVIK112 derivative This work 
pTD100   Plac-exoR; pBBR1MCS-5 derivative  This work 
pTWD114  exoA deletion vector, pKNG101 derivative This work 
pPM102  exoR deletion vector, pKNG101 derivative This work 
pADT112  chvG mutation vector, pVIK112 derivative This work 
 

 



Table 2.2:  Oligonucleotide sequences   
Underlined sequence is homologous to the target region. 
Primer   Sequence (5ʼ – 3ʼ)    Application   
SinLeftSeq  CCTGGTACCGTCGACATGCA   pSin sequencing 
SinRightSeq  GCAACACCTTCTTCACGAGG 
ExoRS   GGCGGTACCCTGATAAACAGGAAACAGCTA- exoR complementation 
   TGCTGAAATGTGAAGCCAAC 
ExoRAS   GGCGAATTCTCAATCCGGATCGTTGAACTG 
RR100_US2  CGCGCTAGCGGCTTCAAGGCCTACAAGAACGGC exoR mutagenesis 
RR100_DS  GGCGCTAGCAGAACATGTGAGCAAAAGGCCAGC 
ExAUSS   GCGGGATCCATTTGCCGATTTCGACGG  exoA deletion 
ExAUSAS  GCGGGGCCCCAAGACCTTCCACCTGAGAAGCG 
ExADSS   GCGGGGCCCGGAAGAAAGGCTGTCTCATGA 
ExADSAS  GCGTCTAGAGCGCTTCCATCCTGAGAAGCG 
chvG trunc fwd  CCGAATTCTGCCGATGCCAATCTGTT  chvG mutagenesis 
chvG trunc rev  CCTCTAGAATCCGGTATTTCCTCACG      
exoRdownfwd  GGGGTACCTTGAGAATGCCGGTCGGG  exoR deletion 
exoRdownrev  GGGGATCCAATCCGCCTGACGATCCG 
exoRupfwd  CCTCTAGAATCCCATCCTTTCGCTTG 
exoRuprev  GGGGTACCTCACATTTCAGCATTTCGGC 
exoY qPCR fwd  AGACCAATCTGGAAGTCATCGCCA  Quantitative PCR 
exoY qPCR rev  TGCGCTCGGTCTGGTAAAGAAGAT 
flgD qPCR fwd  AGACCAATCTGGAAGTCATCGCCA 
flgD qPCR rev  TGCGCTCGGTCTGGTAAAGAAGAT 
σ70 qPCR fwd  ATCTTTCGGATGACGCGGTCAA 
σ70 qPCR rev  TTGATGCCCATATCGGACAGCA 
G/I fwd 1   CTCAAGAGAGTGGCTC    chvG/I sequencing 
G/I fwd 2   CGTCAAGGCCATCCTG 
G/I fwd 3   GGCGTAGGATATCGC 
G/I fwd 4   CTGGTCAATATCGTG 
G/I fwd 5   CGATGCTTCGCCACTC 
G/I rev 5   GCTGAAGGCGAGCTC 
Atu0784 seq 1  GCAGCCTGTATTCCG    Atu 0784 sequencing 
Atu0784 seq 2  CGTCTCGTCAATTCC 
Atu0784 seq 3  CACCTATCTCAACCTG 
Atu0784 seq 4  GCTGGAACCTGGCAC 
Atu0784 seq 5  GCAGGATACGCTAGC 
Atu0784 seq 6  CTCTCGGCATGTTCG 
Atu1114 seq 1  GTCGTTGCCCTAGTGC    Atu 1114 sequencing 
Atu1114 seq 2  CATCTGTTGTTTCTGG 
Atu1114 seq 3  CTCCTGATCGAAATCG 
Atu1114 seq 4  CAGACATCTCAGCCTG 
Atu1114 seq 5  CATCGCCTGTCGATC 
Atu3495 seq 1  GCGATCAAGCTGGATG    Atu 3495 sequencing 
Atu3495 seq 2  CGATGCCATTCTTGC 
Atu3495 seq 3  GTTCAAGGACGTGAACG 
Atu3495 seq 4  GCAAGCTCTGCGGTTTC 
Atu3495 seq 5  GGTTATTCATCGCTCG 
Atu4490 seq 1  GAGACCAGCGATAACC    Atu 4490 sequencing 
Atu4490 seq 2  CGAGATGACGGTCAAC 
Atu4490 seq 3  GATGTCAGCTTCCATG 
Atu4490 seq 4  GCAAGCTGTGTCTGG 
Atu4490 seq 5  CATGTGGCGGATATTC 
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2.3.2  Identification of the exoR gene 

The A. tumefaciens sin2 and sin3 mutants were isolated using a 

transposon mutagenesis screen described previously (Ramey et al., 2004).  A 

transposon mutant library was generated using the pTnMod-OKmʼ plasposon 

system (Dennis & Zylstra, 1998).  2000 mutants were evaluated using a 

microtitre plate adhesion assay (O'Toole et al., 1999).  Genomic DNA from these 

mutant isolates was purified and digested with BamHI or SacII and fragments 

ligated under dilute conditions to favor self-ligation.  The resulting plasmids were 

transformed en masse into E. coli DH10B/λpir.  Plasmids isolated from KmR 

colonies carried the plasposon insertion and flanking genomic DNA.  The 

resulting plasmids were designated pSin2 and pSin3, and sequenced using 

primers complementary to the transposon ends. 

 

2.3.3  Molecular cloning and directed mutagenesis 

 In-frame deletions of the exoR and exoA genes were introduced via allelic 

replacement as described previously (Merritt et al., 2007).  Sequences flanking 

each side of the target gene were PCR amplified, fused by standard ligation, and 

cloned into pGEM-T at which time the inserts were confirmed by sequencing.  

The resulting deletion fragments were excised by restriction digestion and ligated 

into suicide vector pKNG101 (Kaniga et al., 1991).  For exoR the oligonucleotides 

exoRupfwd and exoRuprev were used to amplify the upstream fragment and 

exoRdownfwd and exoRdownrev were used for the downstream fragment; for 
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exoA oligonucleotides ExAUSS and ExAUSAS were used to amplify the 

upstream fragment and ExADSS plus ExADSAS were used for the downstream 

fragment.  The resulting plasmids were conjugated into A. tumefaciens C58 from 

the SM10/λpir donor, and prototrophic SmR transconjugants were isolated on 

minimal media.  Deletion mutants of the resident gene generated by excision of 

the plasmid were allowed to accumulate by culturing for several generations, 

without antibiotic selection, those derivatives that carried the integrated plasmid.  

Cultures were then plated on ATGN solid media and colonies selected for 

sucrose resistance.  Candidates were purified and confirmed as deletion mutants 

by PCR amplification across the deletion and sequencing of the PCR product.   

 A plasmid-borne copy of the exoR gene was constructed by PCR-

amplifying the exoR coding sequence and cloning into pBBR1-MCS5, generating 

pTWD100.  The exoR coding sequence on pTWD100 was sequenced to ensure 

it is free of mutations and properly fused to Plac. 

 The chvG gene was mutagenized by plasmid integration.  An internal 520 

base pair fragment of the chvG coding region (codons 154 - 329) was amplified 

using oligonucleotides chvG trunc fwd and chvG trunc rev, and cloned into 

pCR2.1-TOPO.  The insert was excised as an EcoRI/XbaI fragment and ligated 

into pVIK112 (Kalogeraki & Winans, 1997) to generate pADT112.  The resulting 

plasmid was conjugated from the E. coli Sm10/λpir donor into C58, ΔexoR, 

ΔexoA, and ΔexoRexoA strains.  Integrants were selected for KmR on minimal 

media and disruption of the chvG coding region was confirmed by PCR 
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amplification and sequencing. The site of integration results in a ChvG protein 

truncated at amino acid 329, prior to the histidine kinase and HATPase domains. 

 Sequences of all oligonucleotides used for molecular cloning and directed 

mutagenesis are available in Supplementary Table 1. 

2.3.4  Static culture biofilm assays 

Static culture biofilms were grown on sterile PVC coverslips suspended 

vertically in the wells of UV-sterilized 12-well polystyrene dishes.  Cultures were 

inoculated at an optical density at 600 nm (OD600) of 0.05 in 3 ml of ATGN broth 

and incubated at room temperature for 24-48 hr.  Adherence to PVC coverslips 

was visualized by staining with crystal violet (CV).  Quantitation of adherent 

biomass was achieved via solubilization of adsorbed CV in a standardized 

volume of 33% acetic acid.  Solubilized CV was measured as absorbance at 600 

nm (A600) to estimate relative amounts of adhered biomass.  To visualize β-linked 

polysaccharides in adherent biomass, inoculated coverslips were washed in 

deionized water and stained in 1% Calcofluor (w/v ddh2o).   

 

2.3.5  Flow cell culture biofilms:  growth and analysis 

Flow cell biofilms were cultured as previously described (Ramey et al., 

2004).  Flow cells were purchased through the Technical University of Denmark 

and inoculated with diluted overnight cultures (100µl/flow chamber, final OD600 

0.05).  After inoculation, cells were permitted to attach for 60 min before the flow 

of ATGN media with appropriate antibiotics commenced at ~3 ml hr-1.  Each 
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strain was inoculated into triplicate chambers, and growing biofilms were 

examined by spinning disk confocal microscopy (SDCM) at 12 h intervals, 

beginning 24 h post-inoculation and continuing to 5 days post inoculation.  

Microscopy was performed with a Nikon TE-200 spinning disk confocal 

microscope at 100X magnification fitted with a Uniblitz shutter driver and an Orca 

ER camera (Hamamatsu).  SDCM images were acquired with the Perkin-Elmer 

ULTRAVIEW software package and analyzed using an automated version of biofilm 

analysis software COMSTAT (Heydorn et al., 2000) called autoCOMSTAT, running in 

MATLAB 7.0 (Merritt et al., 2007). 

 

2.3.6  Plant Attachment Assays 

Attachment assays with A. thaliana ecotype WS used 7-10 day old 

seedlings grown from EtOH surface-sterilized seeds planted on half-strength 

Murashige-Skoog agar media.  Roots were cut into 1 cm segments and 

transferred to sterile dishes containing 2 ml of 1 mM CaCl2, 0.4% sucrose, and 

inoculated to an OD600 of 0.01 with the appropriate derivative strain of A. 

tumefaciens C58 carrying a GFP reporter construct under constitutive expression 

(Ptac::gfp).  Four root segments were inoculated per strain.  After a given period of 

incubation in the dark at room temperature, the root segments were recovered, 

rinsed and resuspended in fresh CaCl2/sucrose solution, and sealed under cover 

slips for hydration.  Epifluorescence microscopy was performed on a Nikon E800 

at 60X magnification with METAMORPH software. 
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2.3.7  Quantitation of extracellular polysaccharide production 

To quantitatively compare levels of secreted EPS between strains, a 

standard anthrone assay was implemented  (Morris, 1948).  This assay 

measures the total reducing sugar content in a given sample.  Cultures were 

grown in AT media containing 0.4% succinic acid as the carbon source to avoid 

addition of extraneous reducing sugars.  At mid-log growth phase, samples were 

prepared by centrifugation to remove cells.  This cell-free culture fluid was 

assayed for EPS content via sulfuric acid hydrolysis in the presence of the 

colorimetric indicator anthrone.  To assay, 250 μl anthrone solution (2% w/v in 

ethyl acetate) was added to 1 ml cell-free culture fluid, then hydrolyzed with 2.5 

ml concentrated sulfuric acid.  Absorbance was measured at A620 and normalized 

to the OD600 of each culture. 

 

2.3.8  Analysis of an exoT::lacZ fusion 

A lacZ transcriptional fusion was created linking the exoT promoter region 

in frame to the lacZ coding region (pADT100).  Strains carrying this construct 

were grown in ATGN media to mid-log phase, at which point cells were collected 

and assayed for β-galactosidase activity.  Five independent samples were 

measured per strain.  β-galactosidase activity was measured by ONPG 

hydrolysis (A420) and expressed in Miller units (Chen & Winans, 1991).   
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2.3.9  Quantitative PCR 

Primers were designed to amplify approximately 150 bp sequences from 

the upstream regions of the exoY (Atu3327) and flgD (Atu0579) reading frames.  

Primer sequences are included in Table 2.  Cultures were grown in ATGN media 

with the appropriate antibiotics to an OD600 of approximately 0.8, and RNA was 

isolated using QIAGEN RNAprotect reagent and RNEasy Mini Prep Kits 

(Valencia, CA).  Samples were treated with DNAse (Ambion Inc, Austin TX) to 

remove contamination.  cDNA was prepared using qScript cDNA Super Mix Kit 

(Quanta Biosciences, Gaithersburg MD). qPCR was performed with PerfeCta 

SYBR Green FastMix Low Rox reagent (Quanta Biosciences), on a Stratagene 

MX3000P instrument.  Samples values were normalized using a σ70 primer set, 

and calibrated against wild type results.  Data are representative of two biological 

replicates, each of which consisted of three technical replicates. 

 

2.3.10  Western blotting 

 Cultures were grown to mid-log phase and a volume equivalent to 1ml 

culture at OD500 = 1.0 was collected in 1X SDS lysis buffer and boiled to denature 

proteins.  Samples were separated on a 15% SDS-PAGE gel and transferred to 

nitrocellulose via a semi-wet protocol.  Membranes were blotted in 5% nonfat 

dried milk in 1X TBS-Tween overnight at 4°C prior to immunoblotting.  The 

primary antibody was a cross-reactive rabbit-IgG anti-Caulobacter crescentus 

flagellin used at 1:1000 in 1X TBS-Tween.  The secondary antibody was a 
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horseradish peroxidase-linked goat anti-rabbit IgG (Bio-Rad) used at 1:20,000 in 

1X TBS-Tween.  Membranes were developed using Pierce SuperSignal and 30 

second exposures were collected with Kodak XXX film.   

 

2.4  Results 

 2.4.1  Identification of an A. tumefaciens exoR mutant 

 To identify genes required for surface colonization, we screened a set of 

2000 A. tumefaciens C58 transposon mutants for decreased adherence to 96-

well polyvinylchloride (PVC) microtiter plates.  Among the mutants isolated were 

two designated sin2 and sin3 (surface interaction deficient).  These two mutants 

were severely impaired for biofilm formation on abiotic surfaces, and were 

strikingly hypermucoid when grown on solid medium (Figures 2.1A-D).  They are 

prototrophic, with growth rates identical to that of wild type in AT minimal 

medium.  

The sin2 and sin3 mutants carry unique transposon insertions in Atu1715 

(Goodner et al., 2001; Wood et al., 2001), with the sin2 insertion at codon 253 

and the sin3 insertion at codon 215.  This gene encodes a homologue of the 

ExoR protein of Sinorhizobium meliloti.  ExoR is a negative regulator of 

exopolysaccharide synthesis in several rhizobia and is conserved among a wide 

range of alphaproteobacteria, including both plant and animal symbionts as well 

as free-living microorganisms (Figure 2.2).  The ExoR sequence contains a 
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series of tetratricopeptide repeat (TPR) and SEL1 domains, sequence motifs 

implicated in protein-protein interactions (Blatch & Lassle, 1999; D'Andrea & 

Regan, 2003).  Additionally, the ExoR sequence suggests the presence of an N-

terminal signal sequence, and periplasmic localization has been demonstrated 

for ExoR of S. meliloti (Wells et al., 2007).  ExoR has no recognizable DNA 

binding domains, but its expression is known to affect the transcript levels of 

target exo genes involved in synthesis of S. meliloti SCG (Reed et al., 1991; Yao 

et al., 2004) as well as affecting transcription of flagellar genes (Yao et al., 2004), 

primarily through interactions with the ExoS/ChvI two component system (Chen 

et al., 2008b; Wells et al., 2007).  The hypermucoid phenotype of the S. meliloti 

exoR mutant, caused by overproduction of SCG, was the reason for its initial 

isolation (Reed et al., 1991). 

 Site-directed disruption of exoR using plasmid integration mutagenesis 

with an internal exoR fragment (C58-JR1), and independently by complete 

deletion of the gene (C58-PMM1), yielded prototrophic mutants with biofilm and 

hypermucoid phenotypes identical to the original transposon mutants.  

Complementation with an intact, plasmid-borne copy of exoR expressed from the 

lacZ promoter (pTWD100, Plac::exoR) effectively reversed these phenotypes.  

Except where noted, all results shown for the exoR mutant are from the complete 

deletion mutant C58-PMM1.   
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Figure 2.1:  Biofilm and mucoidy phenotypes of  
A. tumefaciens C58 and the sin3 mutant.  Wild type 
A. tumefaciens C58 forms a biofilm on PVC coverslips 
(A), and a normal colony on minimal media (B), while 
the sin3 mutant fails to form a biofilm on PVC 
coverslips (C) and is hypermucoid on solid media (D). 
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Figure 2.3   Mucoidy phenotypes of A. 
tumefaciens exo mutants. A. tumefaciens 
derivatives streak isolated on ATGN medium 
with 1% Calcofluor demonstrate differential 
production of β-linked polysaccharides.  Wild 
type fluorescence is visible in panel A, while 
the hyperfluorescent exoR mutant can be 
seen in panel B.  The exoA mutant (C) is dim, 
as is the exoRexoA mutant (D).  Addition of 
Plac-exoR complements the 
hyperfluorescence of the exoR mutant (E), 
but not the dimness of the exoRexoA mutan 
(F)t. exoR mutant strains used in this assay 
were generated via Campbell integration. 
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Figure 2.2: Alignment of ExoR sequences.   
From top, Atume = Agrobacterium tumefaciens (NP_354703); Smeli = Sinorhizobium meliloti (AAA26260); Retli = Rhizobium etli (ABC89547); Rlegu 

= Rhizobium leguminosarum (YP_767635.1); Mloti = Mesorhizobium loti (BAB48549); Babor = Brucella abortus (EEP64349); Bhens = Bartonela 

henselae (CAF27853); Rpalu = Rhodopseudomonas palustris (ABJ06559); Nhamb = Nitrobacter hamburgensis (ABE62568).  Black boxes indicate 

the 40 invariant residues.  Yellow boxes indicate greater than 50% conservation.  The asterisk indicates a predicted cleavage site for secretion.  N-
terminal secretion signals and Sel1/TPR motifs are indicated with solid bars. 

1                             *                                                                100 

Atume         MLKCEANVLKPLLMGMLLASLAMPVLAFDINAGVTKESGP------FDLFKFGFKAYKNGNKDEAVEAYRYAAEKGHTGSRWALANMYAYGDGV 

Smeli      MRAGELKSLRVAVLGMSLAVGATAAGPARAFDPGAGVTKESGP------FALFKFGFSAYKSGRKDEAVEAYRYAAEKGHTGSRWALANMYAYGDGV  

Retli        MVTSEFKLFKFMLVSMWVAISLSGPVHAFDIKSDVSKESGP------FDLFKFGFKAYKNGQKEEAVEAYKYAAEKGHTGSRWALANMYADGDGV  

Rlegu      MVTSEFKLFKFMLMGMSIAVALALSGPCRAFDIKGGVSKESGP------FDLFKFGFKAYKNGQKEEAVEAYRYAAEKGHTGSRWALANMYADGDGV  

Babor      MRSRSFSCSAIAMALGLVLTLALACHSTFAFDLNDDSEKSRSP------FELFKFGFSAYKNGHKDEAIKALRYAAERGHQGAKWKLARMYAEGDGV  

Bhens         MLNRLKLWKKTAIIIILSGFFSNNVYGMDVNSAQKASYNS------FYFFKRGMSAYKNGQINQAIAALRCAANMGHIGANWKLGHIYADGDGV  

Mloti       MRISELLRSSVLPALVAAAIFGAVGQALAFDDKVFDDKTGVKP-QSSPWAVFQFGFSAYKNGHKEQAAEAYKYAAENGQIGATWKLARMYAEGDGV  

Rpalu     MRVFKRFIPVAVVMGVAMAPAIAFEGTPVAGNDSAIAVVSTQSGSGAMSITSMNATSMKKTAAAPTATSLTALQYAAEGGHPVAQWKLGRMYAIGDGV  

Nhamb           MWTSRSVVLVALALGAVCVSVPAFAFDGTVAGQSDTAATALPVASAPLAGGQALKKAVPPSTSLTALQYAAEGGHPIAQWRLGRMYANGDGV  

     

        101                                                                                              200  

Atume   AKNDLEAFKIYSEIASQGVE--PGSEDTGFFVNALLSLADYYRHGIPGSPVKMDLSQARQLYFQVASTFGVAEAQFRLAEMILAGEG-GRADVQQAKKWL  

Smeli   AENDLEAFKIYSEIAQQGVE--PGSEDTGYFVNALISLAGYYRRGIPDTPVRSDLSQARQLYFQAASTFGVAEAQFQLARMLLSGEG-GSVNVQQAKKWL 

Retli   TQDDFEAFKIYSEIAQQGVE--PGSEDTGFFVNALLSLANYYKHGIAGSPVKIDLTQARQLYFQVASTFGVPEAQFQLAQMMLAGEG-GNASPQQAKKWL  

Rlegu   TQDDFEAFKIYSEIAQQGVE--PGSEDTGFFVNALLSLANYYKHGIAGSPVRIDLSQARQLYFQVASTFGVPEAQFQLAQMMLAGEG-GNASPQQAKKWL  

Babor   AEDDYEAYKIFEKIVRDGSE--PGSENAPYVADALVALAGYVKNGIPGSPVQANPNMARELYVQAAANFGDSIAQFELGKMLLDGEG-GERNAVQAARWF  

Bhens   PEDNYKAYNFFAYIVEKGAD--LDSENESYVSDALVELAGYIKKGIPQSPVKSNPSYAARLYMQAAMNYGNPKAQYYLGEIFLKGEG-REKNLVQAARWF  

Mloti   ARDDYEAFKFFSEIVDQDVE--PGSPEESYVSDALVALGDYLRKGIPGSPVTENEVAAQEYYMRAAANYRNPNAQFEMGQMFLKGEGGVKASVKQAGRWF  

Rpalu   AQDDLVAFEYFSRIANAHAEDSPSAPQASIIANAFVALGRYYLGGIPNSKVKADAERAREMFSYAASYFGNADAQYDLARLYLNGIGTP-RDSRYGVRWL  

Nhamb   AQDDLRAFEYFSRIANAHAEDSPSAPQAGIVANAFVALGRYYLQGIPNSKIKRDAERAREMFSYAASYFGNADAQYDLARLYLKGVGAP-HDVKYGARWL  

 

        201                                                                                 287 

Atume   NQARKHGHAGAMSIFGNLIFQEG----QTTQGLAFMTAALDKCTVADCTWIQNLQEQAFSLAGENDRRAAIAMAQNMQFNDPD 

Smeli   NRARKNGHAGAMGVFGNVIFQEG----QTARGLAYMTAALGQCSPKDRPWLQAMQEQAFSLATEDDRRVAITMSQNMHLQNDDD 

Retli   NQARKSGHPGAMAVFGNILFDEG----QTARGLALMTAALDRCKPKDCSWMEALQEQAFSVANEADRRTAVSLSHAIASGSD 

Rlegu   NQARKSGHPGAMAVFGNILFDEG----QTARGLALMTAALDRCKPKDCGWMEALQEQAFSVANEADRRTAVSLSHSIATGSDD 

Babor   QLAARKGNTGAQAMLGNMLFQAG----KTVRGLAMLTAAFERCPAEDCTWIRDMQEQAFSIAGEADRRNAIALASDYAVKGSY 

Bhens   QLSARKGNPPAQAMLGNMLFQAG----KTVRGVAMLTAAYEKANPKDRDWIGPLQERAFATCDEFERSRAMSLVADMLKNNSF 

Mloti   QLAAAKGHAGAQATLGHLLFQSG----KIVRGLAMMTAALERASPTDQPWIRGMQEEAFAAAGEADRRTAISLADDILTKGTTNADQ 

Rpalu   GLAAQKGQHQAQALLGQMLFNGEKLPRQAARGLMWLTLARDAAL-ADETWIKESYTKAFAKASDDDRAMALQMLEHWVQGRKD 

Nhamb   GLAAQKGQHEAQAMLGKLLFSGDQLPRQAARGLMWLTLARDAAA-PDETWIAESYNKAIAKASEDDRAMALQMLEHWVQGRRD 
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2.4.2  Overproduction of SCG in the A. tumefaciens exoR mutant 

 Based on the findings from S. meliloti, it seemed likely that the 

hypermucoid phenotype observed in the exoR mutants was due to 

overproduction of SCG.  Accordingly, we examined the effect of abolishing SCG 

synthesis in wild type and exoR mutant backgrounds. ExoA has been 

characterized as a glycosyl transferase involved in addition of the first glucose in 

the octasaccharide repeat subunit during SCG biosynthesis in S. meliloti (Reuber 

& Walker, 1993).  The exoA gene was disrupted by an unmarked, non-polar 

deletion of the entire coding sequence to eliminate SCG production in A. 

tumefaciens.   A. tumefaciens derivatives were therefore plated on standard 

minimal medium containing 1% Calcofluor, a fluorescent dye that binds to β-

linked polysaccharides such as SCG and fluoresces under UV light (Doherty et 

al., 1988).  Compared to wild type cells (Figure 2.3 A), exoR mutant cells are 

hyperfluorescent, indicating the elevated production of β-linked polysaccharides 

(Figure 2.3 B), while exoA mutant cells are significantly less fluorescent than wild 

type (Figure 2.3 C).  The exoRexoA derivative has fluorescence equivalent to the 

exoA mutant and is non-mucoid, suggesting that the hypermucoidy and bright 

Calcofluor fluorescence of the exoR mutant is dependent on the exo genes, and 

therefore primarily due to the overproduction of SCG (Figure 2.3 D).  
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To determine relative levels of exopolysaccharide production, we evaluated each 

mutant using an anthrone-based assay.  Soluble polysaccharides from cell-free 

supernatants were hydrolyzed with sulfuric acid in the presence of the 

colorimetric indicator anthrone that detects reducing sugars (Morris, 1948).  The 

exoR mutants produce approximately 4-fold greater soluble exopolysaccharide 

than wild type, whereas exoA and exoRexoA mutants produce roughly one-third 

the wild type amount during log-phase growth (Table 2.3).   

 

Table 2.3: Biofilm and EPS phenotypes of mutant derivatives 
________________________________________________________________  
Strain   Biofilm A600/OD600

* (SEM)  EPS A620/OD600 (SEM)†  
C58    1.81 (0.18)    3.02   (0.16)   

ΔexoR   0.31 (0.04)    12.21 (0.40)  

ΔexoA   1.17 (0.08)    0.94   (0.09)   

ΔexoRexoA   0.23 (0.04)    1.03   (0.34)   

chvG-    2.85    (0.15)    2.25   (0.17)   

chvG-, ΔexoR  0.21    (0.03)    5.90   (0.24)   

chvG-, ΔexoA  1.38    (0.07)    1.75   (0.39)   

chvG-, ΔexoRexoA  0.17    (0.03)    0.74   (0.63)   

ΔexoR supp Class I  1.47    (0.18)    2.87 (0.09) 

ΔexoR supp Class II 0.47    (0.08)    14.32 (0.43) 

ΔexoRexoA supp  2.25    (0.30)    0.52 (0.12)   
* CV absorbance of adherent biomass normalized to culture density 
† Anthrone absorbance normalized to culture density      
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2.4.3  Disruption of exoR elevates expression of the SCG 

biosynthetic genes exoY and exoT 

 To determine whether ExoR regulates SCG production via expression of 

exo genes, a translational fusion was generated by placing the exoT start codon, 

and upstream sequences, in-frame with a lacZ reporter gene.  The exoT 

upstream region was chosen as it must have its own promoter and is clearly the 

first gene in one of the A. tumefaciens exo operons, because it is expressed 

divergently from adjacent genes.  The resultant plasmid was introduced into A. 

tumefaciens C58, ΔexoR, C58 (Plac-exoR) and ΔexoR (Plac-exoR) strains.  β-

Galactosidase assays were conducted to determine the relative expression of the 

exoT-lacZ fusion in each strain (Table 2.4).  The exoR mutant showed an 

approximately 2-fold, yet statistically significant, increase in β-galactosidase 

activity over the wild type strain.  The complemented mutant demonstrated β-

galactosidase activity just slightly reduced from wild type levels.  Overexpression 

of ExoR in trans did not significantly repress exoT promoter activity in the wild 

type background.  These findings are consistent with those described by Reed 

and Walker (Reed et al., 1991) in S. meliloti, and demonstrate that A. 

tumefaciens ExoR exerts a modest, yet significant, negative regulation on the 

expression of exo genes, likely explaining the observed overproduction of SCG. 

 To confirm this finding, we also performed quantitative PCR on the exoY 

transcript in A. tumefaciens C58, ΔexoR, C58 (Plac-exoR) and ΔexoR (Plac-exoR) 

strains.  This analysis revealed a striking 30-fold derepression of exoY 
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expression in the exoR mutant that was fully reversed by provision of the 

plasmid-borne exoR.  Expression of ExoR from this same plasmid in a wild type 

background led to a slight reduction in exoY expression compared to wild type 

(Table 2.3). This further confirms our finding that A. tumefaciens ExoR exerts a 

significant negative regulation on the expression of exo genes, likely explaining 

the observed overproduction of SCG in an exoR mutant. 

 

Table 2.4:  Disruption of exoR impacts transcription of exoT, exoY and flgD genes. 

_________________________________________________________________ 

Strain    exoT::lacZ¢  exoYN
*   flgDN

*  

C58    20.4 (2.3)  1.000 ± 0.35  1.000 ± 0.40  

C58 (Plac-exoR)  17.9 (3.4)  0.496 ± 0.54  1.225 ± 0.27  

ΔexoR   42.8 (2.1)  30.172 ± 0.55 0.024 ± 0.26  

ΔexoR (Plac-exoR)  15.4 (1.7)  1.071 ± 0.23  1.106 ± 0.37  

chvG-    18.7 (1.9)  0.417 ± 0.12  0.585 ± 0.15  

_________________________________________________________________ 
¢All derivatives used in this assay carry pADT100 (PexoT-lacZ).  Numbers given indicate β- 
galactosidase specific activity, expressed as Miller units.  Standard error of the mean noted in 
parenthesis. 
*The range given for expression, relative to C58, encompasses one standard deviation from the  
mean. 
             
 

2.4.4  The exoR adherence defect is not dependent on SCG 

synthesis 

 The most striking visible phenotype of the exoR mutant is its 

hypermucoidy (Figure 2.1 D).  We hypothesized that the elevated production of 

EPS reduced the efficiency or duration of surface interactions, yielding the 
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observed biofilm deficiency.  To test this directly, the exoR and exoA mutants 

were assayed for biofilm formation on the model abiotic surface polyvinylchloride 

(PVC) in a standard static culture biofilm assay.  The exoA mutant revealed no 

attachment deficiency, indicating that SCG is not required for biofilm formation 

(Table 2.3, Figure 2.4 G).  The exoRexoA double mutant, despite its inability to 

overproduce SCG, exhibited an adherence defect comparable to that of the exoR 

single mutant (Figure 2.4J).  Although SCG overproduction may contribute to the 

overall biofilm deficiency of the exoR mutant, it is clearly not the sole cause of the 

defect. 

 

2.4.5  Quantitative analysis of flow cell biofilms 

 Biofilms of the exo mutant strains were grown in a once-through 

continuous-flow cell system and analyzed using spinning disk confocal 

microscopy (SDCM), and the COMSTAT analysis program (Heydorn et al., 2000).  

Microscopic examination of biofilm formation by A. tumefaciens C58 derivatives 

constitutively expressing GFP (pJZ383, Ptac::gfp) in flow cells was performed in 

real time without disrupting the samples or ceasing flow.  The autoCOMSTAT 

program provides quantitative, statistically robust analysis of biofilm structure via 

processing of image stacks from multiple fields of view within the flow cell.  

SDCM images show that the exoR mutant demonstrates a severe biofilm 

formation deficiency and few attached cells (Figure 2.4 E), in comparison to wild 

type C58 (Figure 2.4 B), while the exoA mutant was fully competent for biofilm 
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formation (Figure 2.4 H).  As in the static coverslip biofilms, the flow cell biofilms 

of the exoAexoR double mutant were similar to exoR mutant biofilms (Figure 2.4 

K).  The biofilm deficiencies of both exoR and exoRexoA mutants were fully 

complemented by expression of the plasmid-borne exoR (Table 2.5). 

 Quantitative COMSTAT analysis reveals statistically significant differences 

in such measurements as the amount of adherent biomass, average biofilm 

height, and the maximum biofilm height for each strain (Table 2.5).  These data 

support the qualitative assessment that the exoA mutant forms a wild type 

biofilm, whereas the exoR and exoRexoA mutant strains are deficient in all 

measurements of biofilm formation that were quantified.  These mutants 

occasionally bound as single cells or small cell clusters of five to six cells in 

height (Table 2.5), which rarely expanded further.  Provision of plasmid-borne 

ExoR in either mutant background complemented the ∆exoR phenotype (Table 

2.5).  The overall flow cell phenotypes provide a more detailed view of 

attachment and biofilm structure and are entirely consistent with the static culture 

phenotypes. 
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Figure 2.4:  Biofilm phenotypes of exoR and exoA mutants. 
Biofilms formed after 48 hours of static culture growth are shown in panels A, D, G and J.  Panels B, E, 
H and K show biofilms grown under flow conditions for 72 hours.  Surface attachment to cuttings of A. 
thaliana roots are shown in panels C, F, I and L.  Individually bound cells are indicated by circles in 
panel F, while biofilms are indicated with closed arrowheads.  Fluorescence of plant vasculature is due 
to autofluorescence, not microbial colonization of the vasculature.  Wild type cells (A, B and C) and 
ΔexoA cells (G, H and I) are competent for biofilm formation under all conditions, while ΔexoR (D, E 
and F) cultures do not form biofilms in any assay.  ΔexoRexoA cells do not form biofilms on abiotic 
surfaces (J, K), but are competent for plant tissue attachment (L).  Confocal microscopy was performed 
using a Nikon TE-200 spinning disk confocal microscope at 100X magnification fitted with a Uniblitz 
shutter driver and an Orca ER camera (Hamamatsu) and Perkin-Elmer ULTRAVIEW software; 
epifluorescence microscopy was performed on a Nikon E800 at 60X magnification with METAMORPH 
software.
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_______________________________________________________________ 
Table 2.5:  COMSTAT analysis of flow-cell biofilms over 4 days 
_______________________________________________________________ 
 
Strain*   Hours   Biovol/area† Av. thick.‡ Max. thick.‡   
 
Wild type  48   0.17 (0.09) 0.26 (0.13) 4.58 (0.62)  
   96   3.68 (0.67) 4.16 (0.72) 21.33 (2.23) 
 
ΔexoR   48   0.00 (0.00) 0.00 (0.00) 3.00 (0.22) 
   96   0.06 (0.01) 0.01 (0.00) 6.33 (0.42) 
 
ΔexoA   48   0.05 (0.02) 0.07 (0.03) 5.08 (0.62) 
   96   3.88 (0.81) 4.28 (0.88) 17.00 (5.00) 
 
ΔexoRexoA  48   0.00 (0.00) 0.00 (0.00) 3.08 (0.45) 
   96   0.04 (0.01) 0.88 (0.05) 6.50 (1.15) 
 
ΔexoR, Plac-exoR 48   0.23 (0.07) 0.35 (0.11) 4.67 (0.68) 
   96   5.89 (0.34) 6.87 (0.35) 21.83 (2.71) 
 
ΔexoRexoA, Plac-exoR 48   0.43 (0.21) 0.26 (0.13) 4.83 (0.38) 
   96   8.00 (1.85) 9.10 (1.97) 28.67 (4.44) 

 
* All strains are derivatives of A. tumefaciens C58 carrying pJZ383 (Ptac::gfpmut 
3).  Values are averages of 15 fields of view from 3 separate flow cells.  SEM in 
parentheses. 
† (μm3 fluorescent material per μm2 surface attachment). 
‡ μm. 
             
 

2.4.6  ExoR is required for binding to plant root surfaces 

 Plant root binding assays were performed to evaluate the influence of the 

exoR mutation and SCG production on associations with plant tissues.  Sterile 

segments of Arabidopsis thaliana roots were incubated with the A. tumefaciens 

derivatives harboring the pJZ383 plasmid expressing GFP.  Root segments were 

washed to remove loosely associated bacteria and examined under 

epifluorescence microscopy.  Both C58 wild type and exoA mutants were 

competent to bind A. thaliana root cuttings (Figures 2.4 C and I), but exoR 



 51 

mutants were dramatically deficient (Figure 2.4 F).  Surprisingly, however, the 

exoRexoA double mutant bound efficiently to root tissue (Figure 2.4 L).  This 

finding illustrates that in contrast to abiotic surfaces, overproduction of SCG is a 

dominant factor in the plant binding deficiency of exoR mutants. 

The exoR mutantʼs reduced propensity for root binding in suspension is 

not reflected in simple virulence assays in which A. tumefaciens is manually 

inoculated into plant wounds.  When introduced on to sterile potato slices, the 

exoR mutant formed tumors indistinguishable in size and number from the wild 

type (data not shown).  

 

2.4.7  ExoR can function independently of the ChvG-ChvI two 

component system 

 The S. meliloti ExoR protein is secreted into the periplasm.  Due to this 

unconventional location for a regulator, we began to consider possible 

intermediates through which A. tumefaciens ExoR might act.  The first gene we 

targeted was chvG, a two component-type histidine kinase homologous to the S. 

meliloti gene exoS.  In S. meliloti, ExoR is reported to function through 

interactions with ExoS and its cognate response regulator ChvI, that together 

control production of multiple exopolysaccharides, including SCG (Belanger et 

al., 2009).  A point mutation that decreases ChvI activity (K214T) has been 

described that suppresses exoR mutant phenotypes in that system (Wells et al., 

2007; Yao et al., 2004).  Therefore, we created a chvG mutation via Campbell 
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integration in wild type and the exoR, exoA and exoRexoA mutant backgrounds 

to examine potential interactions in A. tumefaciens.  All chvG mutants exhibited 

sensitivity to growth on LB medium, consistent with previous reports in A. 

tumefaciens (Charles & Nester, 1993; Mantis & Winans, 1993) and S. meliloti 

(Belanger et al., 2009).  If exoR influences EPS production exclusively through 

the ChvG-ChvI two component system, we would anticipate that a chvG null 

mutation would eliminate EPS overproduction in an exoRchvG double mutant, 

consistent with observations in S. meliloti (Wells et al., 2007).  In contrast to that 

hypothesis, the exoRchvG mutant retained elevated levels of EPS production, 

albeit somewhat reduced relative to the exoR mutant (Table 2.3), indicating that 

ExoR can impact SCG production independently of ChvG. In contrast to the 

hypermucoid exoR phenotype, we found that the chvG mutant was slightly 

reduced for EPS production as measured by the anthrone assay. Furthermore, 

expression of the exoY gene is 60% reduced in the chvG mutant background, 

compared to a 30-fold derepression in the exoR background, indicating a modest 

role for ChvG in positively regulating exo gene expression (Table 2.4).  

 Additionally, we found that the chvG mutant is not only competent for 

biofilm formation but is, in fact, slightly increased as compared to wild type (Table 

2.3).  The exoR mutation is also dominant to the chvG mutation in both the SCG 

positive and negative backgrounds.  This indicates that the exoR regulation of 

biofilm formation occurs independently of the chvG signal transduction pathway.  

Interestingly, the exoAchvG double mutant is somewhat reduced for biofilm 
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formation, demonstrating that the modestly elevated chvG biofilm phenotype may 

be dependent on SCG production.  Thus, it appears that chvG has a mild 

negative influence on SCG production, with the mutant yielding a slight increase 

in biofilm formation, but that this phenotype is independent of regulation by ExoR. 

 

2.4.8  ExoR mutants exhibit reduced motility 

 Examination of exoR mutants revealed that they were severely deficient 

for swimming motility, forming a small ring relative to the wild type after 4-7 days 

incubation on swim agar (0.25% agar) (Figures 2.5 A and B).  The exoA mutant 

was proficient for swimming motility with no visible mucoidy (Figure 2.5 C).  Close 

examination of the exoR mutant swim plate revealed an accumulation of mucoid 

material on the surface at the site of inoculation, and it was plausible that this 

mucoid material inhibited motility.  The exoRexoA double mutant, however, 

exhibited similarly attenuated motility, indicating that the motility deficiency of the 

exoR mutant is independent of SCG overproduction (Figure 2.5 D).  The exoR 

and exoRexoA mutant motility phenotypes were fully complemented by 

introduction of the Plac::exoR plasmid (Figures 2.5 E and F).  The swim plate 

phenotypes were consistent with microscopic examination of cells that were 

stained to visualize flagella, in which exoR and exoRexoA mutant cultures had 

predominantly aflagellate cells, while the exoA mutant was flagellated 

equivalently to wild type (Figures 2.5 J-M).  These findings suggest that ExoR 

independently regulates both motility and SCG production. 
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 The absence of flagella suggested a defect in synthesis or assembly of 

flagellin.  Flagellin levels were examined by immunoblot using cross-reactive 

antibody raised against Caulobacter crescentus flagella.  While the wild type 

produced easily observable levels of flagellin, the protein was undetectable in the 

ΔexoR mutant, similar to aflagellate ΔflgE (flagellar hook) and ΔflaABC (flagellin) 

mutants (Figure 2.5 N). 

 Quantitative PCR was used to examine expression levels of flgD, the 

scaffold for flagellar hook assembly.  Consistent with swim plate phenotypes and 

flagellin levels, flgD expression is nearly abolished in the exoR mutant relative to 

wild type.  The plasmid-borne ExoR restores wild type expression levels of flgD.  

A modest decrease in flgD expression is observed in a chvG mutant as well 

(Table 2.4). 

 Although the exoR and exoAexoR deletion mutants clearly were reduced 

for flagellation, a small number of flagella were always observed, consistent with 

the reduced, but significant, swim rings observed on motility agar.  The swim 

plate environment appears to efficiently select for suppressor mutants.  In each 

repetition of the swim assay, suppressors of the motility-deficient phenotype of 

the exoR and exoRexoA strains were observed at the edges of the swim ring.  

The suppressors of the exoR mutation fell into two classes: Class I suppressors 

form dry, non-mucoid colonies, are apparently wild type for motility and EPS 

production, and form wild type biofilms in the static culture cover slip assay 

(Figure 2.5 G, Table 2).  Class II suppressors form mucoid colonies and 



 55 

accordingly produce EPS at levels as high as exoR mutants.  Class II mutants 

exhibit motility levels intermediate between the non-motile exoR mutants and the 

wild type cells, but are still unable to form biofilms on cover slips (Figure 3H, 

Table 2).  All observed suppressors of the exoRexoA mutant exhibited dry colony 

morphologies, wild type motility, and improved biofilm formation (Figure 3I, Table 

2).  Introduction of a plasmid-borne copy of exoR into the non-mucoid, motile and 

biofilm proficient Class I mutants had no significant impact on these phenotypes 

(data not shown).  In contrast, introduction of the exoR plasmid into the Class II 

suppressors (mucoid, partially motile and biofilm deficient) complemented all of 

these phenotypes to wild type levels.  These observations are consistent with the 

Class I suppressors already functioning as nearly wild type, and therefore not 

being impacted by the presence of exoR.  The Class II suppressor mutations 

partially correct the motility deficiency, and thus provision of exoR restores full 

motility as well as correcting the remaining mutant phenotypes. 

In aggregate, these data suggest that we have identified suppressor 

mutations at two discrete points in the ExoR-dependent regulatory pathway.  A 

previously reported suppressor of the S. meliloti exoR mutant mapped to chvI 

(Wells et al., 2007).  As such, we conducted sequence analysis of the chvGI 

region, including its upstream sequences, in the original A. tumefaciens exoR 

mutant and its suppressors.  This analysis revealed all of these sequences to be 

identical to the corresponding sequences in wild type C58.  Thus, the isolated 
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suppressor mutations must have occurred outside the chvGI region, and ChvG 

and ChvI are not required for ExoR regulation of these functions. 

 Parallel work in the lab identified mutants with plasmid insertion mutations 

in four EAL-domain containing proteins that influenced mucoidy and biofilm 

formation (Jinwoo Kim, in preparation).  Two of these mutants, in Atu0784 and 

Atu1114, were found to be hypermucoid and deficient for biofilm formation, like 

an exoR mutant.  In contrast, mutations in Atu3495 and Atu4490 caused reduced 

mucoidy and increased biofilm formation.  Because these phenotypes mimicked 

the exoR mutant, in the case of the first pair, or fit our hypothesis of an interaction 

partner, in the case of the second pair, we sequenced these coding regions in the 

exoR suppressor strains.  Sequence analysis of these 4 ORFs revealed that the 

Class I and Class II suppressors did not vary from the wild-type sequence.  In 

contrast, we identified a point mutation in the Atu4490 sequence of the Class-I 

like suppressor of the exoRexoA mutant.  This mutation causes an arginine to 

cysteine transition at amino acid 422, within the GGDEF domain of the protein.  

We have not performed complementation analysis, recreated this mutation in a 

naïve background, or sequenced the entire genome to confirm that this mutation 

is responsible for suppression in the Class-I mutants. 
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Figure 2.5:  ExoR null 
mutants are reduced 
for swimming motility, 
flagella and production 
of flagellin.
Wild type cells (A) are 
fully motile in 0.25% 
swim agar and 
flagellated (J), while 
ΔexoR mutants are 
nonmotile (B) and lack 
flagella (K).  SCG- 
ΔexoA mutants have 
wild type motility (C) and 
flagella (L), but 
ΔexoRexoA mutants are 
deficient for motility (D) 
and flagellation (M), 
demonstrating that SCG 
is not required for 
motility and that ExoR 
acts independently to 
regulate SCG production 
and motility.  Both the 
ΔexoR (E) and 
ΔexoRexoA (F) non-
motile phenotypes are 
complemented with 
addition of Plac-exoR.  
Class I suppressors of 
ΔexoR show wild type 
motility (G), while Class 
II suppressors show a 
partial restoration of 
motility (H).  
Suppressors of 
ΔexoRexoA are fully 
motile (I).  Western 
blotting shows a 
reduction of flagellin in 
ΔexoR mutants as 
compared to wild type 
C58 (N).
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2.5  Discussion 

 A. tumefaciens is a widely prevalent soil microbe, but is best known as a 

plant pathogen.  Surface attachment is a required early step in the initiation of the 

infection process, and likewise is required for biofilm formation.  In this study we 

performed a screen for biofilm deficient mutants of A. tumefaciens C58 and 

isolated two independent mutations in the exoR gene.  ExoR is a regulator known 

to be required for nodulation through control of SCG, or EPS I, in the nitrogen-

fixing alfalfa symbiont S. meliloti  (Doherty et al., 1988; Reed et al., 1991).  We 

found that A. tumefaciens C58 exoR null mutants are deficient for surface 

attachment, and therefore do not form biofilms on either plant tissues or abiotic 

surfaces.  ExoR is a negative regulator of SCG synthesis, and an exoR null 

mutant overproduces this exopolysaccharide.  SCG overproduction requires the 

exo genes and the expression of at least one of these genes is significantly 

derepressed in the exoR mutant.  The attachment deficiency on abiotic model 

surfaces is not simply due to SCG overproduction, but apparently involves other 

functions influenced by ExoR.  At least one other function clearly under ExoR 

regulatory control is motility; exoR mutants exhibit reduced motility that 

corresponds to a loss of flagellation, and markedly reduced flagellar gene 

expression. 

 The motility deficiency of the exoR mutant is unlikely to be entirely 

responsible for its biofilm deficiency.  In a separate study, we investigated the 

role of motility during A. tumefaciens biofilm formation (Merritt et al., 2007).  
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Although markedly reduced for biofilm formation in non-flowing systems, an 

aflagellate A. tumefaciens flgE mutant is highly competent for biofilm formation in 

flow cells.  To exclude the possibility of a synthetic effect between motility and 

SCG production on biofilm formation, we examined static culture biofilms of a flgE 

exoA double mutant.  The double mutant exhibited the nonmotile phenotype of 

the flgE parent strain, the SCG production deficiency of the exoA parent strain, 

and was identical in biofilm formation to the flgE parent strain (data not shown).  

In contrast to the non-motile flgE mutant, the exoR mutant shows similarly 

compromised attachment under both non-flowing and flowing conditions.  Also, 

although the exoRexoA mutant is reduced for swimming motility and abiotic 

surface attachment, it does form biofilms on plant tissue, indicating that its 

motility deficiency is not the underlying cause of its biofilm phenotype. 

 ExoR is broadly conserved across the α-proteobacteria, including the plant 

symbionts Rhizobium etli, R. leguminosarum and Mesorhizobium loti, in animal 

pathogens such as Brucella suis and B. abortus, and even in free-living bacteria 

such as R. palustris.  The amino acid sequence is highly conserved, with 40 

invariant residues spread throughout the length of the protein (Figure 2.2).  In all 

homologues, a conserved secretion signal motif is located at the N-terminus of 

the translation product.  TPR domains, and the closely related SEL-1 domains 

that extend through the ExoR sequence are implicated in protein-protein 

interactions (Mittl & Schneider-Brachert, 2007).  This suggests that ExoR may 

exert its regulatory effects via interaction with other regulatory or signal 
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transduction system(s).  The sequence similarities imply an analogous 

biochemical function(s) for ExoR in each microbial system. 

 ExoR has been extensively investigated in S. meliloti, where it was 

originally identified as a repressor of SCG production (Reed et al., 1991).  Our 

results reveal that ExoR is also a negative regulator of SCG production via exo 

gene expression in A. tumefaciens.  In both bacteria, mutation of exoR causes 

hypermucoidy and an increase in exo gene expression (Reed et al., 1991) (Table 

2.4).  Additionally, ExoR appears to be required for flagellar motility in both 

organisms (Yao et al., 2004).  However, other phenotypes resulting from 

disruption of exoR in the two bacteria are strikingly different.  SCG is required for 

S. meliloti to form functional symbiotic relationships with host legumes (Leigh et 

al., 1987), and the exoR mutant is also symbiotically deficient.  In contrast, SCG 

is dispensable for crown gall disease in A. tumefaciens (Cangelosi et al., 1987), 

and we find that exoR mutants form tumors efficiently upon manual inoculation of 

model plants such as potato.  Wells and colleagues (Wells et al., 2007) reported 

that an exoR::Tn5 mutation, which results in high level SCG synthesis, increases 

S. meliloti biofilm formation on abiotic surfaces.  Disruption of SCG synthesis 

(exoY::Tn5) correspondingly decreased biofilm formation in a similar assay 

(Fujishige et al., 2006). Our isolation of two separate A. tumefaciens exoR 

transposon mutants based on their inability to form biofilms, which were also 

found to overproduce SCG, directly contrasts these phenotypes.  Consistent with 

this, an A. tumefaciens mutant unable to synthesize SCG (exoA disruption) is 
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unaffected for biofilm formation.  However, a more recent report for S. meliloti is 

in agreement with our findings, demonstrating that SCG-deficient mutants form 

normal biofilms, but that EPS II (galactoglucan) is required (Rinaudi & Gonzalez, 

2009).  Another difference is the observation that the S. meliloti exoR::Tn5 

mutant is auxotrophic, while the A. tumefaciens exoR mutant strains are 

uniformly prototrophic. 

 S. meliloti ExoR associates with and inhibits the ExoS sensor kinase, and 

through it, the response regulator ChvI (Chen et al., 2008b; Wells et al., 2007).   

ExoS and ChvI control EPS production and apparently inhibit motility in S. meliloti 

(Belanger et al., 2009; Wells et al., 2007).  We examined an A. tumefaciens chvG 

mutant, and observed decreased expression of exoY, and a slight decrease in 

EPS production, indicating that ChvG exerts a mild positive regulation of EPS 

levels.  A chvG mutation also slightly increases A. tumefaciens biofilm formation.  

We have observed that a chvG mutation modestly decreases flagellar gene 

expression (i.e., the flgD transcript), although this does not impact motility (data 

not shown).   

S. meliloti exoR mutants are reported to be nonmotile and exhibit an 

elevated biofilm phenotype.  Mutations that decrease ChvI activity can suppress 

the motility defect of an exoR mutant and restore wild type biofilm levels (Wells et 

al. 2007).  In contrast, in A. tumefaciens ExoR regulation of biofilm formation, 

motility, and EPS production appears not to require the ChvG (ExoS)/ChvI two-

component system.  Loss of a functional ChvG/I does not restore wild type 
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biofilm, nor EPS phenotypes to an exoR mutant.  In further contrast to S. meliloti 

reports, mutation of ChvG/I in an A. tumefaciens exoR mutant does not restore 

motility (data not shown).  Therefore we conclude that A. tumefaciens ExoR must 

be able to function through a signaling pathway distinct from ChvG/I.  

  One way to define such a pathway is by isolating mutants in which exoR 

mutant phenotypes are suppressed (Figure 2.6). The two classes of exoR mutant 

suppressors we have isolated thus far indicate a branched regulatory pathway.   

Class I suppressors cause reversion to wild type levels of both motility and EPS 

production, and these suppressors regain competence for biofilm formation.  

Class II suppressors still overproduce EPS and remain mucoid, but have 

regained intermediate motility compared to the wild type.  The simplest 

explanation is that the intermediate motility of the Class II suppressors is due to 

excess EPS, blocking motility by increasing local viscosity.  Class II suppressors 

remain incompetent for biofilm formation, another indication that the biofilm 

deficiency of the exoR mutant is not solely due to the loss of motility.  The single 

class of suppressors (Class I-like) isolated for the exoRexoA mutant have 

regained wild type levels of motility and biofilm formation, and remain SCG 

deficient (due to the exoA mutation).  Provision of wild type exoR in both Class I 

and Class II suppressor mutants leads to phenotypes consistent with the current 

model.  Similar suppressors of exoR mutations in S. meliloti consistently map to 

the exoS and chvI genes (Wells et al., 2007), reflecting the ExoR/ExoS  



Figure 2.6:  Model for A. tumefaciens ExoR-dependent gene regulation.  Regulatory 
components, denoted by X and Y, have not yet been identified.  Class I and Class II brackets 
refer to suppressor mutations and their speculated positions within the pathway.  Dashed 
arrows and repression bars may represent multiple regulatory steps and therefore may be 
indirect.  Periplasmic localization of ExoR is inferred from its sequence and from localization of 
the S.meliloti orthologue.
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interaction.  In the A. tumefaciens suppressors described here, the chvG and 

chvI genes are not mutated.   

 A mechanism by which ExoR functions via its inhibition of ExoS/ChvI, 

while strongly supported in S. meliloti, does not seem to apply to the phenotypes 

we have examined in A. tumefaciens (Figure 2.6).  It is possible that ExoR 

influences a single regulatory pathway to exert the wide variety of effects we 

observe.  A cytoplasmic control circuit implicated in control of EPS production 

and motility in S. meliloti includes the zinc finger protein MucR, the LuxR-type 

regulators VisN/R and their interacting partner Rem (Bahlawane et al., 2008).  

Homologues of each of these regulators are present in A. tumefaciens C58, and 

these may be indirect targets for ExoR regulation.  Indeed, expression of the 

MucR homologue Ros is elevated in the ΔexoR mutant, which may account for 

the hypermucoidy of this mutant (Chapter 3).  Alternatively, ExoR may be 

influencing multiple, discrete pathways, including ChvG/I, some of which impinge 

upon the process of surface attachment.  Finally, a more indirect role is possible, 

and may be indicated by our identification of a suppressor mutation in Atu4490.   

Atu4490 is a GGDEF-EAL domain-containing protein.  Proteins containing 

GGDEF and/or EAL domains are known to be involved in synthesis and 

degradation of cyclic diguanosine monophosphate (c-di-GMP), a prevalent 

second messenger molecule in bacteria (Hengge, 2009).  The GGDEF domain 

has diguanylate cyclase function, synthesizing c-di-GMP from two molecules of 

GTP.  EAL domains have phosphodiesterase activity, responsible for degradation 
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of c-di-GMP.  Multiple studies have demonstrated a role for c-di-GMP in 

regulating surface properties of cells, and the current paradigm posits c-di-GMP 

levels as dictating the transition between motile and sessile lifestyles (Hengge, 

2009).  High levels of c-di-GMP are associated with reduction in motility and 

virulence, and an increase in sessile lifestyles such as biofilms, or cell cycle 

progression.  Low levels of GMP are associated with motile lifestyles, planktonic 

cultures, and increased virulence (Schirmer & Jenal, 2009).  Proteins that contain 

both domains may exhibit either diguanylate cyclase activity, phosphodiesterase 

activity, or both.  Additionally, reports exist of proteins in which the domains may 

allosterically regulate one another.  For example, in the case of Caulobacter 

crescentus PdeA, a degenerate GGDEF domain allosterically activates the EAL 

domain of that protein (Christen et al., 2005).  

The Class-I like suppressor of the exoRexoA mutation falls within the 

GGDEF domain of the GGDEF-EAL containing protein encoded by Atu4490.  

From the global expression analysis that is the subject of Chapter 3, we learned 

that Atu4490 expression is increased 1.4-fold in the exoR mutant, indicating that 

ExoR represses expression of Atu4490.  The increased biofilm and decreased 

mucoidy of a single mutation in Atu4490 is consistent with a model in which the 

Atu4490 EAL domain is active in c-di-GMP degradation, leading to increased 

levels of c-di-GMP in the Class-I like suppressor mutant.  The loss of ExoR 

repression of Atu4490 in exoR null mutants, leads to increased c-di-GMP 

breakdown, thus repressing biofilm formation in the exoR mutant.  The R422C 
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mutation in the GGDEF domain of Atu4490 may promote allosteric inhibition of 

EAL phosphodiesterase activity, returning c-di-GMP levels, and therefore biofilm 

formation, to wild-type levels.  However, no experiments have yet been 

performed to test this model. 

The fact that motility is also abolished in exoR mutants due to loss of 

flagellar gene expression stands in contrast to the general trend that decreased 

c-di-GMP should favor motility (Hengge, 2009).  Even if low c-di-GMP levels were 

to promote flagellar motility in A. tumefaciens, it is expected that if the exoR 

mutation prevents flagellar biosynthesis, such an effect would be masked.  This 

indicates that the ExoR regulon, while it may be influenced by and even overlap 

with c-di-GMP regulation, does not follow the general trends currently espoused 

for this intracellular signal.  In fact, recent work has begun to call into question the 

simple notion that c-di-GMP levels correlate in such a direct way with the sessile 

to motile dichotomy (Kuchma et al., 2010). 

An alternative to the model that ExoR serves as a direct regulator of target 

functions is that given its location in cells, ExoR may serve to sense the state of 

the periplasm and thereby influence multiple aspects of cellular physiology.  

Another open question is whether ExoR functions in response to specific 

environmental cues or is a required but non-modulated component of these 

regulatory pathways.    
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Chapter 3 

Transcriptome profiling of A. tumefaciens exo mutants reveals diverse 
regulatory targets of ExoR and defines regulatory effects of succinoglycan 
production. 

3.1  Introduction 

 As described in Chapter 2, A. tumefaciens ExoR regulates a diverse array 

of functions, including surface functions such as attachment and biofilm 

formation, succinoglycan production, and motility.  ExoR is an atypical regulatory 

protein, and is predicted to be secreted into the periplasm (Wells et al., 2007).  

As ExoR is not likely to be a standard cytoplasmic DNA-binding regulator it was 

uncertain that its influence was predominantly manifested through changes in 

transcription.   

 Based on the model for ExoR function in the closely related legume 

symbiont Sinorhizobium meliloti, ExoR was predicted to act through the ExoS-

ChvI two-component signal transduction pathway (Chen et al., 2008b).  My 

attempts to genetically evaluate an interaction between ExoR and ChvG (the 

ExoS orthologue in A. tumefaciens paired with the ChvI response regulator 

(Charles & Nester, 1993), suggested that ExoR can function independently of this 

two component system.  Likewise, suppressor mutations of an exoR deletion do 

not map to chvG or chvI, as they do in S. meliloti (Tomlinson et al., 2010; Chapter 

2).  Thus far, I have been unable to identify a single, discrete regulatory linkage 

between surface attachment and the other functions regulated by ExoR.   

 One of the most visually striking phenotypes of the exoR mutant is the 

hypermucoidy caused by overproduction of succinoglycan.  Succinoglycan is an 
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acidic polysaccharide composed of octasaccharide subunits (Reuber & Walker, 

1993).  Each octasaccharide subunit is composed of one galactose and seven 

glucose molecules, joined by β1-3, β1-4 and β1-6 linkages, which may be 

differentially acetylated, succinylated and pyruvilated.  Succinoglycan 

biosynthesis has been well described in both A. tumefaciens and S. meliloti (for 

review, see (Becker & Puhler, 1998).  The exo genes encode enzymes 

responsible for production of the polysacchride that are common to both A. 

tumefaciens and S. meliloti.  Via cross-strain complementation, it has been 

demonstrated that the exo genes carry out the same biochemical functions in 

both organisms (Cangelosi et al., 1987). 

 In order to more fully define the regulon of ExoR, I decided to adopt a 

genomic approach, making use of the custom 60-mer oligomer mciroarrays 

available to the A. tumefaciens research community (Yuan et al., 2008).  These 

DNA microarrays were used to evaluate the ExoR regulon by comparing an exoR 

mutant with the wild type and a derivative expressing high levels of ExoR.  I 

anticipated that in an exoR mutant, the dramatic overproduction of 

succinoglycan, and potential resulting issues in carbon resource utilization, might 

lead to indirect transcriptional effects.  To determine the subset of transcriptional 

effects due to succinoglycan overproduction, I also examined the role of ExoR 

regulation in derivatives unable to produce (or overproduce) succinoglycan, due 

to deletion of exoA, blocking an early step on the biosynthetic pathway. 
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 With these experiments, I have identified a broad range of genes 

regulated by ExoR.  I have further subdivided those genes which are indirectly 

affected by overproduction of succinoglycan, and those which are more likely to 

be direct targets of ExoR-governed regulation.  Several of these expression 

patterns have been confirmed with alternative approaches.  Finally, I have 

compared the ExoR regulon to the acid-induced regulon, identifying areas of 

overlap. 

 

3.2  Methods and Materials 

 

3.2.1  Strains, plasmids, reagents and growth conditions 

 All strains and plasmids used in this study are described in Table 3.1.  

Buffers, antibiotics and media were obtained from Fisher Scientific (Pittsburgh, 

PA) and Sigma Chemical Co. (St. Louis, MO).  DNA manipulations were 

performed in accordance with standard protocols (Sambrook et al., 1989).  DNA 

sequencing was performed with ABI Big Dye Terminator version 3.1 on an ABI 

3730 sequencer operated by the Indiana Molecular Biology Institute.  

Oligonucleotides (see Table 3.2) were obtained from Integrated DNA 

Technologies (Coralville, IA).  Plasmids were electroporated into A. tumefaciens 

by a standard method (Mersereau et al., 1990).  A. tumefaciens derivatives were 

grown in AT minimal salts medium and 15mM (NH4)SO4 and either 1% (wt/vol) 

glucose (ATGN) or 0.4% (wt/vol) succinic acid (ATSucN) as the carbon source 
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(Tempé et al., 1977).  Antibiotics were used at the following concentrations 

(µg/ml):  for A. tumefaciens, ampicillin (Ap) 100, gentamicin (Gm) 500; 

kanamycin (Km) 150; spectinomycin (Sp) 50; and for E. coli, Ap 100, Gm 25; Km 

25, Sp 50.  Antibiotic selection was maintained throughout all experiments when 

using mutants generated by plasmid insertion. 

 

Table 3.1:  Bacterial strains and plasmids 

Strain or plasmid  Relevant characteristics   Reference    

Agrobacterium tumefaciens 

C58    Nopaline-type strain, pTiC58, pATC58  (Sciaky et al., 1977) 
PMM1    ΔexoR C58 derivative    Chapter 2  
ML1    ΔexoA C58 derivative    Chapter 2 
PMM2    ΔexoRexoA C58 derivative   Chapter 2 
ADT20    C58 derivative; AmpR marked pATC58, GmR This work 
    marked pTiC58 
ADT22    ΔexoR C58 derivative, AmpR marked pATC58, This work 
    pBBR-MCS5 (GmR) 
ERM12    C58 derivative, GmR  marked pTIC58  Gift of E.R. Morton 
ERM18A   C58 derivative, AmpR marked pATC58  Gift of E.R. Morton 
ERM52    C58 derivative, SpR, SmR   Gift of E.R. Morton 
 

Plasmids 

pTD100    Plac-exoR; pBBR1MCS-5 derivative  This work 
pBER205   PlacsinR      (Ramey et al., 2004) 
pBBR1MCS-5   Broad-host range PLac expression vector, KmR (Kovach et al., 1995) 
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Table 3.2:  Oligonucleotide sequences   
Underlined sequence is homologous to the target region. 
 
Primer  Sequence (5ʼ – 3ʼ)    Application   
ExAUSS  GCGGGATCCATTTGCCGATTTCGACGG confirmation of exoA  
ExADSAS  GCGTCTAGAGCGCTTCCATCCTGAGAAGCG deletion 
exoRdownfwd  GGGGTACCTTGAGAATGCCGGTCGGG confirmation of exoR  
exoRuprev  GGGGTACCTCACATTTCAGCATTTCGGC deletion 
exoY qPCR fwd  AGACCAATCTGGAAGTCATCGCCA  Quantitative PCR 
exoY qPCR rev  TGCGCTCGGTCTGGTAAAGAAGAT 
flgD qPCR fwd  AGACCAATCTGGAAGTCATCGCCA 
flgD qPCR rev  TGCGCTCGGTCTGGTAAAGAAGAT 
virG qPCR fwd  TGAGAGGTGAACCGTTGAAACACG 
virG qPCR rev  GATTGAACTGCTTGCTGTCGGCTA 
rctB qPCR fwd  GGCCAAACACATTTCCGAAACG 
rctB qPCR rev  CGGAATGATTGGTGGTGGTTGA 
σ70 qPCR fwd  ATCTTTCGGATGACGCGGTCAA 
σ70 qPCR rev  TTGATGCCCATATCGGACAGCA 

 

3.2.2  Microarrays 

 Custom 60mer oligonucleotide microarrays were purchased from Agilent 

Technologies.  Unique oligonucleotides representing open reading frames were 

identified using Featurama, a program designed by the Institute for Systems 

Biology in Seattle, WA.  Arrays were produced by Agilent Technologies, and 

consist of 8455 features that represent 5419 predicted protein-encoding open 

reading frames, tRNA and rRNA encoding genes, and 2,983 duplicate spots. 

To prepare samples, cultures were grown at 28°C in AT minimal medium 

with 0.4% (wt/vol) succinate as the carbon source (see Chapter 2) to mid-log 

phase.  A culture volume equivalent to 11 ml at OD600=0.6 was incubated with 2X 

volume of RNAProtect reagent (Qiagen) for 15 min at room temperature.  Cells 

were lysed with 10 mg lysozyme and RNA extracted using the QIAgen RNEasy 

Midi kits.  Samples were treated with QIAgen on-column DNAse.  First strand 
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labeling and reverse transcription was performed using Invitrogen SuperScript 

Indirect Labeling Kit, and cDNA was purified on Qiagen QIAQuick columns.  

cDNA was labeled with AlexaFluor 542 and 655 dyes using Invitrogen 

SuperScript cDNA Labeling Kit, and repurified on QIAQuick columns.  cDNA was 

quantified on a NanoDrop spectrophotometer.  Hybridization reactions were 

performed using Agilent in situ Hybridization Kit Plus, boiled for 5 minutes at 

95°C, applied to Agilent custom arrays for A. tumefaciens C58, and hybridized 

overnight at 65°C.  Hybridized arrays were washed with Agilent Wash Solutions 1 

and 2, rinsed with acetonitrile, and incubated in Agilent Stabilization and Drying 

Solution immediately prior to scanning the arrays.  Four independent biological 

replicates were performed for each comparison, with dye swaps.  

Hybridized arrays were scanned on a GenePix Scanner 4200 in the 

Center for Genomics and Bioinformatics (CGB) at Indiana University.  GenePix 

software was used to define the borders of hybridized spots, subtract 

background, measure dye intensity at each spot, and calculate the ratio of dye 

intensities for each spot.   

Statistical analyses of the raw data as well as processed data were 

performed by Andreas Rechsteiner and Chris Durden of the CGB.  Genes with 

significant P values (≤0.05) and a false discovery rate (Q value) of less than or 

equal to 0.3, and with log2 ratios of ≥ 0.5 or ≤ -0.5 (representing a fold-change of 

± 1.4) are reported here.  
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3.2.3 Quantitative PCR 

For qPCR, cultures were grown at 28°C in ATGN to mid-log phase.  A 

culture volume equivalent to 1 ml at OD600=0.8 was incubated with 2X volume of 

RNAProtect reagent for 15 minutes at room temperature, lysed with 10mg 

lysozyme, and RNA extracted using the QIAgen RNEasy Mini kit. Samples were 

treated with DNAse (Ambion Inc, Austin TX) to remove contamination.  cDNA 

was prepared using qScript cDNA Super Mix Kit (Quanta Biosciences, 

Gaithersburg MD). qPCR was performed with PerfeCta SYBR Green FastMix 

Low Rox reagent (Quanta Biosciences), on a Stratagene MX3000P instrument.  

Samples values were normalized using a σ70 primer set, and calibrated against 

wild type results.  Data are representative of two biological replicates, each of 

which consisted of three technical replicates.  

 

3.2.4  Growth Limitation 

 Strains were tested for differential growth limitation in either low carbon or 

acidic conditions by washing overnight cultures in AT Buffer, then subculturing 

into AT media with limiting carbon (1, 2 and 5 µM glucose) or into ABMM (pH 

5.5).  Cultures were incubated at 28°C for 44 hours, with aeration, and final OD600 

measured to determine maximal growth under these conditions. 
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3.2.5  Western Blotting 

 Cultures were grown to mid-log phase in ATGN, ATGN + 200 µM 

acetosyringone, or ABMM (pH5.5) + 200 µM acetosyringone.  A volume 

equivalent to 1ml culture at OD500 = 1.0 was collected in 1X SDS lysis buffer  (1 

M Tris pH 6.8; 1% glycerol; 2% sodium dodecyl sulfate; 0.1M DTT; bromophenol 

blue) and boiled to denature proteins.  Samples were separated on a 15% SDS-

PAGE gel and transferred to nitrocellulose via a semi-wet protocol.  Membranes 

were blotted in 5% nonfat dried milk in 1X TBS-Tween overnight at 4°C prior to 

immunoblotting.  The primary antibody was a cross-reactive rabbit-IgG anti-VirB8 

(gift of Banta Laboratory) 1:1000 in 1X TBS-Tween.  The secondary antibody 

was a horseradish peroxidase-linked goat anti-rabbit IgG (Bio-Rad) used at 

1:20,000 in 1X TBS-Tween.  Membranes were developed using Pierce 

SuperSignal and 30 second exposures were collected with Kodak XXX film. 

 

3.2.6  Conjugation Assays 

 Marked strains for conjugation assays were constructed with the 

assistance of Elise Morton.  ERM 18A (carrying a ApR marked pATC58 plasmid) 

was allowed to conjugate with the following derivatives on AT minimal medium 

plates for 18 hours at 28°C: ERM12 (pATC58-cured C58 derivative), the exoR 

deletion mutant with a GmR marked plasmid (for donor counterselection) 

PMM1(pBBR1MCS5) and the exoA deletion mutant expressing a GmR marked 

plasmid-borne exoR ML1(pTD100).  GmR, ApR transconjugants were selected on 

AT minimal medium.  Genomic DNA of all transconjugants was collected, and 
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PCR performed to confirm the presence or absence of exoR and exoA, as 

appropriate.   

 Strains for conjugation assays were grown overnight in ATGN media, with 

appropriate antibiotics, to mid-log phase.  ERM52 was used as a SpRSmR 

counter-selectable recipient strain.  All cultures were normalized to OD600=0.6, 

and 1ml each of donor and recipient culture were combined, centrifuged, and 

resuspended in 60 µl ATGN.  Of that resuspension, 50 µl was applied to a filter 

on ATGN media for overnight mating, while the remaining 10 µl was diluted and 

plated to precisely calculate the number of donor cells present.  After 24 hours, 

the mating mixture was collected, resuspended in 1 ml ATGN, diluted and plated 

on AT plates supplemented with Sp, Sm, and Ap to select for transconjugants.  

Conjugation frequencies were calculated as output transconjugants per input 

donor. 

 

3.3  Results 

  3.3.1  The Regulon of ExoR 

To identify transcriptional targets of ExoR, I first compared wild type C58 

to an exoR mutant using Agilent custom oligonucleotide microarrays (Figure 3.1, 

comparison A).  This analysis identified 528 genes that are differentially 

expressed between C58 and an exoR deletion mutant (also harboring 

pBBR1MCS5), with a Q value of less than 0.05, a P value of less than 0.006, and 

an M value of greater than 0.5 or less than -0.5 (indicating a minimum fold 

change of 1.4).  These genes are listed in Appendix 1.  The distribution of these  



C58 
(Plac-exoR)

∆exoR 
(pBBR-MCS5)

∆exoR ∆exoA 
(pBBR-MCS5)

∆exoA 
(Plac-exoR) 

C58 
A

B C

D

E

Figure 3.1:  Experimental Design for Multiple Comparisons.  Comparison A 
yielded genes differentially regulated in the exoR mutant when compared to 
wild-type C58.  Comparison B yielded genes differentially regulated in the exoR 
mutant when compared to C58 overexpressing ExoR in trans.  Comparison C 
yielded genes differentially regulated in an exoR mutant compared to an ExoR 
overexpressing strain, both absent succinoglycan production.  Comparison D 
elucidated which genes in an exoR mutant had either increased or decreased 
expression due to overproduction of succinoglycan.  Comparison E assessed 
the impact of succinoglycan production on transcription in a background with 
ExoR regulation intact.
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528 genes is roughly proportional to the size of each replicon (Figure 3.2), slightly 

overrepresented on the circular chromosome and slightly underrepresented on 

the plasmids pAtC58 and pTiC58; 288 (54.5%) are located on the circular 

chromosome, 192 (36.4%) on the linear chromosome, 41 (7.8%) on the pAtC58 

plasmid, and 7 (1.3%) on the pTiC58 plasmid.  Several major groups of genes 

were identified, strikingly including those indicated by our findings in Chapter 2 

(Table 3.3).  17 exo genes, responsible for biosynthesis of succinoglycan, were 

dramatically overexpressed in the exoR mutant, consistent with the mucoidy of 

that mutant.  44 motility and chemotaxis genes were significantly decreased in 

the exoR mutant, consistent with the lack of motility observed in swimming 

assays.   

I complemented this initial analysis with a four-way comparison of isogenic 

strains of A. tumefaciens C58 that either overexpressed ExoR or were exoR null 

mutants.  To refine the analysis and determine the subset of ExoR the 

transcriptome that had an altered expression profile due to changes in 

succinoglycan production, I also included strains with exoA deletions that were 

incapable of producing the polysaccharide (Figure 3.1). 

A pairwise comparison of wild-type C58 overexpressing ExoR to the exoA 

deletion mutant, also overexpressing ExoR (Figure 3.1, comparison E), did not 

reveal any genes to be differentially expressed when subjected to the same 

statistical cutoffs as other comparisons.  This result indicates that wild-type levels  
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Table 3.3:  Wild-type – exoR microarray results identify succinoglycan 
biosynthesis and motility genes 

Gene ID Annotation   M Gene ID Annotation   M 

Succinoglycan biosynthesis  Motility and chemotaxis 

Atu3325 exoQ   1.43 Atu0514 mcp   -1.64 
Atu3326 exoF   2.16 Atu0516 cheY   -1.87 
Atu3327 exoY   3.09 Atu0517 cheA    -1.67 
Atu4049 exoP   1.74 Atu0518 cheR    -1.66 
Atu4050 exoN   3.13 Atu0519 cheB   -1.63 
Atu4051 exoO   1.65 Atu0520 cheY   -1.73 
Atu4052 exoM   1.97 Atu0521 cheD   -1.68 
Atu4053 exoA   1.42 Atu0523 fliF (M-ring protein ) -0.78 
Atu4054 exoL   1.50 Atu0526 mclA (mcp)  -0.79 
Atu4055 exoK   1.85 Atu0542 fla   -0.71 
Atu4056 exoH   1.59 Atu0543 flaB   -1.55 
Atu4057 exoT   1.40 Atu0545 flaA   -2.75 
Atu4058 exoW   1.60 Atu0547 fliL   -1.86 
Atu4059 exoV   1.21 Atu0548 flgH   -1.77 
Atu4060 exoU   1.66 Atu0550 flgI   -2.36 
Atu4074 exoC   0.83 Atu0551 flgA   -2.86 
Atu4166 exoB   1.65 Atu0552 flgG   -2.98 

Atu0553 fliE   -2.04 
Atu0554 flgC   -2.83 
Atu0555 flgB   -2.81 
Atu0557 fliI   -2.19 
Atu0558 flgF   -2.04 
Atu0560 motA   -2.97 
Atu0561 fliM   -2.45 
Atu0562 fliN   -2.99 
Atu0563 fliG   -2.55 
Atu056  flaD   -1.59 
Atu0569 motB   -1.61 
Atu0570 chemotaxis protein -0.71 
Atu0571 motD   -2.14 
Atu0574 flgE   -1.66 
Atu0575 flgK   -1.44 
Atu0576 flgL   -1.18 
Atu0577 flaF   -1.14 
Atu0578 flbT   -0.91 
Atu0579 flgD   -1.12 
Atu0580 fliQ   -0.87 
Atu0581 flhA   -1.24 
Atu0582 fliR    -0.70 
Atu0646 mcpA   -1.45 
Atu0738 mcpG   -1.51 
Atu0872 mcpC   -0.82 
Atu2173 mcpA   -1.47 
Atu4736 mcp   -2.02 
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of succinoglycan production do not cause significant downstream transcriptional 

effects on the rest of the genome. 

3.3.2  The ExoR regulon is similar but not identical when exoR is 

overexpressed in an otherwise wild type background   

 Preliminary findings had indicated somewhat modest changes in 

transcription for known ExoR target genes (see Chapter 2).  In order to amplify 

the range of differential transcription for the ExoR regulon I chose to compare the 

transcriptome of an exoR deletion mutant with the wild type in which exoR was 

expressed from a plasmid.  I identified a set of 408 genes that are differentially 

expressed between C58(Plac-exoR), with a q value of less than 0.05, a p value of 

less than 0.006, and an M value of greater or less than 0.5 (indicating a fold 

change of 1.4).  These genes are listed in Appendix 2.  Of these 408 genes, 226 

are located on the circular chromosome (55.4%), 130 on the linear chromosome 

(31.9%), 45 on the At plasmid (11%), and 7 on the Ti plasmid (1.7%).  Thus the 

genomic distribution of the ExoR regulon is similar under wild type levels, and 

with ectopic expression (Figure 3.2).  Interestingly, 233 of these genes (57%) 

overlap with the set identified in the comparison of wild-type to the exoR mutant.  

The genes identified in both experiments are listed in Appendix 5.  Figure 3.3 

shows the expression of this overlapping set of 233 genes.  With the exception of 

a single gene, atrC (Atu5123, a predicted acetolactate synthase encoded on 

pAtC58), the direction and magnitude of all transcriptional differences are similar 

in both comparisons. 
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3.3.3  Overproduction of succinoglycan impacts the transcriptome of 

an exoR mutant 

 A question of particular interest was whether the overproduction of 

succinoglycan in an exoR mutant would lead to downstream transcriptional 

effects.  I hypothesized that overproduction of SCG could cause carbon resource 

limitation.  The exoR and exoRA mutants grow indistinguishably from wild type 

and exoA mutants in minimal media with replete carbon, however, the exoR 

mutant has a lower growth yield under limiting carbon (1, 2 or 5 mM glucose in 

ATGN) than does wild-type and the exoA mutant (these are indistinguishable).  

The exoRexoA mutant reaches a higher terminal OD600 than any of the other 

strains (data not shown). 

To discriminate between direct effects of ExoR and indirect effects of SCG 

overproduction, I compared the lists of genes differentially expressed in 

comparisons B and C (Table 3.4).  Comparison B provided a list of genes 

differentially expressed between C58 (Plac-exoR) and the isogenic mutant exoR 

(pBBR1MCS5), which includes any genes that may be indirectly influenced by 

overproduction of SCG.  Comparison C resulted in a list of genes differentially 

expressed between exoA (Plac-exoR) and exoRexoA (Plac-exoR), which includes 

genes regulated by ExoR in the absence of SCG production.  The 98 genes 

present in both sets represent genes that are directly influenced by ExoR, 

whereas the remaining genes in the list generated by comparison B represent 

those whose transcription is influenced by the overproduction of SCG.  All of the  
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Table 3.4:  The ExoR Regulon in the absence of succinoglycan 
overproduction*  
Gene ID Annotation  M (B)1  M (C)2  Acid3    

Succinoglycan biosynthesis 
Atu3326 exoF   1.94  2.31 
Atu3327 exoY   2.94  2.88  2.76 
Atu4049 exoP   1.87  1.61  2.25 
Atu4050 exoN   2.66   2.43  2.05 
Atu4052 exoM   1.45  1.91  1.81 
Atu4054 exoL   1.25  2.02  1.38 
Atu4055 exoK   1.66  2.27  1.39 
Atu4056 exoH   1.63  2.44  1.73 
Atu4057 exoT   0.83  1.78  1.06 
Atu4058 exoW   1.03  1.60  1.66 
Atu4059 exoV   0.79  1.30 
Atu4060 exoU   1.36  1.58  1.24 
 
Motility and chemotaxis 
Atu0514  mcp   -1.43  -1.40 
Atu0516  cheY    -1.71  -1.76 
Atu0517  cheA    -1.39  -1.40 
Atu0520  cheY2   -1.57  -1.37  -1.08 
Atu0545  flaA    -2.25  -1.96  -2.35 
Atu0548  flgH    -1.43  -2.31 
Atu0549  cons. hyp.  -1.58  -1.96 
Atu0550  flgI   -1.61  -2.07 
Atu0552 flgG   -3.02  -3.31 
Atu0554 flgC   -2.93  -2.88 
Atu0555 flgB   -2.73  -3.22 
Atu0556 cons. hyp.  -1.04  -1.40 
Atu0557 fliI   -1.29  -1.82 
Atu0558 flgF   -1.82  -2.27 
Atu0560 motA   -2.55  -2.44 
Atu0561 fliM   -2.16  -2.51  
Atu0563 fliG    -2.25  -2.29 
Atu0569 motB   -1.11  -1.46 
Atu0574 flgE   -2.04  -1.85 
Atu0575 flgK   -1.6  -1.79 
Atu0576 flgL   -1.29  -1.34 
Atu0577 flaF   -1.23  -1.47 
Atu0578 flbT   -1.16  -1.45 
Atu0646 mcpA   -1.36  -1.38 
Atu0738 mcpG   -1.16  -1.15 
Atu2223 mcpA   -0.89  -1.69  -1.65 
 
Type IV secretion:  pTiC58 
Atu6178 virG   2.62  2.67  1.59   
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Table 3.4, conʼt 
Gene ID Annotation  M (B)1  M (C)2  Acid3 

Type VI secretion 
Atu4332 impL   1.24  1.57 
Atu4333 impK   1.21  1.47 
Atu4334 impJ   1.76  1.58  1.04 
Atu4335 impI   1.18  1.38  1.03 
Atu4337 impG   1.96  1.96  1.12 
Atu4338 impF   1.59  1.71  1.07 
Atu4340 impD   1.86  1.90  1.23 
Atu4341 impC   2.65  2.03  1.17 
Atu4342 impB   2.48  1.90  1.00 
Atu4343 impA   2.15  2.19  1.12 
Atu4348 vgrG   1.11  1.30 
 
Chromosomal virulence genes 
Atu0034 chvI   1.38  1.56  0.92 
 
ABC transport systems 
Atu4320 rbsB (ribose binding) 1.86  1.68 
 
Other transcription factors 
Atu0361 transcriptional regulator 0.95  1.39 
Atu4014 exsI   1.22  1.22  1.71 
 
Cell envelope 
Atu1500 rlpA   0.80  1.51 
Atu3713 palA    0.85  0.90 
Atu3977 ina   -1.16  -2.11  -1.80 
Atu3456 exsH   -0.92  -0.88 
 
Transcription and Translation 
Atu3714 tolB   1.08  1.96 
Atu3716 tolR   0.70  1.53 
Atu3717 tolQ   0.97  1.37 
 
Metabolism and cofactor synthesis 
Atu0183 dapB   -1.35  -1.45 
Atu0300  methyltransferase  1.36   1.44 
Atu0587  tagA    -1.04   -1.08 
Atu0881  cytochrome C-556  1.21   1.27  1.59 
Atu0944  cscA    1.55   2.81  1.43 
Atu0998  bacA    0.99   1.33 
Atu3519  ppiD    0.96   1.05 
Atu3778  galU    1.35   1.13 
Atu4037  gcd    0.87   1.33 
Atu4323  rdh    1.27   1.50 
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Table 3.4, conʼt 
Gene ID Annotation  M (B)1  M (C)2  Acid3    

Conserved hypothetical 
Atu0299    0.90  1.26 
Atu0841    1.30  2.10  1.83 
Atu0898    1.07  1.77 
Atu1150    1.13  1.83  1.14 
Atu1227    0.50  1.26 
Atu1232    0.59  1.00 
Atu1773    1.23  1.24 
Atu2064    0.68  1.29 
Atu2254    0.94  1.43 
Atu2760    1.16  1.54 
Atu2775    0.81  1.90 
Atu3641    0.96  1.18 
Atu3752    2.38  2.67 
Atu4026    2.58  2.65 
Atu4345    1.93  1.53 
Atu4346    1.54  1.13 
Atu4349    1.23  0.89 
 
Hypothetical 
Atu0737    -0.74  -0.86 
Atu0892    -2.64  -1.90 
Atu1061    0.66  1.57 
Atu1221    3.1  4.18  2.16 
Atu1233    -1.44  -1.96 
Atu1805    1.55  0.97  1.49 
Atu2065    1.28  2.12  2.77 
Atu2198    1.40  2.62  1.22 
Atu2789    1.00  1.06 
Atu4347    1.69  1.24     
*  Determined by overlap of gene sets from comparisons B and C 
1  Log2 ratio of expression in C58 (Plac-exoR) to exoR (pBBR1MCS5) comparison. 
2  Log2 ratio of expression in exoA (Plac-exoR) to exoRexoA (pBBR1MCS5) comparison. 
3  Log2 ratio of expression in pH 5.5 to pH 7.0 comparison (Yuan et al, 2008).    
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98 genes in the intersection of these two sets was expressed similarly in both 

comparisons (Figure 3.2), that is, expression was consistently either reduced or 

increased in both exoR and exoR as compared to C58 (Plac-exoR) and exoA 

(Plac-exoR), respectively.  I consider this to be a more strictly defined regulon of 

ExoR (Table 3.4) 

 The comparison between the gene sets can be seen in Figure 3.4, which 

shows the categories to which genes were assigned, and the percentage of the 

total identified gene pool each category composed.  Many of the genes regulated 

by ExoR are involved with processes predicted to modify or target the surface of 

the cell and its potential interaction with other bacterial or host cells.  These 

include genes involved in EPS synthesis, flagellar structure and function, several 

different secretion pathways, virulence functions, and several products otherwise 

predicted to target the cellular envelope.  Additionally, a large number of genes 

predicted to be involved in sugar and nucleotide transport are differentially 

regulated in the exoR mutant.  By means of my comparative analysis, I identified 

multiple categories dramatically impacted by overproduction of SCG, including 

ABC transport systems responsible for transport of sugars and nucleic acids, 

genes involved in regulation and structural aspects of pAtC58 conjugation, and 

genes involved in amino acid synthesis and degradation.  When SCG 

overproduction is eliminated, these genes are no longer significantly represented 

in the ExoR regulon.  The other categories, predominantly those that impact the 

cell surface, gain much more predominance in this subset,  



C58-exoR
Both

Figure 3.4:  Succinoglycan overproduction influences the regulatory profile of ExoR.  Bars indicate the percentage of the total pool of 
differentially expressed genes in either comparison B (black bars), or the genes differentially expressed in both comparisons B and C (purple 
bars).  Multiple categories of genes are dramatically impacted by overproduction of SCG, including ABC transport systems responsible for 
transport of sugars and nucleic acids, genes involved in regulation and structural aspects of pAT58 conjugation, and genes involved in amino 
acid synthesis and degradation 
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indicating regulation by ExoR independent of the SCG overproduction effect.  

These genes include the exo genes responsible for SCG production, motility and 

chemotaxis genes, and a Type VI secretion system encoded by the imp genes. 

 Many of the genes identified in comparison B but not comparison C (i.e., 

those genes whose differential expression in comparison B is due to SCG 

overproduction) were also identified in comparison D.  That comparison 

examined transcription in the absence of ExoR regulation, both with and without 

SCG overproduction by pairing exoR (pBBR1MCS5) and exoRexoA 

(pBBR1MCS5).  Figure 3.5 includes all genes differentially expressed in 

comparisons B and D.  The clusters marked A and B indicate genes that are 

increased in comparison B, but decreased in comparison B, suggesting that they 

are decreased in exoRexoA due to the loss of succinoglycan overproduction.  

Group A includes the exoH operon of genes involved in late stages of 

succinoglycan biosynthesis and many genes involved in sugar metabolism.  

Group B includes a variety of ABC transporters, predominantly involved in sugar 

transport.  Group C includes genes that are increased in exoR compared to the 

overexpresser, and whose expression raises further in the exoRexoA mutant.  

This group includes the exoY operon, which perform early stages of 

succinoglycan biosynthesis, and a variety of conserved hypothetical genes.  

Groups D and E include genes that are decreased in exoR compared to the exoR 

overexpresser, and are further decreased in the exoRexoA double mutant 

compared to the exoR mutant.  Group D is composed of genes involved in  



Figure 3.5:  Succinoglycan overproduction causes transcriptional 
changes in an exoR mutant background.
Clusters A and B are increased in comparison B, but decreased in comparison 
D.  Group A includes the exoH operon and genes for sugar metabolism.  Group 
B includes  ABC transporters, predominantly involved in sugar transport.  Group 
C is upregulated in both comparisons and includes the exoY operon and 
conserved hypothetical genes.  Groups D and E include genes that are 
decreased in both experiments.  Group Dcntains genes for pAtC58 conjugation, 
while group E consists of genes encoding hypothetical and conserved 
hypothetical open reading frames, as well as genes involved in amino acid 
synthesis and translation initiation factors. 
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conjugation of pAtC58, while group E consists of genes encoding hypothetical 

and conserved hypothetical open reading frames, as well as some few genes 

involved in amino acid synthesis and translation initiation factors. 

 

3.3.4  Confirmation of array results with qPCR 

 To verify the validity of microarray results, I selected four genes for 

analysis via quantitative PCR.  These genes were exoY, which encodes a 

succinoglycan biosynthetic enzyme; flgD, a flagellar hook formation protein; virG, 

a response regulator activated by VirA; and rctB, an activator of pAtC58 

conjugation.  This analysis supported the microarray results, with the exception of 

the result for exoY in the exoA deletion mutant. The exoA results were validated 

by an additional iteration of the experiment and the anomaly persisted. The exoA 

deletion mutation was subsequently confirmed to be intact in this strain. 

 Quantiatitve PCR data (Table 3.5 A) has been normalized to reflect fold 

changes in expression compared to the wild type.  However, microarray results 

are by definition a comparison between two strains, and are reported as fold 

change in the second strain listed as compared to the first.  For example, exoY 

expression is 37-fold greater in the exoR mutant as compared to wild type, and 

45-fold greater in the exoRexoA mutant, also compared to wild type (Table 3.5) in 

qPCR assays.  This is consistent with the array data, which shows that exoY 

transcription is increased approximately 8-fold (M value of 3.09) in the exoR 

mutant when compared to wild-type, and the exoRexoA mutant has an additional 
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2-fold increase in transcription over the exoR mutant.  Thus, the pattern of an 

increase in exoY expression from wild type to an exoR mutant, and another 

increase from an exoR mutant to an exoRexoA mutant, is consistent across both 

experiments.  Similar agreement with these trends can be observed in the other 

genes assayed by qPCR.  In each case, the trends are supported, but the 

magnitude observed is greater in qPCR assays. 

 

Table 3.5:  Confirmation of microarray results with qPCR     

A:  Quantitative PCR Results 
Strain    exoYN

*  flgDN
*  virGN

*  rctBN
*      

C58    1.00 (0.29) 1.00 (0.17) 1.00 (0.28) 1.00 (0.37) 

C58 (Plac-exoR)   0.53 (0.21) 2.5 (0.07) 2.73 (0.11) 0.84 (0.14) 

exoR (pBBR1MCS5)  36.94 (0.41) 0.02 (0.05) 20.15 (0.54) 0.06 (0.28) 

exoA (Plac-exoR)  16.9 (0.29) 2.19 (0.40) 2.08 (0.53) 0.66 (0.35) 

exoRA (pBBR1MCS5)  44.43 (0.67) 0.02 (0.51) 22.42 (0.37) 0.48 (0.43)  
*The range given for expression, relative to C58, encompasses one standard deviation from the 
mean. 
 
B:  Microarray Results 
Experiment♯    exoY✚  flgD✚  virG✚  rctB✚   
A.  C58,       
exoR (pBBR1MCS5)  8.5 / 3.09 -2.17 / -1.12 7.26 / 2.86 -2.48 / -1.31 
 
B.  C58 (Plac-exoR),  
exoR (pBBR1MCS5)  7.78 / 2.96  -1.95 / -0.96 6.36 / 2.67 -6.15 / -2.62 
 
C.  exoA (Plac-exoR),  
exoRA (pBBR1MCS5)  7.36 / 2.88 -2.4 / -1.26 6.36 / 2.67 -1.6 / -0.68 
 
D.  exoR (pBBR1MCS5),  
exoRA (pBBR1MCS5)  2.04 / 1.03 -1.3 / -0.38 1.22 / 0.29 9.13 / 3.19  
♯For each experiment, the reference strain is listed first.  The value given is the change in the 
second strain listed as compared to the first strain listed.  Comparison E is omitted as no genes 
varied within the statistical constraints required. 
✚ The fold change value is listed first, with M value (log2 fold change) following and bolded. 
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3.3.5  ExoR is a positive regulator of SinR, but SinR overexpression 

does not restore biofilm formation in an exoR mutant 

 In experiment A, which compared the exoR mutant to wild-type C58, 

expression of the transcriptional regulator SinR was reduced in the exoR mutant 

(M=-0.755). SinR has been demonstrated to be a regulator of biofilm maturation 

(Ramey et al., 2004), with overexpression of SinR in trans leading to hyperbiofilm 

production.  To determine whether the loss of SinR in an exoR background 

contributed to the biofilm deficiency of an exoR mutant, I overexpressed SinR 

from pBER205 in the exoR and exoRexoA strains and performed static culture 

biofilm assays as described in Chapter 2.  These results indicated that 

overexpression of SinR in either exoR mutant led to a very modest increase in 

biofilm formation by these strains.  I expect that SinR was unable to compensate 

for the severe attachment deficiency of an exoR mutant, but that those few cells 

that did attach were capable of greater growth with overexpression of SinR than 

without (data not shown).   

 

3.3.6  A role for ExoR in regulating pATC58 conjugation? 

 An intriguing result of the analysis of comparisons B, D and E is that an 

exoR mutation leads to a decrease in expression of rctB, the activator of pAtC58 

conjugation, and of avhB1-11, the Type IV secretion system associated with 

pAtC58 conjugation.  However, in the absence of SCG overproduction, 

expression levels of these genes are indistinguishable from wild-type levels.  
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Curious whether these changes in transcription led to measurable differences in 

conjugation rates, I performed conjugation assays using wild type C58 and the 

exoR mutant as donor strains of an Amp-resistant copy of pAtC58.  A preliminary 

test has determined an approximately 3-fold difference in pAtC58 conjugation 

between the wild-type (3.4 transconjugants per input donor) and the exoR mutant 

donor (1.09 transconjugants per input donor).   

 

3.3.7  The ExoR regulon overlaps with the response to acid-mediated 

signaling    

 In many comparisons, chvG and/or chvI were found to be differentially 

expressed.  The ChvG/I two-component regulatory system is known to respond 

to acidic conditions and plays a role in virulence of A. tumefaciens (Yuan et al., 

2008).  I identified a substantial overlap between the acid-regulated gene set and 

the ExoR regulon (Table 3.4).  Most of the acid-inducible genes were also 

identified as ExoR-repressed, but many of the acid-repressed genes were not 

identified in the exoR transcriptome.  Those genes present in both analyses are 

regulated in the same direction under both conditions, indicating a confluence 

between the acid-response and those genes under ExoR control.  This is further 

indicated by the increase in chvI transcript in the absence of exoR and in 

response to acidic conditions. 
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3.3.8 The pTiC58 vir regulon is de-repressed in an exoR mutant 

Another gene found to be significantly de-repressed in the exoR 

background, independent of SCG production, was the response regulator virG.  

VirG is a response regulator that is activated by the sensor kinase VirA in 

response to plant phenolics, acidic conditions, and certain sugars (Gao & Lynn, 

2005) (See Chapter 1).  Phospho-VirG activates expression of the Vir genes and 

initiates the virulence mechanism.  The VirA/G two component system has also 

been shown to increase expression of all Ti plasmid genes due to an increase in 

copy number of pTiC58 in response to acetosyringone (Cho & Winans, 2005).  I 

identified virG transcriptional changes alone that satisfied the strictly defined 

ExoR regulon.  However, under less stringent statistical requirements than I 

applied (P ≤ 0.05, Q ≤ 0.3) several other vir genes are revealed as well, although 

not the entire vir regulon.  I also observed that mutation of exoR caused an 

apparent increase in VirB8 protein levels as determined by a western blot with 

anti-VirB8 antibody (Figure 3.5), but VirB8 was only detectable under Vir-inducing 

conditions.  It is important to note that the source cultures for the microarray 

experiments were not grown under Vir-inducing conditions, and thus the VirA-

VirG two component system is expected to be inactive   



127.5 kDa

 37.8 kDa

85.1 kDa
WT ΔexoR

VirB8

Figure 3.6:  An exoR mutation causes overproduction of 
VirB8.  Cells were grown in (1) ATGN, (2) ATGN + acetosyringone, 
or (3) ABMM + acetosyringone.  VirB8 production is increased in 
the exoR mutant compared to wild-type cells grown under identical 
conditions, consistent with the increase in transcription of VirG in 
the exoR mutant.
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3.4  Discussion 

 

3.4.1  The ExoR regulon and its relationship to attachment 

 Prior to initiating microarray experiments, I had determined that 

ExoR was required for proper regulation of surface attachment, biofilm formation, 

succinoglycan production and motility in A. tumefaciens (Figure 2.6).  I identified 

a limited set of transcriptional effects of an exoR mutation (Table 2.4).  The 

microarray studies reported in this chapter considerably expand the 

transcriptional impact of an exoR mutation.  Given the predicted periplasmic 

location of ExoR, the iterated TPR/Sel1 domains that comprise almost the entire 

protein, and the lack of any clear DNA binding motifs, it was not a given that 

major transcriptional changes would be the source for its overall mutant 

phenotypes.  However, the ExoR regulon is quite extensive, and many of the 

genes affected by the exoR mutation are predicted to be involved in cell surface 

activities.  This gene set becomes even more predominant when those genes 

indirectly impacted by elevated SCG in the exoR mutant are removed.  In all of 

the studies reported in this dissertation, I have been unable to provide a single 

discrete gene or pathway controlled by ExoR, that can readily explain the severe 

attachment deficiency of the mutant.  However, the combined overall effect of the 

exoR mutation on cell surface properties and functions, may in fact be the cause 

for this extreme phenotype.  Hence, the microarray findings are consistent with 

the exoR attachment and biofilm deficiency, the property by which the mutant 
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was first identified, and suggest that it may in fact be a highly combinatorial 

phenotype, reflecting the many different cell surface targets the system 

influences. 

 

3.4.2  The transcriptional profile of ExoR is consistent with observed 

ExoR control of motility and EPS synthesis 

Prior work identified phenotypes and a subset of target genes impacted by 

ExoR.  The array data expands this considerably and demonstrates the profound 

regulatory impact of ExoR on EPS and motility functions.  As predicted by the 

dramatic overproduction of succinoglycan in an exoR mutant, the ExoR 

transcriptome includes the exo genes responsible for synthesis of succinoglycan.  

While the strictly defined regulon I identified does not include all exo genes, as 

some had a Q value of greater than 0.3, all exo genes showed increased 

expression in the exoR mutant when compared to either wild type C58 or the 

exoR overexpression strain, with a P value of less than 0.05.  Examination of 

transcriptional changes between exoR and exoRexoA showed that one of the 

exo operons, including exoY, was increased in the exoRexoA mutant compared 

to the exoR mutant.  However, a different operon of exo genes, including exoH, 

was decreased in the double mutant relative to the exoR mutant (Figure 3.5).  

This difference is suggestive of a feedback mechanism, in which the products of 

the early stages of succinoglycan biosynthesis (such as those produced by 
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ExoY, catalyzing the first sugar addition in succinoglycan synthesis) are 

necessary to activate expression of genes required for the latter stages.  

Consistent with the motility deficiency of exoR and exoRexoA mutants as 

described in Chapter 2, a wide variety of motility genes were decreased in 

expression for both of these strains.  This set included genes that encode all 

components of the flagella (including the hook, motor proteins, and flagellins), as 

well as the chemotaxis machinery.  The motility genes and the chemotaxis genes 

are clustered into multiple operons in a defined region on the circular 

chromosome of C58.  Additionally, ExoR impacts the expression of many methyl-

accepting chemotaxis proteins distributed across the C58 genome.   

The mechanism by which ExoR regulates expression of these genes 

remains unclear, however.  In S. meliloti, VisN and VisR are the master 

regulators of motility, chemotaxis, and flagella (Sourjik et al., 2000), and a class 

IB regulator, rem, is known to respond to VisN/R control to bind class II 

promoters (Rotter et al., 2006).  Intriguingly, these genes have also been 

demonstrated to be responsive to the ExpR/SinR quorum sensing system that 

also controls exopolysaccharide synthesis in S. meliloti (Hoang et al., 2008) .  

While A. tumefaciens has homologues of these three regulators, and VisN/R 

have been linked to motility control and biofilm formation (J. Xu, unpublished), 

ExoR does not exert transcriptional control of visN, visR or rem.   
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3.4.3  Succinoglycan overproduction disrupts multiple processes 

and impacts a large set of genes in an exoR mutant  

 Transcriptional analysis has clearly revealed that ExoR is a complex 

regulator of a wide variety of cellular functions, independent of its role as the 

negative regulator of succinoglycan biosynthesis.  However, I also identified a 

variety of indirect transcriptional effects that were due to the overproduction of 

succinoglycan in an exoR mutant.  One of these effects, of differential expression 

of the exoH operon in the exoR and exoRexoA strains, is described above.  I 

also found that succinoglycan overproduction led to increased expression of ABC 

transporters of sugars and nucleotides, a change that is consistent with the need 

for increased carbon resources during overproduction of succinoglycan.  This 

hypothesis is supported by the reduced growth yield of SCG overproducing exoR 

mutant in media with limiting carbon availability. 

 Genes required for conjugation of pAtC58 were also responsive to 

succinoglycan overproduction.  In an exoR mutant, a putative activator of pAtC58 

conjugation (rctB, Atu5116) is reduced in expression, along with the conjugation 

machinery.  However, this effect is abolished in the exoRexoA mutant, indicating 

that it is a response to succinoglycan overproduction.  Preliminary conjugation 

assays suggest that these changes in gene expression lead to a true reduction in 

conjugation efficiency with loss of ExoR regulation. Further conjugation assays, 

including exoA and exoRexoA as donor strains, are required to fully determine 

that this is an effect of succinoglycan production.  However, the preliminary 
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findings raise intriguing questions about a possible role for succinoglycan in 

influencing pAtC58 conjugation.  

  

3.4.4  ExoR and the acid response pathway 

 A separate study examined the transcriptional response of A. tumefaciens 

to acidic conditions and identified 152 genes two-fold or more differentially 

expressed (Yuan et al., 2008).  That study demonstrated that acid conditions 

induce the ChvG/I two-component system, but did not elucidate which portion of 

the acid regulon was dependent on ChvG/I.  Additionally, acid-induced vir gene 

expression was found to be dependent on the VirA/G two-component signaling 

pathway, which was previously known to be responsive to both acidic conditions 

and plant phenolics (Yuan et al., 2008).  I identified significant overlap between 

the ExoR regulon and the acid-induced regulon, indicating confluence between 

these systems.  Expression of both chvG and chvI are elevated in the exoR 

mutant when compared to the wild type (comparison A), though only chvG is 

significantly derepressed in exoR when compared to the ExoR overexpression 

strain (comparison B).  

 This congruence fits the S. meliloti model proposed by Chen et al, in which 

ExoR binds to ExoS to block activation of ChvI (Chen et al., 2008b), as well as 

transcriptional targets identified in an analysis of chvI gain and loss of function 

mutants (Chen et al., 2009).  Similar to my analysis, Chen et al identified a 

derepression of the exo genes in a chvI loss-of-function mutant.   Yet our 
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previous data has shown that chvG is not required for many exoR phenotypes.  

The divergence in this data suggests two possibilities.  First, ExoR may be able 

to influence transcription of its regulon through multiple signal transduction 

pathways.  Indeed, we find multiple regulators that are elevated in an exoR 

background, including ros, which is known to positively regulate 

exopolysaccharide production (Bahlawane et al., 2008; Keller et al., 1995).  An 

alternative hypothesis is that chvG is redundant, and that other sensor kinases 

may substitute for ChvG to mediate the interaction between ExoR and ChvI.  In 

this case, our chvG mutant (described in Chapter 2) might not manifest any 

differences in exoR phenotypes, as we observed. 

 

3.4.5  An overlap between the ExoR regulon and vir induction   

Cho and Winans reported that acetosyringone induction of A. tumefaciens 

resulted not only in induction of the Vir regulon, but also in induction of nearly all 

Ti plasmid genes (Cho & Winans, 2005).  Further investigation revealed this 

result to be due to activation of the promoter for repABC, the vegetative 

replication genes, by the response regulator VirG, leading to an increase in Ti 

plasmid copy number in response to acetosyringone. 

Previous studies of the VirA/G system have shown a strict dependence 

upon VirA phosphorylation of VirG in order to activate the vir regulon (including 

virG), which can occur in response to acidic conditions, certain plant sugars or 

acetosyringone induction (Gao & Lynn, 2005).  However, my results indicate that 
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an exoR mutation bypasses this requirement, with an increase in virG 

transcription in the absence of any of these inducing conditions, This result 

suggests that ExoR may be regulating expression of virG in the wild-type, limiting 

VirG available for phosphorylation.  Alternatively, this datum suggests that an 

exoR mutation may bypass the requirement for phosphorelay between VirA and 

VirG by alternatively simulating inducing conditions.  

 

3.4.6  Overexpression of ExoR in a wild-type background causes 

transcriptional changes distinct from those identified in a wild type 

background 

 The premise that comparing a strain which expresses high levels of exoR 

to the exoR deletion mutant would simply amplify modest transcriptional changes 

was revealed to be incorrect by the microarray experiments.  Although there was 

excellent agreement between those genes found to be common to comparison A 

(wild-type-to-exoR) and comparison B (plasmid-expressed exoR-to-exoR), there 

were also surprisingly, a significant number of genes unique to each set.  This 

suggests that provision of elevated levels of exoR (plasmid-borne plus 

endogenous) does more than simply amplify the transcriptional effects of this 

regulator, perhaps reflecting its unusual mechanism of action and periplasmic 

location.  In fact, the wild type to exoR comparison (Comparison A) identified a 

larger number of differentially expressed genes relative to those in the strain 

overexpressing exoR (Comparison B).  This suggests that the elevated ExoR 
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levels might be interfering with the normal target functions of the regulator, 

thereby restricting the number of genes differentially expressed in the 

comparison.  In addition, the same effect may cause aberrant interactions of 

ExoR that lead to transcriptional changes not observed in the wild-type to exoR 

experiment.  Even so, the core set of 233 genes in common between these 

comparisons represents a significant fraction (app. 4%) of the A. tumefaciens 

genome.  Although the influence of ExoR is likely be somewhat larger than this 

set, the common genes include the functions that correlate well to the 

predominant phenotypes of an exoR mutant.  

 

 3.4.7 Conclusions 

 With this analysis, I have shown that the A. tumefaciens ExoR protein 

influences a large regulon that significantly overlaps with the acid-inducible 

regulon.  The ExoR regulon is significantly composed of functions located at the 

cell envelope, including succinoglycan production, motility and chemotaxis, the 

type IV virulence system, and type VI secretion.  Additionally, the overproduction 

of succinoglycan that occurs with the loss of wild type ExoR regulation causes a 

distinct set of transcriptional responses in A. tumefaciens.  My findings are 

consistent with a multifactorial basis for the severe biofilm deficiency by which the 

exoR mutant was first isolated.  The topic of Type VI secretion, one of the gene 

clusters most strongly impacted the exoR mutation, and its connection to biofilm 

formation and virulence will be addressed in Chapter 4. 
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Chapter 4:  A type VI secretion system promotes virulence and limits 

biofilm formation in Agrobacterium tumefaciens 

Portions of this chapter were co-authored with Rogawski et al for submission to 

the Journal of Bacteriology 

 

4.1  Abstract 

Bacterial secretion systems, classified into at least six types, contribute to 

pathogenicity by exporting virulence factors that manipulate host cell function 

and/or subvert host defenses.  Type VI secretion systems (T6SS) contribute to 

host cell interactions in a variety of gram-negative pathogens and symbionts.  

Here we report that deletion of the A. tumefaciens imp genes (Atu4343-Atu4330), 

a presumptive operon encoding a functional T6SS, results in elevated bacterial 

attachment to abiotic and biotic surfaces.  Several imp mutants exhibited 

enhanced biofilm formation; the biofilms formed by the imp operon deletion 

mutant were taller, covered more of the substrate surface, and contained a 

greater number and larger microcolonies than the biofilms formed by the wild-

type.  This increase in surface adherence was not due to differential expression 

of two previously characterized regulators of biofilm formation, SinR or BigR.  

Bacterial association with Arabidopsis leaf and root surfaces was also enhanced 

by deletion of the imp operon.  The T6SS-deficient strain was significantly 

attenuated for tumor formation on tobacco leaves and Arabidopsis roots, and was 
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almost avirulent on stalks of Arabidopsis plants.  We propose that the T6SS 

positively influences the host-range of A. tumefaciens by delivering an effector(s) 

that dampens the host defense response.  Our data further suggest an inverse 

relationship between T6SS function and exopolysaccharide (EPS) production, 

with elevated EPS levels in the T6SS deletion mutant.  Gene expression from the 

imp promoter was modestly de-repressed in a strain lacking the Ros protein, 

which is required for EPS biosynthesis.  This study is the first to reveal a negative 

role for a T6SS in modulating biofilm formation, and defines a new mode of 

regulation for biofilm formation, host cell attachment, and pathogenesis in A. 

tumefaciens.     

 

4.2  Introduction.   

For many animal pathogens such as Streptococcus pneumoniae, 

Haemophilus influenzae, E. coli, V. cholerae, and P. aeruginosa, biofilms play an 

essential role in host infection (Costerton et al., 1999).  While A. tumefaciens 

readily forms a biofilm in the laboratory under a variety of conditions (Danhorn et 

al., 2004; Merritt et al., 2007; Ramey et al., 2004), a direct link between biofilm 

formation and pathogenesis has not been established.  Biofilm formation by A. 

tumefaciens is under complex regulation.  Phosphorus starvation enhances the 

formation of denser biofilms and this response is dependent on the PhoR-PhoB 

two-component system (Danhorn et al., 2004).  In addition, the FNR-type 



 105 

transcriptional regulator SinR is required for normal maturation of biofilms on inert 

and plant tissues, and elevated expression of SinR accelerates biofilm formation, 

but only modest deficiencies in virulence are detected in a sinR mutant (Ramey, 

2004; Ramey et al., 2004).  Moreover, the transcriptional regulator BigR 

represses the expression of an operon implicated in biofilm growth.  The bigR 

operon encodes BigR itself, two membrane proteins, and a beta-lactamase-like 

hydrolase (BLH).  A bigR mutant exhibits constitutive expression of the bigR 

operon genes and increased biofilm formation on glass surfaces and tobacco 

roots (Barbosa & Benedetti, 2007).  Finally, as described in Chapter 2, in addition 

to a role in regulating EPS synthesis, A. tumefaciens ExoR is also required for 

biofilm formation (Tomlinson et al. 2010). 

 In this study, we found that inactivation of the imp-encoded T6SS results 

in significantly enhanced biofilm formation on polyvinyl plates and in flow cells, an 

effect that was dependent on an an icmF homologue called ImpL, an important 

T6S system component that forms a portion of the secretion machinery.  T6S 

systems have been identified in a wide diversity of proteobacteria, and are 

thought to provide a mechanism by which effector proteins can be delivered into 

host cells and secreted into the environment (see Chapter 1 for a description of 

T6S systems and for a review see (Cascales, 2008).  Furthermore, DNA 

microarray data, presented in Chapter 3, reveals strongly elevated T6S imp 

operon expression in an exoR mutant, again linking these genes to biofilm 

formation via a recognized biofilm regulator.  To our knowledge, our observations 
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provide the first evidence in which inactivation of a T6S system results in 

elevated biofilm formation.  Additionally, we show that an imp operon deletion 

mutant is significantly attenuated for tumor formation on tobacco leaves, as well 

as on Arabidopsis roots and stalks, leading us to conclude that the T6SS is an 

important virulence factor on certain hosts. 

 

4.3  Materials and Methods 

 

4.3.1 Bacterial strains, media, and growth conditions  

Strains of A. tumefaciens and Escherichia coli and the plasmids used in 

this study are listed in Table 1.  Strains of E. coli were grown at 37°C in Lysogeny 

Broth (LB, also known as Luria-Bertani) media (Sambrook et al., 1989).  Strains 

of A. tumefaciens were maintained on MG/L (Cangelosi et al., 1991) solid media 

or ATGN (Tempé et al., 1977), and were grown at 28°C in LB, MG/L or ATGN, as 

indicated.  For biofilm assays or for induction of imp gene expression, strains of 

A. tumefaciens were cultured in AB minimal (ABMM) broth with 2 mM phosphate, 

0.5% glucose, 50 mM MES, pH5.5 (Cangelosi et al., 1991).  For induction of vir 

gene expression, 200 mM acetosyringone (AS) was included in the ABMM.  

Antibiotics were added at the following concentrations in mg/L when required: for 

E. coli strains, kanamycin (Km) 50; ampicillin (Ap) 100; gentamicin (Gm) 10; and 

spectinomycin (Sp) 100; for Agrobacterium strains, Km 50; Gm 50, Sp 100, 

carbenicillin (Cb) 100; and streptomycin (Sp) 2000 unless otherwise noted.  
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Table 4.1:  Bacterial strains and plasmids 

Strain or plasmid  Relevant characteristics  Reference     

Agrobacterium tumefaciens 

NTL4   pTiC58-cured derivated of C58, ΔtetRS  Luo et al., 2001 
NTL4 Δros  NTL4, ros;;tetR     Su et al. 
C58   Nopaline-type strain    Sciaky et al., 1977 
C58 Δimp  C58 with deletion of imp operon (Atu4343-4330) This study 
C58 ΔimpN  C58 with deletion of Atu4330   This study 
C58 ΔimpM  C58 with deletion of Atu4331   This study 
C58 ΔimpL  C58 with deletion of Atu4332   This study 
 

Escherichia coli 

DH5α   Cloning strain     Sambrook et al., 1989 

Plasmids 

pDR001  blh::lacZ derivative of pRA301, SpecR  This study 
pJQ200-SK  Cloning vector, SucS, GentR   Quandt & Hynes, 1993 
pJZ383   ptac;;gfpmut3, SpecR    Cormack et al., 1996 
pPL204   sinR::lacZ derivative of pRA302, SpecR  Li, P, 2007 
pYW118  impA::GUS derivative of pJP2, CarbR  Yuan et al., 2008 
pADT180  Plac;;impL, derivative of pSRK   This study 
pNPTS138  Cloning vector, KmR, SucS   Dickon Alley  
        

 

 

4.3.2  Genetic manipulations 

Plasmids were introduced into commercial E. coli strain DH5alpha 

competent cells as directed by the manufacturer (Invitrogen, Carlsbad, CA) and 

into A. tumefaciens strains by electroporation (Cangelosi et al., 1991).  

Oligonucleotide sequences are provided in Table 4.2. 

DNA manipulations were performed as described (Sambrook et al., 1989) 

using enzymes from New England Biolabs (Beverly, MA).  Oligonucleotide 
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sequences are listed in Table 2.  To create a reporter plasmid for bigR operon 

expression, a 265-bp DNA sequence immediately upstream of Atu3465 (blh) was 

amplified by PCR using the primers blhPromBam and blhPromSal.  The PCR 

product was purified using the QiaQuick PCR purification kit (Qiagen, Valencia, 

CA), cut with BamHI and SalI restriction endonucleases, and gel purified using 

the Qiaex II gel extraction kit (Qiagen).  The pRA301 vector, which contains a 

promoterless lacZ gene, was digested with BamHI and SalI and ligated to the 

fragment in the appropriate orientation and in frame with blh to create plasmid 

pDR001.   

 

4.3.3  Mutant strain construction   

Using the C58 strain sequenced by Wood, et al. (Wood et al., 2001), 

precise deletions of impM, impN, icmF, or the entire imp operon were 

constructed.  To delete the entire imp gene cluster (from Atu4343 to Atu4330), a 

569bp DNA fragment (upstream fragment) containing the intergenic region of 

Atu4343-Atu4344 was PCR amplified using primer-up1 and primer-dn1.  The 

PCR product was digested with PstI and XhoI and cloned into the suicide vector 

pJQ200-SK vector (Quandt & Hynes, 1993) to generate plasmid pYW287.   A 

605 bp DNA fragment (downstream fragment) containing the intergenic region of 

Atu4330-Atu4329 was PCR amplified using primer-up2 and primer-dn2. This 

downstream fragment was digested with XbaI and PstI and cloned into pYW287 

resulting in pYW288.  Deletion of impN was achieved in the same manner, using 
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primers kin-up1 and kin-dn1 to amplify the 653 bp upstream and the primers kin-

up2 and kin-dn2 to amplify 681 bp downstream of Atu4330; both fragments were 

cloned into pJQ200-SK to generate the Atu4330 deletion plasmid pYW300.  

Construction of plasmid pYW302, used in the deletion of impM proceeded in the 

same manner, using the primer pairs pho-up1/pho-dn1 and pho-up2/pho-dn2 to 

amplify the 648 bp upstream and the 669 bp downstream of Atu4331, 

respectively.  All constructed plasmids were confirmed by DNA sequencing. 

 Plasmids pYW288, pYW300, or pYW302 were transferred into A. tumefaciens 

C58 via electroporation and single-crossover recombinants were selected on 

MG/L medium containing 100 µg/ml Gm.   Double-crossover integrants were 

subsequently obtained by growing cells on MG/L with 5% sucrose and screening 

for gentamicin-sensitive colonies as described (Yuan et al., 2006).  Strains with 

deletions of both the imp operon and exoR were created by electroporating 

pPM102 into the Δimp strain and selecting as described in 2.2.3.   

The in-frame deletion of impL was introduced via allelic replacement as 

described previously (Merritt et al., 2007, Chapter 2).  The oligonucleotides icmF 

5ʼ fwd and icmF 5ʼ rev were used to amplify the upstream fragment and icmF 3ʼ 

fwd and icmF 3ʼ rev were for the downstream fragment.  The fragments were 

fused via PCR SOEing and introduced to the pNPTS vector.  The resulting 

plasmid, ADT 172, was conjugated into A. tumefaciens C58 from the SM10/λpir 

donor, and prototrophic KmR transconjugants were isolated on minimal media.  

Deletion mutants were isolated as described previously (Chapter 2).  Candidates 
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were purified and confirmed as deletion mutants by PCR amplification across the 

deletion and sequencing of the PCR product.  A complementing plasmid, 

pADT180, was created by amplifying the impL coding region with the 

oligonucleotides icmF comp fwd and icmF comp rev and ligating the resulting 

fragment into pSRK-Km. 

Table 4.2:  Oligonucleotide sequences         
 
Primer  Sequence (5ʼ – 3ʼ)        
kin-up1  TGACTCTAGACCCTGAATGCGGATGCACTGTTC 
kin-dn1  AGAAGGATCCCGGATAGGCAGGCTCATCAAGTG 
kin-up2  ATCCGGATCCTTCTGTAGCGCCGGCGTCAGTTG 
kin-dn2  GTCACTGCAGCGTGGTTACCGTCGTCGACAAGC 
pho-up1  TGACTCTAGACGCCATTGCCGAGATCGTCTTC 
pho-dn1  GGAGGGATCCTGCATGGCACTCAGCCCTTCCAG 
pho-up2  TGCAGGATCCCTCCCTGTGCTCCTCGATCGTG 
pho-dn2  GTCACTGCAGAGGGCAGGCGAAGCTGGCAATC 
primer-up1  AGGCCTGCAGTCTGCGCGTGCCTGGTTTCTTTC 
primer-dn1  GTCACTCGAGTTCCAGACTGCGGCCGATTTCAG 
primer-up2  TGACTCTAGATGCGGCCAACGTTACGGTCGTTC 
primer-dn2  CAGACTGCAGGCCTGTTGCCACGACGATCCTG 
bhlPromBam  AAGGATCCGGCACGTCGAAATCTAACC 
bhlPromSal  AAGTCGACCATCGCCTTCTCCTGTTTG 
Atu4343F  TCTCCTCGTTTGACGCCATT 
Atu4343R  TTCGATAAGCGTGTTGCGGA 
Atu4331F  CAGCCGTCATCTGTCATCTACA 
Atu4331R  GCATCTGGCGTTTCAGCAAG 
Atu4330F  GGAAAGAAGCGATCAGGAGCAA 
Atu4330R  TGCAATTCACGGCAAAGCTG 
icmF 5ʼ fwd  GGGACTAGTGCAAGTCGAAATTCCCAG 
icmF 5ʼ rev  GTTCCGTCACTAGAACTGTGGATTCATGGCTGGGCC 
icmF 3ʼ fwd  GGCCCAGCCATGAATCCACAGTTCTAGTGACGGAAC 
icmF 3ʼ rev  GCATGCCAATTTCTTGATCGAGGC 
icmF comp fwd CAGCCATGAATCCATTG 
icmF comp rev GCTAGCCCGTCACTAGAACTGC 
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4.3.4  Biofilm assays   

Static culture biofilms were performed as described in Chapter 2.  

Conditioned media was prepared by growing the bacterial cells to 

OD600=1.0.  Culture media was collected by centrifugation, filtered on a 0.22 mm 

Millex GP PES (low protein-binding) filter (Millipore, Bedford, MA) to remove any 

remaining bacteria, and concentrated ten-fold on a Microcon filter with 10,000 

dalton cut-off (Millipore). 

 Flow cell culture biofilms were performed as described in Merritt et al. 

(2007). Once-through flow cells were purchased through the Technical University 

of Denmark and inoculated with diluted overnight cultures (200 µl/flow chamber, 

final OD600=0.05). Strains to be examined carried pJZ383 (Ptac-gfp) for GFP 

expression.  After inoculation, cells were permitted to attach for 60 min before 

flow of ATGN media commenced at 3 ml hr-1.  Each strain was inoculated into 

triplicate chambers, and growing biofilms were examined by spinning disk 

confocal microscopy (SDCM) at 24 h intervals from 1 to 6 days post inoculation.  

Five image stacks were acquired per channel at each time point using 

MetaMorph software.  Image stacks were processed and analyzed using 

autoCOMSTAT, running in MATLAB 7.0. (Merritt et al., 2007).  Three-dimensional 

renderings of biofilm images were created using Imaris software (v. 5.7.2, Zurich, 

Switzerland). 
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4.3.5  Microscopic analysis of bacterial attachment to Arabidopsis 

surfaces      

For leaf attachment assays, Arabidopsis thaliana ecotype Col-0 seeds 

were surface–sterilized with a solution of 50% bleach/0.1% SDS, sown onto solid 

Gamborgʼs B5 media containing 100 mg/L tricarcillin (Research Products 

International, Mt. Prospect, IL), incubated for 2 days at 4oC, and then grown at 

ambient temperature (Gelvin, 2006).  Bacterial strains were grown in MG/L 

media, with antibiotics as appropriate, overnight at 28°C.  Bacteria were 

subcultured to ABMM containing 200 mM acetosyringone and grown on a rotary 

shaker at 22°C to mid-log phase.  Leaves from 21-28 day old seedlings were 

wounded with sterile forceps and co-cultivated with bacterial cells for two days at 

21°C.  Co-cultivated plant material was rinsed three times in ABMM with gentle 

vortexing for 20 sec per wash to remove unattached bacterial cells.  Samples 

were fixed in 3% glutaraldehyde/0.1M HEPES pH 7.0 overnight, rinsed three 

times in 0.1M HEPES pH7.0, and postfixed in 1% OsO4 for 1-2 hours. They were 

subsequently rinsed in distilled H2O, sequentially dehydrated in 70%, 80%, 90% 

and 100% ethanol and immediately dried in a Ladd critical-point drying apparatus 

with CO2. Samples were loaded on aluminum specimen holders, sputter-coated 

with gold-palladium using a Polaron SEM autocoating unit, and viewed on a FEI 

Quanta 400 Series scanning electron microscope.  A total of nine leaves were 

examined for each bacterial strain, and multiple representative images per leaf 

were captured as the entire surface area of each leaf was scanned completely.  
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All electron microscopic visualization and image acquisition was performed 

“blind” on coded samples to ensure a lack of observer bias.  

Root attachment assays with Arabidopsis thaliana ecotype WS used 7-day 

old seedlings grown from seeds sterilized in bleach and ethanol and planted on 

0.5X Murashige-Skoog (Murashige & Skoog, 1962) agar media.  Roots were cut 

into 1 cm segments and transferred to sterile dishes containing 2 ml of 1 mM 

CaCl2, 0.4% sucrose, and inoculated to OD600= 0.01 with the indicated strain of 

A. tumefaciens grown in ATGN.  Four root segments were inoculated per strain.  

After 24 to 48 hours of co-cultivation in the dark at room temperature, the root 

segments were recovered, washed five times with fresh CaCl2/sucrose solution, 

and sealed under fresh coverslips with CaCl2/sucrose solution for hydration.  

Root attachment was examined via a Leica SP5 Confocal Scanning Laser 

(CSLM) microscope.   

 

4.3.6  Virulence assays   

Tumorigenesis was assessed as described previously on tobacco 

(Nicotiana tabacum cv. Havana) (Simone et al., 2001) or Arabidopsis thaliana 

(ecotype Col-0) (Murashige & Skoog, 1962) explants, and on intact Arabidopsis 

plants (ecotype Ws-2). In the latter assay, suspensions of agrobacteria were 

injected with a syringe by penetrating the needle (0.6 x 30 mm) into the bases of 

a newly emerging, 3 to 5 cm long main inflorescence stalk.  Agrobacteria were 

cultivated in liquid YEB medium (0.5% tryptone; 0.5% yeast extract; 0.5% 
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sucrose; 50 mM MgSO4) overnight, washed three times with virulence induction 

medium (10 mM MgCl2; 10 mM MES, pH 5.6; 150 µM acetosyringone) and grown 

in the induction medium for another 2 hours before injection at a final OD600 = 

0.5.  Plants were raised under short day conditions at 22°C with eight hours of 

illumination (100 µmol x m-2x s-1) and 16 hours of darkness at 16°C in a growth 

chamber (CLF Plant Climatics GmbH, Emersacker, Germany). Photographs were 

acquired with a digital microscope VHX100K (Keyence Corporation, Osaka, 

Japan). 

 

4.3.7  Enzymatic reporter assays   

Procedures for measuring b-galactosidase activity (Miller, 1972) and b-

glucuronidase (Yuan et al., 2008)  have been described previously.  For the sinR 

reporter assay, overnight cultures of the wild-type and mutant strains harboring 

pPL204 (22) were grown in ATGN as described for the biofilm assays, and 

assayed for β-galactosidase activity.  

 

4.3.8  Quantitation of EPS production   

Production of exopolysaccharide was measured by an anthrone assay.  

Cells were grown in AT medium supplemented with 0.4% succinic acid (carbon 

source) at 28°C, and cell-free supernatant (spent media) was collected when the 

culture density reached early stationary phase (OD600=1.0).  One ml supernatant 

was added to 0.25ml 2% anthrone in ethyl acetate, and EPS was hydrolyzed via 
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the addition 2 ml concentrated sulfuric acid.  Absorbance of the solution was 

measured at A620.  Values were normalized to culture OD and reported as a 

percentage of wild-type EPS production (Morris, 1948). 

 

4.3.9  RNA isolation and reverse transcription-PCR 

To confirm deletions of imp, impM and impN, predicted patterns of imp 

gene expression were confirmed by reverse-transcription polymerase chain 

reaction (RT-PCR) using primers specific for genes at both the 5ʼ and 3ʼ ends of 

the operon.  Wild-type and imp, impM and impN mutant A. tumefaciens were 

grown in ABMM as described above for the biofilm assays.  Cells (0.5 OD) were 

collected by centrifugation and washed in 1 ml of Agro-wash (10 mM Tris pH 8.0, 

1 mM EDTA, 0.5M NaCl, 0.05% N-lauroylsarcosine).  The cell pellet was 

resuspended in 100 μl of 40 mg/ml lysozyme solution and incubated at room 

temperature for 5 min.  RNA was isolated from the cell lysate using an RNeasy 

Mini kit (Qiagen) and treated with Dnase according to the manufacturerʼs 

instructions.  Reverse transcription was performed using the iScript Select cDNA 

synthesis kit (Bio-Rad, Hercules, CA) as directed by the manufacturer.  

Amplification of a portion of the Atu4343, Atu4331, or Atu4330 cDNA was 

performed using Taq polymerase (Takara, Shiga, Japan) and the primers listed in 

Table 4.2.  As expected, the wild-type strain expressed Atu4343 (impA), Atu4331 

(impM), and Atu4330 (impN).  In the imp deletion mutant we were unable to 

detect an RT-PCR product for any of these imp operon genes, while the impN 
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deletion mutant failed to express Atu4330 but did express Atu4331 and Atu4343 

and the impM deletion mutant expressed Atu4330 and Atu4343 but not Atu4331 

(data not shown).  The impL mutant was confirmed by PCR and sequencing 

across the deletion site, as well as by complementation assays.  

All chemical reagents were purchased from Sigma-Aldrich Co. (St. Louis, 

MO) unless otherwise indicated.   

 

4.4  Results  

 

4.4.1 imp mutant cells aggregate in rich media 

Deletion mutations were created that ablated the entire imp operon (impA-

N, Fig. 1A), the icmF T6S component impL (Atu4332), and the two presumptive 

regulatory proteins impM (Atu4331) and impN (Atu4332).  The first phenotypic 

difference we observed between the imp mutants and wild-type A. tumefaciens 

was a propensity for the mutant cells to settle out of suspension.  Cells grown to 

stationary phase in LB medium exhibited no differences in final optical density, 

but when cultures were left on the benchtop overnight, the Δimp mutant and the 

impM mutant settled to the bottom of a liquid culture, while the wild-type cells 

remained suspended in the medium (Fig. 1B).  Intriguingly, the settling phenotype 

of the impN mutant was more variable, sometimes appearing more like that of the 

wild-type cells.  



A

B

Figure 4. 1  (A) Map of the imp operon, comprised of Atu4343-Atu4330.  The genes encoding the 
putative kinase (ppkA), phosphatase (pppA), phosphorylation target (fhaI), and conserved T6SS 
component IcmF are indicated.  The divergently transcribed presumptive operon contains genes 
encoding the substrate Hcp and one copy of a second putative substrate gene, vgrG.
(B) The imp mutants settle to the bottom of a culture in rich medium left on the benchtop overnight.  
The indicated strains were grown in LB media at 28oC in a rotating roller drum to stationary phase.  
After adjusting the OD600 of each culture to identical values, cultures were left at room temperature 
overnight before being photographed.  Strains used: WT, parental strain C58; Δimp, deletion of the 
entire imp operon; ΔimpM, deletion of the putative phosphatase gene impM (Atu4331); ΔimpN, 
deletion of putative kinase gene impN (Atu4330).

117
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4.4.2  Mutations in the T6SS affect biofilm formation   

One possible explanation for the flocculance we observed in imp mutants 

is that the cells are more cohesive and thus tend to aggregate.  We hypothesized 

that a putative alteration in cell surface properties might also affect the mutantsʼ 

propensity to form biofilms.  To investigate the association of the imp mutants 

with abiotic surfaces, we performed static biofilm assays by measuring cellular 

attachment to 96-well PVC plates over a 48-hour period as described in Materials 

and Methods.  Deletion of impL and the entire imp cluster resulted in strikingly 

pronounced increase in biofilm formation relative to the wild-type. 

Complementation of the impL deletion with a plasmid-borne copy of the gene 

expressed from the PLac promoter (PLac::impL) fully reversed the biofilm deficiency 

of the mutant.  Surprisingly, the impL plasmid also corrected the biofilm 

phenotype of the entire imp operon deletion mutant (Table 4.3).  Likewise, 

deletion of the putative kinase gene impN or phosphatase gene impM caused a 

similar elevation in biofilm formation (Table 4.3).      

Flow cell analysis provides the opportunity to examine biofilm maturation 

in real time as well as to statistically quantify structural features such as observed 

substrate coverage, microcolony formation and biofilm height.  In some cases, 

such as for aflagellate mutants, flowing conditions can also significantly modify 

the biofilm phenotype relative to static cultures (Merritt et al., 2007).  To extend 

the data obtained from our static PVC-binding biofilm assays, we performed flow 

cell analysis on the imp cluster deletion mutant and its wild-type parent.  Confocal 
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microscopic images provided visual evidence that complete deletion of the imp 

operon resulted in an increased number of microcolonies that had greater 

biomass relative to those formed by wild type cells (Figure 4.2A, B).  After six 

days of incubation, the average substrate coverage was more than three times 

greater for the imp mutant (Figure 4.2C) and imp mutant biofilms were about five 

times higher on average than wild-type biofilms.  The average volume of 

microcolonies formed by the imp mutant was approximately nine times greater 

than that of microcolonies formed by the wild-type, and the average number of 

microcolonies per field of view was about four times greater for the mutant 

(Figure 2D-E).     

 
Table 4.3:  Biofilm and EPS Phenotypes of imp Mutants 
________________________________________________________________  
Strain   Biofilm A600/OD600

* (SEM)  EPS A620/OD600 (SEM)†  

C58   3.25   (0.62)    0.90 (0.12) 
C58 (Plac-impL) 1.79  (0.51)    n/t♯ 
ΔimpL   11.94  (0.74)    n/t♯ 
ΔimpL (Plac-impL) 3.17  (0.39)    n/t♯ 
Δimp   13.06  (1.1)    1.44 (0.14) 
Δimp (Plac-impL) 3.39  (0.42)    n/t♯ 
ΔimpN  13.23  (1.27)    1.12 (0.15) 
ΔimpM  12.58  (0.63)    1.02 (0.12) 
ΔexoR  0.31  (0.05)    n/t♯ 
ΔimpΔexoR  0.48  (0.07)    n/t♯ 
             
*  CV absorbance of adherent biomass normalized to culture density 
† Anthrone absorbance normalized to culture density 
♯ Not tested 
♯This was determined in Chapter 2, in an independent experiment, and is highly elevated.  See 
Table 2.3 for data.           
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Figure 4.2  Flow cell analysis and confocal microscopy images of biofilms formed by wild-type 
cells and the imp deletion mutant.  Bacterial cells, visualized with GFP expressed from 
plasmid pJZ383 (Ptac::gfp), were grown for 6 days at ambient temperature in ATGN media 
while biofilm formation was monitored using spinning disk confocal microscopy as described 
in Materials and Methods.  (A) and (B) Reconstructed images of biofilm formed by wild-type 
cells (A) and the imp deletion mutant (B) after 96 hours of incubation.  Biofilm coverage of 
substrate surface (C), average biofilm height (D), average microcolony volume (E) and 
average number of microcolonies per field of view (F) by wild-type cells and the imp deletion 
mutant as a function of time, calculated as the mean of 15 image stacks (five image stacks in 
each of three flow cell chambers) per sample at each time point.  Error bars represent the 
standard error of the mean.
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4.4.3  imp mutants exhibit elevated attachment to plant surfaces  

To determine whether the imp gene products affect adherence to biotic as 

well as abiotic surfaces, we examined microbial association with Arabidopsis leaf 

surfaces and roots.  Scanning electron microscopy revealed that attachment to 

Arabidopsis leaf surfaces by the imp mutant was enhanced compared to wild-

type cells (Figure 4.3A, B).  To quantify this difference, ten randomly chosen 

fields from four different leaf pieces were imaged and the total number of 

attached bacteria on each section was counted.  The average number of Δimp 

deletion mutants attached was more than six-fold higher than the number of wild-

type cells (2465 +/- 35 versus 364 +/- 64).   

 Elevated attachment by the Δimp mutant to biotic surfaces was confirmed 

on a second host tissue by using confocal microscopy to visualize GFP-

expressing bacteria after co-cultivation with Arabidopsis roots.  After 48 hours of 

co-incubation, the Δimp mutant had formed substantially thicker and more 

contiguous biofilms along the length of the root segment compared to its parent 

(Figure 4.3C, D).  

 



A  B 

C  D 

Figure 4.3  Enhanced attachment of Δimp mutant cells to A. 
thaliana.  Panels A and B show electron microscopy of cells 
bound to leaf tissues, while panels C and D show fluorescence 
microscopy of 48 hour biofilms on root cuttings. Wild-type 
attachment is visible in panels A and C, while panels B and D 
demonstrate the increased attachment and biofilm formation by 
the Δimp mutant.
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4.4.4  Δimp mutant is attenuated for virulence on tobacco leaves and 

Arabidopsis roots   

The imp deletion mutant exhibits elevated biofilm formation and increased 

attachment to host cell surfaces, and therefore we questioned whether it might 

also exhibit altered virulence compared to the wild-type strain.  Tumor formation 

was assessed on two host plants, tobacco and Arabidopsis.  We found that 

although the growth rate of the imp operon deletion mutant did not differ from that 

of the parental strain (data not shown), the mutant induced the formation of 

significantly (p<0.05) fewer tumors on both tobacco leaf explants and Arabidopsis 

root segments (Table 4.4, Figure 4.4).  In contrast, the putative kinase (impN) 

and phosphatase (impM) deletion mutants displayed somewhat variable 

virulence phenotypes across host plants, but overall were not dramatically 

attenuated compared to wild-type cells (Table 4.4).  The virulence defect of the 

Δimp mutant was even more pronounced on inflorescence stalks of intact 

Arabidopsis thaliana plants, which are capable of mounting a full pathogen 

defense response; only 13% of the plants (n=30) inoculated with the mutant 

exhibited any tumors at all, and these tumors were much smaller compared to 

the stalks infected with the parental strain. The rate of tumor formation by the 

wild-type strain was 91% (n=32; Fig. 4.4).  



Figure 4.4  Attenuated virulence of imp deletion mutant.  
The Δimp deletion mutant is deficient for virulence on both A. 
thaliana (A and B) and tobacco leaf cuttings (C and D). 
Arabidopsis inflorescence stalks on intact plants were inoculated 
by injection of a bacterial suspension at OD600=0.5.  Injection 
sites (two lines of four each) were located 45o from each other 
around the stalk.  Photos of the plants were taken 13 days after 
infection.  Strains tested were wild-type strain C58 (A) and the 
imp deletion mutant (B). Tobacco leaves were co-cultivated with 
a bacterial suspension at a concentration of 0.3 OD/ml.

A B

C D
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Table 4.4:  Mutations in the T6SS reduce virulence. 

_________________________________________________________________ 

Strain     Tobacco leaf*   A. thaliana root♯  

C58     11.1 ± 0.5    77%   

Δimp     3.6 ± 0.3    25%   

ΔimpN    5.5 ± 0.4    65%   

ΔimpM    9.8 ±0.7    75% 

_________________________________________________________________ 
* Numbers reported represent 3 separate assays, ± standard deviation.  19-22 leaf pieces tested per 
assay.  Bacteria inoculated at 0.3 OD/ml. 
♯Numbers reported represent percentage of inoculated root pieces that developed tumors.  51-80 root 
pieces assayed.  Bacteria inoculated at 108/ml. 
             
 

4.4.5  Conditioned media from wild-type cells does not restore 

normal biofilm formation in the T6SS mutant   

The simplest explanation for the data presented thus far is that the imp-

encoded T6SS secretes an inhibitor of biofilm formation into the environment.  

We reasoned that if this were the case, exogenous addition of the T6SS 

substrate to a culture of the imp operon deletion mutant might restore normal 

levels of biofilm formation to the mutant strain.  To test this prediction, we 

harvested spent culture medium (CM) from wild-type and Δimp cells, 

concentrated it, and added it to cells as they were seeded into PVC plates. 

Contrary to this prediction, CM from the parental strain did not affect biofilm 

formation by the wild-type strain or the Δimp mutant (Table 4.5).  Nor did CM 
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from the Δimp deletion mutant alter biofilm formation by either mutant or parental 

cells (data not shown). 

Table 4.5:  Conditioned media does not complement the biofilm effect 
 
Strain        Biofilm A600/OD600

* (SEM)  

C58         0.71 (±0.03) 
Δimp         1.65 (±0.09) 
C58 + conditioned media      0.70 (±0.03) 
Δimp + conditioned media      2.08 (±0.04) 
             

 
*  CV absorbance of adherent biomass normalized to culture density 
             

 

4.4.6  Expression of two known biofilm regulators is unaffected by 

mutations in the T6SS  

A previous study revealed that mutation of the bigR transcription factor led 

to constitutive expression of the bigR operon and increased biofilm formation in 

A. tumefaciens (Barbosa & Benedetti, 2007).  We asked whether elevated biofilm 

formation in the imp mutants correlated with increased expression of the blh 

gene, the first gene of the bigR operon.  We constructed a blh::lacZ 

transcriptional fusion reporter plasmid as described in Materials and Methods.  

Our data revealed no significant differences in blh promoter expression in wild-

type and imp mutants growing in liquid ABMM (Table 4.6). 

Overexpression of sinR increases biofilm formation (Ramey et al., 2004), 

but we detected no differences in expression levels of a plasmid-borne sinR::lacZ 

fusion expression between wild-type and imp deletion mutant cells (Table 4.6).  
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Thus, the biofilm signaling pathway underpinning the enhanced biofilm formation 

in the T6SS mutants appears not to require increased expression of sinR.   

 
Table 4.6:  Mutations in the imp genes do not affect the expression of two 
known biofilm regulators. 
 
Strain     blh::lacZ   sinR::lacZ   
C58     235 (±4)   72.6 (±10) 
Δimp     223 (±17)   63.6 (± 23.6) 
ΔimpN    223 (±23)   41.4 (± 7.8) 
ΔimpM    227 (±25)   55.7 (± 14.7) 
_________________________________________________________________ 
* Numbers given indicate β-galactosidase specific activity, expressed as Miller units.  Standard  
deviation noted in parenthesis.  Data are representative of six separate experiments. 
             
 

4.4.7  The imp operon is co-regulated with EPS production   

During this investigation, we noticed that the differing capacities of the 

wild-type and the T6SS mutants to form a biofilm under static conditions are most 

pronounced when the cells are maintained on media containing mannitol as the 

sole carbon source and glutamate as the nitrogen source (data not shown).  

These conditions also promote exopolysaccharide (EPS) biosynthesis in rhizobia 

(Breedveld et al., 1993; Cadmus et al., 1982).  To test whether EPS levels vary 

as a result of imp gene inactivation, we compared total EPS levels in the imp 

mutants to those in wild-type bacteria.  The data in Table 4.3 demonstrate that 

deletion of the entire imp operon resulted in a significant (p<0.01) increase of 

50% in the EPS content of the cells.  However, deletion of impN or impM resulted 

in only small increases in EPS levels, and these changes were not statistically 

significant.  
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To further explore the relationship between EPS production and the T6S 

system in A. tumefaciens, we asked whether Ros, a regulatory protein previously 

identified as a positive regulator of exopolysaccharide production(Close et al., 

1985; Keller et al., 1995), also regulates expression of the imp operon, directly or 

indirectly.   The data in Table 4.7 demonstrate a two-to-three fold increase in 

expression from a plasmid-borne impA::gusA fusion (50) in the Δros mutant as 

compared to wild-type cells. 

 
Table 4.7:  Ros regulates expression of the imp operon.     
 
Strain    imp::GUS activity, LB* imp::GUS activity, ABMM*  
C58     439 (±19)   732 (±7)   
Δros     1509 (±16)   1782 (±88) 
________________________________________________________________ 
* Numbers given indicate β-galactosidase specific activity, imp expression was measured as 
activity of an imp::GUS fusion (50), expressed in Miller units (mean + SD), after growth for 7 
hours in LB or in AB minimal media at 28oC.  Strains tested were NTL4 (wild-type) and NTL4Δros 
(ros deletion). These data are representative of two assays in LB and seven assays in minimal 
media, each performed in triplicate.   
             

 

4.4.8  The imp effect on biofilm formation is not regulated by ExoR 

 Previous work had indicated that expression of the imp operon is de-

repressed in an exoR mutant (Chapter 3).  This suggested a model in which 

ExoR regulates biofilm formation via activity as a negative regulator of the imp 

T6SS, which itself is a negative regulator of biofilm formation, creating a net 

positive regulatory effect on biofilm formation.  To test this hypothesis, we 

created an ΔexoRΔimp double mutant.  If the hypothesis were accurate, we 

anticipated that eliminating the T6SS in a ΔexoR background would restore 
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biofilm formation.  In contrast to that model, we found no effect on biofilm 

formation by an ΔexoR mutant lacking a functional T6SS, indicating that ExoR 

regulates biofilm formation independently of the imp system (Table 4.3). 

 

4.5  Discussion 

 

4.5.1  Components of the Imp T6S system modulate biofilm 

formation and host cell attachment   

In this chapter, I have contributed to work that reveals a role for the A. 

tumefaciens imp genes in biofilm formation and virulence in A. tumefaciens.  

Mutants deficient for structural and regulatory components of the T6S system 

form dense biofilms on abiotic surfaces under static and flowing conditions (Table 

4.3, Figure 4.2) and exhibit enhanced attachment to Arabidopsis leaves and roots 

(Figure 4.3).  This hyperadherent phenotype is clearly independent of the surface 

to which A. tumefaciens attaches.  The biofilm structural analysis afforded 

through the flow cell studies clearly indicate the propensity for imp mutants to 

aggregate more readily, leading to more rapid and more frequent microcolony 

formation, and overall great accumulation of adherent biomass.  It is possible that 

preformed aggregates of the imp mutants attach to surfaces, as even 

immediately following attachment there are notably more cell clusters than the 

wild type.  I conclude that one or more components of the T6S system encoded 

by the imp genes can significantly impact surface associations by A. 
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tumefaciens.  Co-regulation of a T6S system and biofilm formation has been 

observed in P. aeruginosa and B. cenocepacia (Aubert et al., 2008; Ventre et al., 

2006).  In entero-aggregative E. coli and V. parahaemolyticus a functional T6SS 

is requisite for biofilm formation (Aschtgen et al., 2008; Enos-Berlage et al., 

2005).  However, the observations I report here represent the first evidence 

suggesting the negative control of biofilm formation through a T6S system.   

 

4.5.2.  The ImpL protein may independently influence biofilm 

formation   

IcmF is predicted to be a transmembrane protein that is involved in 

stabilizing components of the T6SS apparatus (Cascales, 2008).  In other T6S 

systems, loss of the IcmF homologue leads to unstable, partially-assembled 

secretion machines (Filloux et al., 2008).  In A. tumefaciens the IcmF homologue 

ImpL is required for secretion of the T6S secretion substrate Hcp (hemolysin co-

regulated protein), and mutation of a Walker A box motif in ImpL, presumably 

preventing ATP hydrolysis, also results in loss of Hcp secretion (Ma et al., 2009; 

Wu et al., 2008).  I have found that not only does loss of impL lead to 

hyperadherent growth, but that overexpression of impL alone can complement 

the biofilm overproduction phenotype of the imp operon deletion mutant and even 

suppress biofilm formation in a wild-type background (Table 4.3).  This indicates 

that ImpL is important for maintaining wild-type levels of biofilm formation.  

Furthermore, the observations that expression of impL alone can reduce the 



 131 

hyperattachment phenotype of the imp deletion, and can inhibit attachment in the 

wild type suggest that this IcmF homologue (Table 4.3) may be the primary T6S 

component that influences biofilm formation.  My findings do not exclude the 

possibility that other T6S proteins may also play a role in surface interactions.  

However, that fact that ImpL can exert this inhibitory effect in the absence of any 

of the other T6S structural components, suggests that it has a direct impact on 

the attachment process, that may not require active secretion.  Low levels of 

ImpL are reported to fractionate with the outer membrane (Ma et al., 2009), 

suggesting the possibility that this protein may be able to directly influence 

activity at the cell surface.    

 

4.5.3   Regulation of imp gene expression and function   

Accumulating evidence suggests that bacterial T6S systems are subject to 

relatively complex transcriptional, as well as post-translational control (Bernard et 

al.; Filloux et al., 2008).  We have shown a modest repression of imp via the Ros 

regulator, although there is no obvious ros box (Cooley et al., 1991) upstream of 

imp; thus the effect is most likely indirect.  Furthermore, in a ros mutant the imp 

operon is upregulated 2-3 fold (Table 4.6), while the virC and virD operons exhibit 

25-to-100-fold upregulation in a ros-deficient strain (Tait & Kado, 1988).  As an 

activator of EPS synthesis as well as a repressor of virC/D (Close et al., 1985), 

Ros appears to contribute to pathways that increase biofilm formation and delay 

the initiation of infection.  In this respect, Ros may function similarly to the P. 
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aeruginosa regulator LadS, which represses expression of virulence factors, but 

activates the T6SS as well as genes required for biofilm formation and EPS 

synthesis (Ventre et al., 2006).  The ExoR protein may also contribute to 

regulation of the imp genes as their expression is significantly elevated in an 

exoR null mutant (Chapter 3).  Although the imp genes are among the most 

strongly affected loci in the exoR mutant, and are not impacted by the 

succinoglycan overproduction in this mutant, it is not yet clear whether this is a 

direct regulation or an indirect effect.  

In P. aeruginosa, a general model for control of the assembly and activity 

of the HSI-I T6S system proposes that the threonine kinase PpkA stimulates 

secretion activity via phosphotransfer to the Fha component (Hsu et al., 2009).   

The threonine phosphatase PppA antagonizes its activity by dephosphorylating 

Fha (Mougous et al., 2007).  If the homologues of these regulators in A. 

tumefaciens play similar roles, the kinase (impN) mutant would be predicted to 

enhance biofilm formation similar to the imp operon deletion mutant (as we 

observed), but de-repressed T6SS activity in the phosphatase (impM) mutant 

should have decreased biofilm formation.  As our results contrasted with this 

hypothesis, we considered that the kinase and phosphatase encoded by impM 

and impN could regulate functions outside of the T6SS that impact biofilm 

formation.  However, deletion of the impL gene while leaving impM and impN 

intact results in a similar increase in adherence.  Conceivably, ImpM and ImpN 

could control balanced T6S activity, and both mutations might imbalance the 
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process leading to overall reductin in activity.  The observation that impL alone 

can restore normal levels of biofilm formation in the imp deletion (missing impM/N 

entirely), suggests that this protein does not require their regulatory activity to 

influence surface interactions.  The impM and impN mutant phenotypes may in 

fact not be related to their effect on ImpL function, and perhaps there are multiple 

mechanisms by which the Imp genes may affect attachment and biofilm 

formation.    

 

4.5.4  A role for the Imp T6S system in surface attachment?   

My results suggest that elevated expression of the impL gene on its own 

can reduce biofilm formation, and that its mutation leads to the hyperadherence 

phenotype (Table 4.3).  However, the observation that impM and impN mutants, 

predicted regulators of T6S activity through direct interaction with the secretion 

machinery, manifest similar phenotypes, suggest that T6S activity overall may 

also play a role.  The following section of the discussion explores this possibility.  

 Our initial hypothesis for the elevated biofilm phenotype of the imp 

mutants was that the T6SS might secrete a biofilm inhibitor into the extracellular 

milieu and that this inhibition was relieved in the imp mutant.  Based on our 

subsequent investigations, however, this scenario appears unlikely, as 

supplementation with conditioned media from a wild-type strain did not change 

the pattern of biofilm formation exhibited by the Δimp mutant (Table 4.5).  
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A second possibility was that the T6SS modulates biofilm formation by 

secreting a glycanase or other enzyme that modifies the structure of one or more 

EPS chains, thereby regulating formation of the biofilm matrix.  In R. 

leguminosarum, a Type I Secretion System encoded by the prsD and prsE genes 

secretes the glycanases PlyA and PlyB, which are required for normal biofilm 

maturation, as well as Rhizobium adhering proteins (Raps) that may function in 

cellular adhesion (Russo et al., 2006).  EPS is thought to function in host 

interactions for rhizobia, in which synthesis and processing of various forms of 

EPS are essential for invasion of plant roots and development of nitrogen-fixing 

nodules (Skorupska et al., 2006).  Biofilm deficiencies in R. leguminosarum 

mutants unable to produce EPS can be complemented by EPS from adjacent 

wild-type bacteria (Russo et al., 2006), suggesting that exogenous EPS itself can 

have functional significance.  However, our concentrated conditioned media may 

not retain relatively small EPS molecules.  Likewise putative EPS processing 

enzyme activities can be subject to spatial or temporal constraints, and may not 

be present in our extracts.  For example, PlyA is not released from the surface of 

R. leguminosarum, and PlyB, although released, is inactive unless it is in contact 

with the surface of the EPS-synthesizing cell (Zorreguieta et al., 2000); similarly, 

two processing enzymes transported by the PrsDE system in S. meliloti are 

active only on nascent EPS chains (York & Walker, 1998).  Thus, if an EPS-

modifying enzyme is the T6SS substrate responsible for inhibiting biofilm 

formation, we would not necessarily detect the activity in the conditioned media.  
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A third possible model for limiting biofilm production in wild-type A. 

tumefaciens is that the T6S system mediates the export of a molecule that acts 

within the cell to promote biofilm formation.  In this scenario, the excessive biofilm 

we observed in the T6SS mutants would be due to accumulation of this 

attachment-stimulating T6S substrate trapped within the cell or within the 

periplasm.  Two lines of evidence suggest that accumulation of Hcp, a substrate 

of the A. tumefaciens imp-encoded T6SS, might result in the elevated biofilm 

phenotype.  First, deletion of the hcp gene results in a 20-30% attenuation in 

virulence on potato tubers, while deletion of the imp operon does not, suggesting 

that Hcp may function independently of the imp genes (Wu et al., 2008).  Second, 

Hcp has been implicated in regulating biofilm formation in two other bacterial 

species.  In V. parahaemolyticus, an hcp mutant is defective in pellicle formation 

at the air-liquid interface and in submerged biofilm formation (Enos-Berlage et al., 

2005).  In P. aeruginosa, Hcp protein is first detected in the total proteome during 

the early biofilm formation and progressively increases 300-fold during 

maturation (Sauer et al., 2002; Southey-Pillig et al., 2005). Notably, in A. 

tumefaciens, an hcp deletion mutant exhibited slightly elevated biofilm formation 

in multiple assays representing a range of growth conditions (Lois Banta, 

unpublished observations); we would expect this mutation to have a more 

profound effect if secreted Hcp acts as the primary inhibitor of biofilm production.  

If however the hyperadherent phenotype of the T6SS-deficient strain is caused 

by elevated intracellular Hcp pools decreased biofilm formation would be 
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expected for this mutant.  Alternatively, periplasmic accumulation of one or more 

T6SS substrates could aberrantly stimulate a positive biofilm regulator such as 

ExoR, presumptively localized to the periplasm in A. tumefaciens where it may 

have a sensory function (Chapter 2).  Interestingly, mutations that abolish normal 

T6SS regulation in P. aeruginosa result in the periplasmic accumulation of Hcp1 

(Mougous et al., 2007).   

 

4.5.5  Elevated imp expression does not cause the biofilm deficiency 

of exoR mutants 

Based on my previous findings that loss of functional ExoR de-represses 

transcription the imp operon (Chapter 3) and that ectopic expression of impL can 

inhibit biofilm formation, we considered the possibility that the exoR mutant 

exhibits its attachment deficiency due predominantly through elevated expression 

of the imp operon.  However, our epistasis experiments demonstrate that an 

exoR mutation is dominant to the imp deletion (Table 4.3).  This indicates that the 

negative regulatory effect that ExoR exerts on imp expression is not the sole 

basis for the biofilm deficiency in an exoR mutant.  De-repression of the imp 

genes must contribute to the attachment deficiency manifested by the exoR 

mutant, but as is the case with the loss of motility and the overproduction of 

succinoglycan in this mutant (Chapter 1), none of these individual phenotypes 

appears to be the proximal cause for this overall defect. 
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4.5.6  The T6SS is a host range determinant in A. tumefaciens   

In addition to impacting biofilm production, deletion of the imp operon 

resulted in a substantial loss of virulence on two host species.  On tobacco 

leaves the T6SS deletion reduced tumorigenesis by approximately 70%, and a 

similar degree of attenuation was observed on Arabidopsis roots (Table 4.4).  

Strikingly, the impM and impN mutants exhibited a level of tumorigenesis 

intermediate between that of wild-type and the Δimp mutant.  In contrast, we 

were unable to distinguish the biofilm phenotypes of the impM or impN mutants 

from that of the complete imp operon deletion.  These results suggest that the 

signal pathways that govern overproduction of biofilm and the virulence program 

can be separated, and that the Agrobacterium T6SS plays multiple roles in 

regulating distinct processes relating to biofilm formation and infection of plants.  

Indeed, although biofilm formation is essential for virulence in many pathogenic 

bacteria (Danhorn & Fuqua, 2007), the role of biofilm in the infection of plants by 

A. tumefaciens remains ill defined, and strains that are completely deficient in 

biofilm formation are nonetheless virulent, at least using standard manual 

inoculation assays under laboratory infection conditions (Chapter 2).  

 Wu et al. reported that an imp operon deletion mutant is fully virulent on 

potato tuber discs (Wu et al., 2008), while we found that the Δimp mutant was 

almost completely attenuated for virulence on Arabidopsis inflorescence stalks 

(Figure 4.4).  The varying virulence phenotypes of the T6SS mutants on different 

species of plants thus implicate the imp operon in host range determination in A. 
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tumefaciens. It is noteworthy that the imp genes of R. leguminosarum also affect 

interactions with host plants.  In this case however, loss of the T6SS augments, 

rather than diminishes, host range, suggesting that in R. leguminosarum the imp 

T6SS may secrete molecules that trigger a host defense response (Bladergroen 

et al., 2003).  We postulate that in A. tumefaciens, the T6SS may be responsible 

for delivering an effector(s) that dampens the defense responses, particularly on 

intact hosts capable of mounting a full defense response.  In this scenario, plant 

species with a relatively weak set of defense responses against A. tumefaciens 

may be more permissive hosts for a T6SS-deficient mutant. 

4.5.7  Conclusions  

In summary, we have demonstrated that deletion of the imp genes 

encoding a T6SS in A. tumefaciens results in marked increases in biofilm 

formation and attachment to host surfaces.  Deletion of either the impL gene, 

which encodes an IcmF homologue, or the putative regulators impM and impN, 

result in similar phenotypes on solid surfaces.  At least a portion of this effect is 

due to the loss of ImpL alone, and expression of the impL gene in the absence of 

the other T6S system genes, can inhibit biofilm formation.  Our data indicate that 

this enhanced biofilm formation is not regulated through the known biofilm 

regulators SinR and BigR, strongly suggesting the existence of a different 

signaling pathway(s) that modulates biofilm formation in A. tumefaciens.  The 

T6SS is also an important determinant of virulence and host range, although 

apparently separate from its impact on biofilm formation.  Future identification of 
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the regulatory mechanisms underlying T6SS control of biofilm formation, 

attachment, and pathogenesis should extend our understanding of the complex 

signaling networks during the interactions of A. tumefaciens with diverse surfaces 

including those that drive plant interactions in the highly dynamic rhizospheric 

environment. 
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Appendix 1:  All differentially expressed genes identified in Comparison A 
(wild-type C58 to exoR mutant).  Annotation of “conserved hypothetical” 
indicated as “c.h.,” “hypothetical” annotation indicated as “h.” 

Gene ID Gene Annotation M P Q 
Atu0013_459 nad(p)h-flavin oxidoreductase 1.00 4.84E-04 0.011 
Atu0033_1439 chvG 0.73 3.16E-03 0.037 
Atu0034_459 chvI 1.36 6.59E-05 0.003 

Atu0035_1669 
pckA (phosphoenolpyruvate 
carboxykinase) 1.37 4.20E-04 0.010 

Atu0044_339 hslV (heat shock protein hslV ) 0.90 8.92E-04 0.017 
Atu0045_689 hslU (heat shock chaperone ) 0.96 1.34E-03 0.022 
Atu0054_0 tRNA-Ile -0.74 2.81E-03 0.035 
Atu0055_0 tRNA-Ala -0.64 4.35E-03 0.045 
Atu0058_159 h. -0.84 1.29E-03 0.021 
Atu0060_0 tRNA-Met -1.16 1.80E-04 0.006 
Atu0063_559 frcB (abc transporter, sugar binding) 0.96 5.33E-04 0.012 
Atu0065_409 frcA (abc transorter, atpase, sugar) 0.89 1.74E-03 0.026 
Atu0086_59 rbfA (ribosome-binding factor A) -0.88 1.47E-03 0.024 

Atu0125_309 
msrA (peptide methionine sulfoxide 
reductase ) 0.66 3.99E-03 0.043 

Atu0143_109 mfs permease 0.77 2.33E-03 0.031 
Atu0147_459 c.h. -0.68 3.97E-03 0.043 
Atu0161_559 exbB (biopolymer transport protein ) 1.06 2.81E-04 0.008 
Atu0162_449 exbD (biopolymer transport protein) 0.76 4.03E-03 0.043 

Atu0186_59 
mepA (penicillin-insensitive murein 
endopeptidase ) 1.01 3.88E-04 0.010 

Atu0187_1049 abc transporter, , peptide binding 0.83 1.65E-03 0.025 
Atu0193_1349 glnB (glutamine synthetase) -0.79 3.09E-03 0.037 
Atu0224_59 ctpA (pilus) -0.81 3.75E-03 0.041 
Atu0235_809 transcriptional regulator, GntR family -0.67 4.72E-03 0.048 
Atu0254_209 infC (translation initiation factor 3 ) -0.96 1.88E-03 0.027 
Atu0287_1539 c.h. 0.78 1.76E-03 0.026 
Atu0288_769 c.h. 0.95 1.04E-03 0.019 
Atu0290_359 rare lipoprotein a 1.55 2.99E-05 0.002 
Atu0299_409 c.h. 1.10 4.40E-04 0.010 
Atu0300_209 methyltransferase 1.48 1.71E-04 0.006 
Atu0309_259 c.h. -1.09 3.44E-04 0.009 

Atu0325_884 
hemN (oxygen-independent 
coproporphyrinogen III oxidase ) -0.74 3.54E-03 0.040 

Atu0361_409 transcriptional regulator 0.81 1.32E-03 0.022 
Atu0365_1219 c.h. 1.03 3.39E-04 0.009 
Atu0373_2259 mcp -1.87 8.81E-06 0.001 
Atu0381_59 h. 0.90 7.23E-04 0.014 
Atu0386_259 h. -0.64 4.46E-03 0.046 
Atu0396_1349 coenzyme A transferase -0.72 4.42E-03 0.046 

Atu0407_209 
fbpA (ABC transporter, substrate binding 
protein [iron] ) 0.76 2.05E-03 0.029 

Atu0448_209 h. 0.83 1.63E-03 0.025 
Atu0453_409 h. 0.67 3.60E-03 0.040 
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Gene ID Gene Annotation M P Q 
Atu0458_209 h. -0.68 3.57E-03 0.040 
Atu0462_559 endolysin 0.79 2.84E-03 0.035 
Atu0476_259 aqpZ (aquaporin) -1.04 3.37E-04 0.009 
Atu0482_459 polysaccharide deacetylase -1.51 3.46E-05 0.002 
Atu0488_59 c.h. 0.76 2.33E-03 0.031 
Atu0505_59 tRNA-Phe -0.72 2.61E-03 0.033 
Atu0514_59 mcp -1.64 2.24E-05 0.002 
Atu0515_109 c.h. -1.58 3.38E-05 0.002 
Atu0516_239 cheY -1.87 1.05E-05 0.001 
Atu0517_1449 cheA -1.67 1.78E-05 0.002 
Atu0518_769 cheR -1.66 6.64E-05 0.003 
Atu0519_59 cheB -1.63 1.37E-04 0.005 
Atu0520_259 cheY -1.73 1.39E-05 0.001 
Atu0521_519 cheD -1.68 1.81E-05 0.002 
Atu0522_359 c.h. -1.53 3.63E-05 0.002 
Atu0523_359 fliF (flagellar M-ring protein ) -0.78 1.63E-03 0.025 

Atu0526_209 
mclA (methyl-accepting chemotaxis 
protein) -0.79 1.65E-03 0.025 

Atu0534_259 infA (translation initiation factor IF-1) -0.81 2.28E-03 0.030 
Atu0539_1149 murA (UDP-N-acetylglucosamine) 0.78 1.83E-03 0.027 
Atu0542_59 fla -0.71 2.66E-03 0.033 
Atu0543_359 flaB -1.55 7.24E-05 0.003 
Atu0544_159 h. -0.70 4.69E-03 0.048 
Atu0545_409 flaA -2.75 8.79E-06 0.001 
Atu0547_259 fliL -1.86 1.21E-05 0.001 
Atu0548_309 flgH -1.77 1.52E-05 0.001 
Atu0549_59 c.h. -1.83 1.83E-05 0.002 
Atu0550_559 flgI -2.36 4.23E-06 0.001 
Atu0551_309 flgA -2.86 6.51E-07 0.000 
Atu0552_719 flgG -2.98 5.96E-07 0.000 
Atu0553_159 fliE -2.04 5.70E-06 0.001 
Atu0554_309 flgC -2.83 7.19E-07 0.000 
Atu0555_309 flgB -2.81 6.47E-07 0.000 
Atu0556_209 c.h. -1.42 9.75E-05 0.004 
Atu0557_409 fliI -2.19 3.24E-06 0.001 
Atu0558_689 flgF -2.04 4.60E-05 0.003 
Atu0559_59 c.h. -2.47 2.27E-06 0.001 
Atu0560_559 motA -2.97 4.91E-07 0.000 
Atu0561_409 fliM -2.45 2.83E-06 0.001 
Atu0562_419 fliN -2.99 7.04E-07 0.000 
Atu0563_569 fliG -2.55 3.84E-06 0.001 
Atu0565_109 c.h. -1.88 1.12E-05 0.001 
Atu0566_159 h. -0.78 1.55E-03 0.025 
Atu0567_209 flaD -1.59 3.36E-05 0.002 
Atu0568_309 c.h. -2.05 6.06E-06 0.001 
Atu0569_939 motB -1.61 2.51E-05 0.002 
Atu0570_809 chemotaxis protein -0.71 4.52E-03 0.046 
Atu0571_259 motD -2.14 4.20E-06 0.001 
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Atu0574_109 flgE -1.66 1.81E-05 0.002 
Atu0575_1309 flgK -1.44 1.55E-04 0.005 
Atu0576_159 flgL -1.18 1.51E-04 0.005 
Atu0577_209 flaF -1.14 4.42E-04 0.010 
Atu0578_409 flbT -0.91 1.19E-03 0.020 
Atu0579_59 flgD -1.12 2.03E-04 0.006 
Atu0580_159 fliQ -0.87 1.00E-03 0.019 
Atu0581_109 flhA -1.24 1.90E-04 0.006 
Atu0582_409 fliR (flagellar biosynthetic protein FLIR ) -0.70 2.85E-03 0.035 
Atu0584_59 c.h. -1.17 1.62E-04 0.005 
Atu0585_259 c.h. -2.70 3.00E-06 0.001 
Atu0586_209 h. -0.98 4.61E-04 0.011 
Atu0587_659 tagA (teichoic acid biosynthesis protein ) -1.23 1.38E-04 0.005 
Atu0633_1469 c.h. 0.63 5.00E-03 0.050 
Atu0646_209 mcpA -1.45 5.30E-05 0.003 
Atu0653_559 c.h. -1.37 6.11E-05 0.003 
Atu0659_259 mutT family NTP pyrophosphohydrolase -0.70 3.36E-03 0.038 
Atu0661_709 glucosyl transferase 0.83 1.25E-03 0.021 
Atu0665_509 glcD (glycolate oxidase subunit ) -0.92 1.21E-03 0.021 
Atu0666_719 glcE (glycolate oxidase subunit) -0.90 1.09E-03 0.020 
Atu0681_359 h. -1.50 6.76E-05 0.003 
Atu0700_1569 2-comp. sensor kinase -1.65 3.40E-05 0.002 
Atu0737_109 h. -1.01 3.86E-04 0.010 
Atu0738_1929 mcpG -1.51 4.10E-05 0.002 
Atu0755_109 c.h. 0.70 2.88E-03 0.035 
Atu0772_209 c.h. -0.67 3.98E-03 0.043 
Atu0802_809 c.h. 0.95 6.14E-04 0.013 
Atu0833_559 h. 0.63 4.75E-03 0.048 
Atu0841_659 c.h. 1.74 1.74E-05 0.002 
Atu0844_779 c.h. -2.40 2.52E-06 0.001 
Atu0867_389 aldo/keto reductase 0.69 3.08E-03 0.037 
Atu0870_659 tam (trans-aconitate methyltransferase) 0.82 1.56E-03 0.025 
Atu0872_1599 mcpC -0.82 1.23E-03 0.021 
Atu0875_339 h. 1.02 3.99E-04 0.010 
Atu0880_119 h. 0.71 3.08E-03 0.037 
Atu0881_259 cytochrome c-556 1.58 3.88E-05 0.002 
Atu0892_159 h. -2.24 5.87E-06 0.001 
Atu0893_1009 abc transporter, nucleoide, atpase -0.91 9.88E-04 0.019 
Atu0894_109 abc transporter, membrane spanning, ? -0.87 1.52E-03 0.024 
Atu0895_649 abc transporter, ? Binding -1.14 2.08E-04 0.006 
Atu0896_59 h. -1.37 6.14E-05 0.003 
Atu0898_59 c.h. 1.25 1.10E-04 0.004 
Atu0910_109 mnhB (Na+/H+ antiporter ) -0.64 5.08E-03 0.050 
Atu0914_359 mnhB (Na+/H+ antiporter) -0.78 2.73E-03 0.034 
Atu0916_359 ros 0.74 2.57E-03 0.033 
Atu0930_159 c.h. -0.65 5.02E-03 0.050 
Atu0933_759 beta-lactamase class D 1.14 3.03E-04 0.008 
Atu0943_159 h. 1.66 2.28E-05 0.002 
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Atu0944_1594 cscA (sucrose hydrolase ) 2.59 4.22E-06 0.001 
Atu0982_2199 2-comp. sensor kinase -0.74 2.13E-03 0.029 
Atu0983_219 c.h. -0.91 6.98E-04 0.014 
Atu0984_1909 pepN (aminopeptidase N ) -0.63 4.98E-03 0.050 

Atu0998_159 

bacA (undecaprenyl pyrophosphate 
phosphatase, possible bacitracin 
resistance protein ) 1.38 6.63E-05 0.003 

Atu1003_259 c.h. 0.66 4.16E-03 0.044 
Atu1060_609 2-comp response regulator -0.75 2.88E-03 0.035 
Atu1089_59 c.h. -0.85 3.08E-03 0.037 
Atu1131_409 ropB (outer membrane protein ) 3.07 8.18E-04 0.016 
Atu1155_759 c.h. 2.40 1.94E-06 0.001 
Atu1157_909 c.h. 0.85 2.06E-03 0.029 
Atu1164_409 c.h. 0.81 1.35E-03 0.022 

Atu1174_1309 
rrpP (H+ translocating pyrophosphate 
synthase) 1.02 5.07E-04 0.011 

Atu1182_569 c.h. -0.72 2.64E-03 0.033 
Atu1219_239 c.h. 0.85 1.01E-03 0.019 
Atu1221_259 h. 2.67 9.68E-07 0.000 
Atu1222_109 h. 0.90 7.24E-04 0.014 
Atu1227_369 c.h. 0.78 1.66E-03 0.025 
Atu1232_509 c.h. 0.94 3.52E-03 0.040 
Atu1233_209 h. -1.76 4.49E-05 0.002 
Atu1250_409 c.h. 0.65 4.83E-03 0.048 
Atu1263_1474 c.h. -0.66 4.02E-03 0.043 
Atu1266_0 tRNA-Asp -0.84 1.26E-03 0.021 
Atu1267_0 tRNA-Asp -0.73 4.30E-03 0.045 
Atu1273_159 c.h. -0.71 3.00E-03 0.036 
Atu1297_639 pleD (2-comp response reg) -0.70 3.90E-03 0.042 
Atu1311_159 acetyltransferase -0.69 4.86E-03 0.049 
Atu1333_659 omp 0.70 4.17E-03 0.044 
Atu1341_109 mrcA penicillin-binding protein 1a) 0.68 3.54E-03 0.040 

Atu1420_509 
gcvT (glycine cleavage system T protein, 
aminomethyltransferase) 0.82 1.72E-03 0.026 

Atu1426_559 enolase 0.72 2.44E-03 0.032 
Atu1451_1109 hflX (gtp binding protein) -1.26 1.07E-04 0.004 
Atu1500_619 rlpA (rare lipoprotein A) 0.77 3.02E-03 0.036 
Atu1501_109 h. 0.83 1.28E-03 0.021 
Atu1524_109 c.h. 0.68 3.64E-03 0.040 
Atu1528_2069 fixI (nitrogen fixation protein FixI ) -0.84 2.24E-03 0.030 
Atu1529_109 fixH (nitrogen fixation protein FixH) -0.92 1.16E-03 0.020 
Atu1535_109 fixQ (cytochrome c oxidase, FixQ chain ) -1.00 5.23E-04 0.011 
Atu1536_309 fixO (cytochrome C oxidase, FixO chain) -1.08 3.38E-04 0.009 
Atu1537_759 cytochrome C oxidase -1.36 1.82E-04 0.006 
Atu1538_59 h. -0.88 8.47E-04 0.017 
Atu1545_879 c.h. 0.65 4.57E-03 0.047 
Atu1554_59 h. 0.76 3.62E-03 0.040 
Atu1559_259 c.h. -0.97 7.79E-04 0.015 
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Atu1594_159 
msbB (lipid A biosynthesis lauroyl 
acyltransferase ) -0.68 4.46E-03 0.046 

Atu1601_869 
hemN (oxygen-independent 
coproporphyrinogen III oxidase) -1.21 1.31E-04 0.005 

Atu1602_209 fnrN (transcriptional activator, Crp family) -0.64 4.52E-03 0.046 

Atu1610_684 
dhs (2-dehydro-3-deoxyphosphoheptonate 
aldolase ) -0.82 2.91E-03 0.035 

Atu1631_509 rrpX (two component response regulator ) -1.23 2.28E-04 0.007 
Atu1633_1769 kefA (potassium efflux system KEFA) 0.79 2.86E-03 0.035 
Atu1637_209 h. -1.41 6.60E-05 0.003 
Atu1638_439 h. 1.29 1.07E-04 0.004 
Atu1640_109 h. 0.91 8.64E-04 0.017 
Atu1665_59 tRNA-Leu -0.83 1.50E-03 0.024 
Atu1715_539 exoR -2.29 4.43E-06 0.001 
Atu1741_59 c.h. 0.67 3.98E-03 0.043 
Atu1762_509 c.h. 1.26 1.03E-04 0.004 
Atu1765_509 transcriptional regulator, LysR family 0.72 2.46E-03 0.032 
Atu1773_309 c.h. 1.15 2.70E-04 0.008 

Atu1786_1044 
glmS (glucosamine-fructose-6-phosphate 
aminotransferase ) -0.63 5.02E-03 0.050 

Atu1792_1259 
ABC transporter, nucleotide 
binding/ATPase protein [sugar]  -0.68 4.01E-03 0.043 

Atu1805_59 h. 1.22 1.25E-04 0.005 
Atu1865_189 h. -0.86 1.28E-03 0.021 
Atu1877_609 OmpA family protein 1.21 1.79E-04 0.006 
Atu1897_459 short chain dehydrogenase 0.93 6.28E-04 0.013 
Atu1899_209 rbsB (abc transporter, ribose) 0.97 7.05E-04 0.014 

Atu1912_539 
mclA (methyl-accepting chemotaxis protein 
) -0.93 6.60E-04 0.014 

Atu1961_509 
nusG (transcription antitermination protein 
NusG ) -0.96 5.97E-04 0.013 

Atu1962_109 secE (secretion protein) -0.67 4.47E-03 0.046 
Atu1964_59 tRNA-Trp -1.03 4.50E-04 0.011 
Atu1969_109 c.h. 0.73 2.68E-03 0.034 
Atu1971_109 c.h. 1.08 2.57E-04 0.007 
Atu1990_59 bacteriophytochrome protein -0.74 2.39E-03 0.031 
Atu1991_59 h. -0.63 5.04E-03 0.050 
Atu1992_59 h. -0.90 8.65E-04 0.017 
Atu1998_359 c.h. 1.85 5.99E-05 0.003 
Atu1999_59 c.h. 1.68 1.86E-05 0.002 
Atu2019_359 ilvC (ketol-acid reductoisomerase ) -0.74 4.83E-03 0.048 
Atu2035_109 ilvH (acetolactate synthase, small subunit ) -0.93 7.77E-04 0.015 

Atu2036_859 
ilvI (acetolactate synthase III, large 
subunit) -1.43 3.11E-04 0.008 

Atu2037_109 h. -1.27 1.04E-04 0.004 
Atu2043_939 htrA family 0.93 3.17E-03 0.037 
Atu2054_1584 AcrB/AcrD/AcrF family protein 0.78 1.59E-03 0.025 
Atu2055_709 HlyD family secretion protein 0.80 1.62E-03 0.025 
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Atu2064_309 c.h. 1.30 8.29E-05 0.003 
Atu2065_59 h. 1.36 7.61E-05 0.003 
Atu2074_259 h. -1.18 2.08E-04 0.006 
Atu2075_259 cheW -1.36 6.78E-05 0.003 
Atu2099_619 murE 0.85 1.88E-03 0.027 
Atu2112_409 slt (soluble lytic transglycosylase) 1.78 1.23E-05 0.001 
Atu2116_629 c.h. 0.72 2.73E-03 0.034 
Atu2124_359 transcriptional regulator, ArsR family -0.75 2.20E-03 0.030 
Atu2133_859 c.h. 0.75 2.10E-03 0.029 
Atu2142_1259 glnA (glutamine synthetase) 0.81 1.47E-03 0.024 
Atu2157_474 tyr/ser protein phosphatase 0.99 4.71E-04 0.011 
Atu2159_159 omp (outer membrane protein ) 0.84 1.05E-03 0.019 
Atu2160_389 h. 1.62 2.09E-05 0.002 
Atu2162_309 c.h. 1.46 5.19E-05 0.003 
Atu2173_1499 mcpA -1.47 1.06E-04 0.004 
Atu2198_109 h. 2.04 2.25E-05 0.002 
Atu2222_259 dolichol-phosphate mannosyltransferase -0.72 3.65E-03 0.040 
Atu2223_1809 mcpA -1.64 2.04E-05 0.002 
Atu2228_1959 GGDEF family protein -0.89 1.93E-03 0.028 
Atu2248_159 h. 0.86 1.01E-03 0.019 
Atu2249_109 c.h. 1.29 1.97E-04 0.006 
Atu2253_479 moxR (MoxR family protein) 0.87 9.34E-04 0.018 
Atu2254_619 c.h. 1.05 4.30E-04 0.010 
Atu2256_189 h. 0.87 1.80E-03 0.027 
Atu2257_1109 c.h. 1.42 5.93E-05 0.003 
Atu2259_1009 MFS permease -0.70 3.19E-03 0.037 
Atu2260_559 acetyltransferase -0.94 9.86E-04 0.019 
Atu2271_159 ureJ (urease accessory protein ) 0.70 2.74E-03 0.034 
Atu2272_629 c.h. 1.12 4.18E-04 0.010 
Atu2303_159 c.h. 0.70 3.87E-03 0.042 
Atu2354_309 transcriptional regulator, MarR family -1.00 3.89E-04 0.010 
Atu2370_859 h. -0.82 2.01E-03 0.028 
Atu2371_59 xynA (endo-1,4-beta-xylanase ) -0.86 1.16E-03 0.020 

Atu2394_109 
sinR (Regulator of Biofilm formation, Fnr 
Family) -0.75 1.94E-03 0.028 

Atu2416_609 glnA (glutamine synthetase ) -0.88 2.23E-03 0.030 
Atu2417_539 c.h. -0.78 1.77E-03 0.026 
Atu2421_274 chitooligosaccharide deacetylase 0.93 1.65E-03 0.025 
Atu2422_309 abc transporter, amino acid binding 0.87 3.84E-03 0.042 
Atu2439_59 c.h. 0.86 1.06E-03 0.019 
Atu2444_359 c.h. 1.42 4.76E-05 0.003 
Atu2445_439 rpoH (RNA polymerase sigma-32 factor ) 0.84 1.14E-03 0.020 
Atu2461_209 c.h. 1.02 4.38E-04 0.010 
Atu2477_59 C4-dicarboxylate binding protein 1.25 2.13E-04 0.006 
Atu2479_0 tRNA-Gly -0.72 4.11E-03 0.044 
Atu2492_939 mtbA (MFS permease) 0.82 4.01E-03 0.043 
Atu2503_859 dapA (dihydrodipicolinate synthase ) -1.25 2.06E-04 0.006 
Atu2504_459 transcriptional regulator, GntR family -1.01 4.43E-04 0.010 
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Atu2522_359 acvB (chromosomal virulence protein B) 0.79 2.03E-03 0.029 
Atu2539_0 tRNA-Met -1.15 4.30E-04 0.010 
Atu2545_0 tRNA-Ala -0.91 2.02E-03 0.028 
Atu2546_0 SSU 16S ribosomal RNA -0.74 2.38E-03 0.031 
Atu2572_939 acd (acyl-CoA dehydrogenase) -0.64 4.48E-03 0.046 
Atu2575_1319 mannosidase -0.87 1.09E-03 0.020 
Atu2611_439 c.h. 1.14 3.73E-04 0.010 
Atu2617_359 cheW -0.93 5.88E-04 0.012 
Atu2638_469 sucC (succinyl-CoA synthetase beta chain) 0.73 4.14E-03 0.044 
Atu2639_509 putative malate dehydrogenase 0.99 4.54E-04 0.011 
Atu2676_139 4a-hydroxytetrahydrobiopterin dehydratase 0.63 4.81E-03 0.048 
Atu2679_209 esterase 1.02 3.47E-04 0.009 
Atu2703_509 rplS (50S ribosomal protein L19 ) -0.79 2.83E-03 0.035 
Atu2722_359 ompA 0.77 2.07E-03 0.029 
Atu2760_159 c.h. 1.10 2.30E-04 0.007 
Atu2766_2499 gdh (NAD-glutamate dehydrogenase ) 0.71 3.15E-03 0.037 
Atu2774_759 c-term protease 0.89 1.12E-03 0.020 
Atu2775_259 c.h. 0.87 1.32E-03 0.022 
Atu2782_589 acetyltransferase -1.09 2.41E-04 0.007 
Atu2783_509 acetyltransferase -0.92 6.56E-04 0.014 
Atu2789_109 h. 1.05 4.84E-04 0.011 

Atu2817_59 
rbsB (abc transporter, substrate binding, 
ribose) 0.71 2.63E-03 0.033 

Atu3003_359 h. -0.69 3.49E-03 0.040 
Atu3004_109 h. -0.73 2.84E-03 0.035 
Atu3015_459 c.h. 1.07 7.16E-04 0.014 
Atu3016_59 gpmB (phosphoglyceromutase) 0.93 6.45E-04 0.013 
Atu3062_669 transcriptional regulator, LacI family -0.68 3.29E-03 0.038 
Atu3082_159 h. 0.74 3.32E-03 0.038 
Atu3091_209 c.h. 0.89 7.79E-04 0.015 
Atu3122_59 cold shock protein -1.41 8.26E-05 0.003 
Atu3185_259 ugpB (abc transporter, glycerol binding) 1.76 2.06E-05 0.002 

Atu3186_259 
ugpA (ABC transporter, membrane 
spanning protein [glycerol-3-phosphate]) 1.15 2.13E-04 0.006 

Atu3187_759 
ugpE (ABC transporter, membrane 
spanning protein [glycerol-3-phosphate] ) 1.34 8.11E-05 0.003 

Atu3188_409 ugpC 1.46 5.88E-05 0.003 
Atu3191_459 outer membrane protein -1.32 9.71E-05 0.004 
Atu3219_1639 ilvD (dihydroxy-acid dehydratase ) 0.73 2.32E-03 0.031 
Atu3272_1109 pssN (exopolysaccharide export protein ) -0.77 2.09E-03 0.029 
Atu3292_659 alr (alanine racemase ) -1.22 1.37E-04 0.005 

Atu3293_59 
dadA (D-amino acid dehydrogenase, small 
subunit ) -1.08 2.56E-04 0.007 

Atu3298_1089 dctA (C4-dicarboxylate transport protein) 0.70 3.42E-03 0.039 
Atu3317_259 h. 1.01 3.84E-04 0.010 
Atu3325_159 exoQ 1.43 2.23E-04 0.007 
Atu3326_109 exoF 2.16 6.31E-06 0.001 
Atu3327_559 exoY 3.09 8.36E-06 0.001 
Atu3332_409 c.h. 0.75 2.72E-03 0.034 
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Atu3347_109 c.h. 0.72 2.74E-03 0.034 
Atu3365_59 h. -1.19 1.43E-04 0.005 

Atu3388_259 
fecE (ABC transporter, nucleotide 
binding/ATPase protein [iron] ) 0.75 4.63E-03 0.047 

Atu3390_724 
ABC transporter, substrate binding protein 
[iron] 0.78 1.62E-03 0.025 

Atu3391_109 
ABC transporter, substrate binding protein 
[iron] 1.08 3.00E-04 0.008 

Atu3471_419 

bkdB (lipoamide acyltransferase 
component of branched-chain alpha-keto 
acid dehydrogenase complex E2) 0.83 2.16E-03 0.030 

Atu3493_759 non-heme haloperoxidase 0.87 2.45E-03 0.032 
Atu3498_59 aldehyde dehydrogenase 0.83 2.19E-03 0.030 
Atu3502_809 abc transporter, membrane spanning, ? -0.87 1.70E-03 0.026 
Atu3503_159 abc transporter, membrane spanning, ? -0.77 4.73E-03 0.048 
Atu3504_159 abc transporter, sulfate -1.10 5.32E-04 0.012 
Atu3514_59 pilA (fimbriae associated protein ) -0.66 4.96E-03 0.049 
Atu3519_439 ppiD (peptidyl-prolyl cis-trans isomerase) 1.06 4.71E-04 0.011 
Atu3538_459 oxidoreductase 0.92 9.47E-04 0.018 
Atu3539_109 c.h. 1.11 3.24E-04 0.009 
Atu3540_209 h. 1.05 1.46E-03 0.024 
Atu3546_1559 h. -0.82 1.77E-03 0.026 
Atu3555_689 h. -0.68 3.37E-03 0.038 

Atu3578_909 
glpD (glycerol-3-phosphate 
dehydrogenase ) 3.10 4.93E-07 0.000 

Atu3580_1719 mutA (methylmalonyl-CoA mutase) 0.83 1.59E-03 0.025 
Atu3603_89 2-comp. r.r. 0.74 2.23E-03 0.030 
Atu3616_309 c.h. 0.84 1.13E-03 0.020 
Atu3624_109 bolA (stress induced morphogen ) 0.65 4.26E-03 0.045 
Atu3639_309 h. 1.47 4.66E-05 0.003 
Atu3640_359 c.h. 0.87 9.61E-04 0.018 
Atu3641_809 c.h. 1.22 1.29E-04 0.005 
Atu3642_159 vgrG 0.90 1.02E-03 0.019 
Atu3687_1309 TonB-dependent receptor -1.19 2.97E-04 0.008 
Atu3700_0 tRNA-Gly -0.89 8.67E-04 0.017 
Atu3702_59 tRNA-Met -0.90 3.41E-03 0.039 

Atu3706_359 
serA (D-3-phosphoglycerate 
dehydrogenase ) -1.40 5.99E-05 0.003 

Atu3707_639 serC (phosphoserine aminotransferase ) -1.36 1.41E-04 0.005 
Atu3712_259 c.h. 0.79 1.65E-03 0.025 
Atu3713_489 palA (omp16) 0.84 1.29E-03 0.021 
Atu3714_874 tolB 1.46 6.39E-05 0.003 
Atu3716_259 tolR 0.67 3.88E-03 0.042 
Atu3717_309 tolQ 0.86 1.90E-03 0.027 
Atu3725_209 methyl-accepting chemotaxis protein -0.86 1.10E-03 0.020 
Atu3731_259 5-formyltetrahydrofolate cyclo-ligase -0.70 2.94E-03 0.035 
Atu3738_489 na/h antiporter 1.65 6.40E-05 0.003 
Atu3740_959 fructose bisphosphate aldolase 1.84 5.05E-04 0.011 
Atu3752_159 c.h. 2.35 4.18E-04 0.010 
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Atu3778_259 galU 1.51 3.64E-05 0.002 
Atu3783_509 gltD (glutamate synthase, small subunit) -1.01 5.47E-04 0.012 
Atu3784_609 gltB (glutamate synthase large subunit) -0.73 4.93E-03 0.049 

Atu3823_509 

metE (5-
methyltetrahydropteroyltriglutamate- 
homocysteine methyltransferase) -1.48 2.52E-03 0.032 

Atu3824_959 h. -2.01 2.10E-03 0.029 
Atu3838_309 h. -1.07 2.98E-04 0.008 
Atu3840_209 h. -0.69 3.05E-03 0.037 
Atu3843_359 h. -0.88 8.14E-04 0.016 
Atu3887_159 hspL (small heat shock protein ) 1.12 3.09E-04 0.008 
Atu3888_759 c.h. -0.74 2.11E-03 0.029 
Atu3890_959 glpK glycerol kinase ) 2.51 1.86E-06 0.001 
Atu3892_209 c.h. 2.63 1.16E-06 0.001 
Atu3893_309 abc transporter, sugar 3.94 9.24E-08 0.000 
Atu3895_509 abc transporter, sugar, atpase 2.83 8.74E-07 0.000 
Atu3896_859 abc transporter, sugar, atpase 2.38 2.96E-06 0.001 

Atu3897_59 
glpD (glycerol-3-phosphate 
dehydrogenase ) 2.35 3.24E-06 0.001 

Atu3898_689 
glpR (transcriptional regulator, DeoR 
family ) 1.85 1.00E-05 0.001 

Atu3939_0 tRNA-Ala -1.08 1.15E-03 0.020 
Atu3942_149 h. -1.23 4.71E-04 0.011 
Atu3944_0 tRNA-Met -1.23 1.97E-04 0.006 
Atu3967_359 abc transporter, sugar 0.77 2.00E-03 0.028 
Atu3973_539 c.h. 0.96 5.19E-04 0.011 
Atu3974_889 ina (ice nucleation-like protein) -0.93 6.10E-04 0.013 
Atu3975_809 glf (UDP-galactopyranose mutase) -0.81 1.61E-03 0.025 
Atu3976_359 c.h. -0.97 3.29E-03 0.038 
Atu3977_1909 ina (ice nucleation-like protein) -1.79 1.13E-05 0.001 
Atu3990_109 copC (copper tolerance protein) 1.23 1.14E-04 0.004 
Atu4014_159 exsI 1.67 2.20E-05 0.002 
Atu4026_209 c.h. 2.75 4.80E-06 0.001 
Atu4037_659 gcd (glucose dehydrogenase) 1.60 2.64E-05 0.002 
Atu4038_139 h. 0.91 1.04E-03 0.019 
Atu4039_209 h. 0.85 2.07E-03 0.029 
Atu4049_389 exoP 1.74 1.59E-05 0.002 
Atu4050_759 exoN 3.13 2.60E-05 0.002 
Atu4051_959 exoO 1.65 1.89E-05 0.002 
Atu4052_739 exoM 1.97 1.84E-05 0.002 
Atu4053_159 exoA 1.42 1.62E-04 0.005 
Atu4054_719 exoL 1.50 3.53E-05 0.002 
Atu4055_209 exoK 1.85 4.98E-05 0.003 
Atu4056_59 exoH 1.59 2.98E-05 0.002 
Atu4057_1429 exoT 1.40 7.15E-05 0.003 
Atu4058_709 exoW 1.60 2.28E-05 0.002 
Atu4059_439 exoV 1.21 1.39E-04 0.005 
Atu4060_509 exoU 1.66 1.91E-05 0.002 
Atu4068_59 soxD (sarcosine oxidase delta subunit) 0.71 3.91E-03 0.042 
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Atu4069_1979 soxA (sarcosine oxidase alpha subunit ) 0.82 1.62E-03 0.025 
Atu4070_359 soxG (sarcosine oxidase gamma subunit ) 0.88 1.26E-03 0.021 
Atu4071_829 c.h. 0.64 4.87E-03 0.049 
Atu4073_1889 glgX (glycogen debranching enzyme ) 0.84 1.19E-03 0.020 
Atu4074_409 exoC 0.83 1.19E-03 0.020 

Atu4076_409 
glgC (glucose-1-phosphate 
adenylyltransferase ) 0.80 1.60E-03 0.025 

Atu4077_859 glgB (glycogen branching enzyme ) 0.66 3.92E-03 0.042 
Atu4078_1489 glgP (glycogen phosphorylase ) 0.75 2.47E-03 0.032 
Atu4102_59 tRNA-Ala -0.75 1.97E-03 0.028 

Atu4123_159 
ABC transporter, substrate binding protein 
[branched chain amino acid] 1.16 1.80E-04 0.006 

Atu4160_189 ecf fam sigma factor 0.69 3.08E-03 0.037 
Atu4162_609 two component response regulator 0.83 4.17E-03 0.044 
Atu4165_319 c.h. 1.21 1.31E-04 0.005 
Atu4166_709 exoB 1.65 4.06E-05 0.002 
Atu4170_659 c.h. -0.67 4.00E-03 0.043 
Atu4171_589 deaD (cold-shock dead-box protein A) -0.78 1.85E-03 0.027 
Atu4175_109 hemK (protoporphyrinogen oxidase) 0.66 4.07E-03 0.043 

Atu4177_609 
clpB (ATP-dependent Clp protease, ATP-
binding subunit ) 0.91 1.96E-03 0.028 

Atu4181_0 tRNA-Ile -0.83 1.19E-03 0.020 
Atu4182_0 tRNA-Ala -0.79 1.61E-03 0.025 
Atu4187_0 tRNA-Met -1.19 2.56E-04 0.007 

Atu4284_609 
ABC transporter, substrate binding protein 
[amino acid] 0.91 1.34E-03 0.022 

Atu4318_859 xylitol dehydrogenase 0.97 4.70E-04 0.011 

Atu4320_59 
rbsB (ABC transporter, substrate binding 
protein [ribose]) 1.97 6.62E-06 0.001 

Atu4321_1259 rbsA (abc transporter, atpase) 0.79 1.56E-03 0.025 

Atu4322_109 
rbsC (abc transporter, membrane 
spanning) 0.77 2.71E-03 0.034 

Atu4323_559 rdh (ribitol 2-dehydrogenase ) 1.69 2.82E-05 0.002 
Atu4324_1169 ribitol kinase 0.85 5.02E-03 0.050 
Atu4325_609 cbr (carbonyl reductase ) 1.20 1.38E-04 0.005 
Atu4327_59 h. 0.84 1.05E-03 0.019 
Atu4329_789 bexD (polysaccharide export protein ) -0.84 1.16E-03 0.020 
Atu4330_439 impN 0.89 1.01E-03 0.019 
Atu4331_159 impM 1.33 1.64E-04 0.005 
Atu4332_1339 impL 1.36 8.58E-05 0.004 
Atu4333_1119 impK 1.29 8.94E-05 0.004 
Atu4334_959 impJ 1.69 2.57E-05 0.002 
Atu4335_709 impI 1.66 5.39E-05 0.003 
Atu4336_959 impH 1.22 1.24E-04 0.005 
Atu4337_139 impG 2.11 9.63E-06 0.001 
Atu4338_59 impF 2.05 8.00E-06 0.001 
Atu4339_209 impE 1.80 1.11E-05 0.001 
Atu4340_1069 impD 2.03 5.56E-06 0.001 
Atu4341_59 impC 2.52 1.29E-06 0.001 
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Atu4342_459 impB 2.41 4.46E-06 0.001 
Atu4343_209 impA 1.97 6.13E-06 0.001 
Atu4344_2529 clpB 0.92 6.68E-04 0.014 
Atu4345_409 c.h. 2.19 3.10E-04 0.008 
Atu4346_309 c.h. 1.81 1.10E-05 0.001 
Atu4347_259 h. 1.81 1.05E-05 0.001 
Atu4348_809 vgrG 1.25 2.10E-04 0.006 
Atu4349_659 c.h. 1.16 1.99E-04 0.006 
Atu4351_409 h. 0.83 3.33E-03 0.038 
Atu4352_159 h. 0.89 3.74E-03 0.041 

Atu4405_139 
napE (periplasmic nitrate reductase protein 
NapE ) -0.71 2.62E-03 0.033 

Atu4442_509 c.h. -0.73 3.28E-03 0.038 
Atu4472_609 h. -1.11 3.08E-04 0.008 
Atu4499_409 c.h. 0.80 2.43E-03 0.032 

Atu4524_759 
abc transporter, membrane spanning, 
oligopeptide -0.73 2.40E-03 0.031 

Atu4526_659 abc transporter, atpase, ? -1.20 1.40E-04 0.005 
Atu4530_359 transcriptional regulator, TetR family -0.64 4.62E-03 0.047 
Atu4531_159 aroQ (3-dehydroquinate dehydratase ) -0.98 4.59E-04 0.011 
Atu4535_159 tRNA-Gly -1.33 4.57E-04 0.011 
Atu4537_109 abc transporter, amino acid binding -1.10 2.86E-04 0.008 
Atu4640_939 h. 1.56 4.49E-05 0.002 
Atu4642_1559 katA (catalase) 0.81 2.75E-03 0.034 
Atu4643_59 h. 0.75 2.22E-03 0.030 

Atu4654_209 
ABC transporter, substrate binding protein 
[sugar] -0.89 1.88E-03 0.027 

Atu4660_1419 melA (alpha-galactosidase ) 0.70 4.25E-03 0.045 

Atu4667_1689 
ABC transporter, nucleotide 
binding/ATPase protein -0.86 1.78E-03 0.026 

Atu4727_669 c.h. 0.78 3.12E-03 0.037 
Atu4735_174 h. -0.75 3.32E-03 0.038 
Atu4736_1139 mcp -2.02 6.44E-06 0.001 
Atu4744_59 abc transporter, sugar 1.02 3.87E-04 0.010 
Atu4778_759 cpo (non-heme chloroperoxidase ) 0.71 2.56E-03 0.033 
Atu4779_359 h. 0.72 2.54E-03 0.033 
Atu4780_939 c.h. 0.92 6.80E-04 0.014 

Atu4783_489 
afuA (ABC transporter, substrate binding 
protein [iron] 0.73 3.11E-03 0.037 

Atu4784_759 afuA (abc transporter, iron binding) 1.17 1.94E-04 0.006 
Atu4812_659 c.h. 0.76 1.89E-03 0.027 
Atu4824_539 h. -0.73 3.74E-03 0.041 
Atu4842_259 abc transporter, sugar 0.73 2.24E-03 0.030 
Atu4865_609 oxidoreductase 0.75 2.54E-03 0.033 
Atu5000_1074 repA (replication protein A ) -0.80 1.48E-03 0.024 
Atu5020_109 c.h. -0.86 1.01E-03 0.019 
Atu5021_59 c.h. -0.97 5.14E-04 0.011 
Atu5022_459 c.h. -1.01 4.77E-04 0.011 
Atu5031_609 c.h. -1.11 3.19E-04 0.008 
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Atu5032_259 h. -0.66 4.30E-03 0.045 
Atu5035_859 h. -0.74 3.24E-03 0.038 
Atu5052_459 hspAT1 (mall heat shock protein ) 1.33 1.24E-04 0.005 
Atu5089_109 c.h. 0.98 6.79E-04 0.014 
Atu5090_859 rcdA (curdlan) 1.33 7.35E-05 0.003 
Atu5091_909 rcdB (curdlan) 1.70 1.70E-05 0.002 
Atu5114_109 h. -0.74 2.19E-03 0.030 
Atu5116_209 rctB -1.31 9.55E-05 0.004 
Atu5117_759 h. -1.07 3.18E-03 0.037 
Atu5123_1359 atrC (acetolactate synthase ) 0.75 4.32E-03 0.045 

Atu5126_409 
attA1 (ABC transporter, nucleotide 
binding/ATPase protein[putrescine] ) 1.05 3.07E-04 0.008 

Atu5127_509 
attA2 (ABC transporter, membrane 
spanning protein [mannopine] ) 0.76 3.24E-03 0.038 

Atu5129_609 
attC (ABC transporter, substrate binding 
protein [mannopine] ) 1.47 1.86E-04 0.006 

Atu5130_59 attD 1.03 5.70E-04 0.012 

Atu5137_1359 
blcA (NAD-dependent succinyl-
semialdehyde dehydrogenase ) 0.71 3.82E-03 0.042 

Atu5138_719 
blcB (Gamma hydroxybutyrate 
dehydrogenase ) 1.46 7.37E-05 0.003 

Atu5139_759 
blcC (Zn-dependent gamma butyryl 
lactone lactonase ) 1.97 1.18E-05 0.001 

Atu5175_559 basR (two component response regulator ) -0.77 2.08E-03 0.029 

Atu5257_889 
ABC transporter, nucleotide 
binding/ATPase protein [oligopeptide] 0.67 3.59E-03 0.040 

Atu5278_509 c.h. 0.95 5.70E-04 0.012 
Atu5361_309 aqpZ (aquaporin ) -0.84 2.25E-03 0.030 
Atu5389_659 non-heme haloperoxidase 0.84 1.10E-03 0.020 
Atu5426_459 hypothetical protein 0.69 3.62E-03 0.040 
Atu5442_659 methyl-accepting chemotaxis protein -0.94 6.19E-04 0.013 
Atu5449_109 hspAT2 (heat-shock protein) 1.21 1.62E-04 0.005 
Atu5450_139 c.h. 0.79 1.56E-03 0.025 
Atu5473_859 dat (D-alanine aminotransferase ) 0.84 2.10E-03 0.029 
Atu5484_259 c.h. 1.20 5.63E-04 0.012 
Atu5489_109 h. 1.65 2.55E-05 0.002 
Atu5490_409 ecfR ()ECF family sigma factor ) 0.88 1.16E-03 0.020 
Atu5491_1559 c.h. 0.99 4.12E-04 0.010 
Atu5494_359 c.h. 1.22 2.34E-04 0.007 
Atu5510_1019 c.h. 0.77 1.91E-03 0.027 
Atu5512_109 h. -0.81 1.59E-03 0.025 
Atu5513_209 cspA (cold shock protein) -1.07 1.86E-03 0.027 
Atu5545_159 h. 0.75 2.27E-03 0.030 
Atu6011_1659 tms1 (tryptophan 2-monooxygenase ) -0.67 3.72E-03 0.041 
Atu6118_159 not in annotation 1.53 5.44E-05 0.003 
Atu6150_459 virH1 1.33 7.30E-05 0.003 
Atu6151_259 virH2 0.97 8.76E-04 0.017 
Atu6162_59 c.h. 1.59 4.29E-05 0.002 
Gene ID Gene Annotation M P Q 
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Atu6178_359 virG 2.86 5.88E-07 0.000 
Atu6179_209 virC2 0.98 4.52E-04 0.011 
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Appendix 2:  All differentially expressed genes identified in Comparison B (C58 (Plac-exoR) 
to exoR (pBBR1MCS5) mutant).  Annotation of “conserved hypothetical” indicated as 
“c.h.,” “hypothetical” annotation indicated as “h.” 

Gene ID Gene Annotation M P Q 
Atu0034 chvI 1.38 0.0001 0.006 
Atu0035 pckA (phosphoenolpyruvate carboxykinase) 1.31 0.0033 0.037 
Atu0063 frcB (ABC transporter, substrate binding protein [sugar]) 1.07 0.0009 0.017 
Atu0064 frcC (ABC transporter, membrane spanning, sugar) 1.01 0.0005 0.012 

Atu0065 
frcA (ABC transporter, nucleotide binding/ATPase protein 
[sugar]) 0.64 0.0030 0.035 

Atu0079 Atu0079-1 mutant of pfkB family carbohydrate kinase -0.52 0.0051 0.047 
Atu0080 permease -0.65 0.0023 0.030 
Atu0085 truB (tRNA pseudouridine 55 synthase) -0.73 0.0045 0.043 
Atu0086 rbfA (ribosome-binding factor A) -0.79 0.0051 0.046 
Atu0096 DNA polymerase III, tau subunit -0.59 0.0047 0.044 
Atu0121 dnaJ -0.72 0.0009 0.017 
Atu0124 hyp. -0.56 0.0030 0.035 
Atu0143 MFS permease 0.74 0.0016 0.024 
Atu0144 hyp. -0.78 0.0017 0.025 
Atu0147 cons. hyp. -0.65 0.0018 0.025 
Atu0183 dapB (dihydrodipicolinate reductase) -1.35 0.0010 0.019 
Atu0186 mepA (penicillin-insensitive murein endopeptidase) 0.78 0.0036 0.038 
Atu0224 ctpA (components of type IV pilus, pilin subunit) -1.17 0.0038 0.040 
Atu0257 cons. hyp. -0.63 0.0030 0.035 
Atu0290 rare lipoprotein A 1.71 0.0001 0.007 
Atu0299 cons. Hyp. 0.9 0.0004 0.012 
Atu0300 methyltransferase 1.36 0.0001 0.006 
Atu0361 transcriptional regulator 0.95 0.0014 0.022 
Atu0365 cons. hyp. 0.71 0.0008 0.016 
Atu0373 methyl-accepting chemotaxis protein -1.29 0.0002 0.008 
Atu0385 rnpA (ribonuclease P protein component) -0.7 0.0022 0.029 
Atu0387 mcpA -0.79 0.0004 0.012 
Atu0404 pgi (glucose-6-phosphate isomerase) 0.57 0.0055 0.048 
Atu0473 hyp. 0.48 0.0056 0.048 
Atu0482 polysaccharide deacetylase -0.89 0.0013 0.021 
Atu0488 cons. hyp. 0.83 0.0006 0.014 
Atu0499 cons. hyp. 0.49 0.0046 0.043 
Atu0514 methyl-accepting chemotaxis protein -1.43 0.0000 0.006 
Atu0515 cons. hyp. -1.5 0.0002 0.009 
Atu0516 cheY -1.71 0.0000 0.006 
Atu0517 cheA -1.39 0.0001 0.008 
Atu0518 cheR -1.06 0.0011 0.020 
Atu0519 cheB -1.66 0.0003 0.010 
Atu0520 cheY -1.57 0.0001 0.006 
Atu0521 cheD -0.99 0.0019 0.026 
Atu0522 cons. hyp. -1.35 0.0002 0.008 
Atu0529 aspB (aspartate transaminase) -1.13 0.0035 0.038 
Atu0534 infA (translation initiation factor IF-1) -0.96 0.0005 0.013 
Atu0541 null (tRNA-Thr) -0.67 0.0056 0.048 
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Atu0542 fla -0.95 0.0004 0.012 
Atu0543 flaB -1.61 0.0008 0.015 
Atu0545 flaA -2.25 0.0003 0.010 
Atu0548 flgH -1.43 0.0005 0.013 
Atu0549 cons. hyp. -1.58 0.0003 0.011 
Atu0550 flgI -1.61 0.0007 0.015 
Atu0551 flgA -2.51 0.0007 0.015 
Atu0552 flgG -3.02 0.0004 0.012 
Atu0553 fliE -2.14 0.0000 0.006 
Atu0554 flgC -2.93 0.0001 0.006 
Atu0555 flgB -2.73 0.0000 0.006 
Atu0556 cons. hyp. -1.04 0.0013 0.021 
Atu0557 fliI -1.29 0.0059 0.049 
Atu0558 flgF -1.82 0.0004 0.012 
Atu0559 cons. hyp. -1.66 0.0007 0.015 
Atu0560 motA -2.55 0.0012 0.020 
Atu0561 fliM -2.16 0.0001 0.006 
Atu0562 fliN (motor switch protein) -3.22 0.0000 0.006 
Atu0563 fliG (motor switch protein) -2.25 0.0000 0.006 
Atu0565 cons. hyp. -1.78 0.0001 0.006 
Atu0567 flaD -1.38 0.0001 0.006 
Atu0568 cons. hyp. -1.76 0.0000 0.006 
Atu0569 motB -1.11 0.0002 0.008 
Atu0571 motD -1.87 0.0001 0.006 
Atu0572 cons. hyp. -0.55 0.0049 0.045 
Atu0574 flgE -2.04 0.0001 0.007 
Atu0575 flgK -1.6 0.0001 0.007 
Atu0576 flgL (hook-assoc. protein) -1.29 0.0001 0.006 
Atu0577 flaF -1.23 0.0008 0.016 
Atu0578 flbT -1.16 0.0052 0.047 
Atu0579 flgD -0.85 0.0007 0.015 
Atu0580 fliQ -0.76 0.0007 0.015 
Atu0581 flhA -0.84 0.0041 0.041 
Atu0584 cons. hyp. -0.89 0.0011 0.020 
Atu0585 cons. hyp. -2.18 0.0001 0.007 
Atu0587 tagA (teichoic acid biosynthesis) -1.04 0.0001 0.006 
Atu0611 potB (ABC transporter, membrane spanning protein) 0.56 0.0029 0.034 
Atu0639 glyQ (glycyl-tRNA synthetase, alpha subunit) -0.46 0.0052 0.047 
Atu0644 glyS (glycyl-tRNA synthetase, beta chain) -0.52 0.0058 0.049 
Atu0646 mcpA -1.36 0.0005 0.012 
Atu0652 cons. hyp. -0.62 0.0052 0.047 
Atu0653 cons. hyp. -1.45 0.0005 0.012 
Atu0661 glycosyl transferase 0.7 0.0042 0.041 
Atu0737 hyp. -0.74 0.0019 0.026 
Atu0738 mcpG -1.16 0.0004 0.012 
Atu0755 cons. hyp. 0.83 0.0005 0.013 
Atu0757 fabI (enoyl-(acyl-carrier-protein) reductase) -0.67 0.0014 0.022 
Atu0789 hyp. -0.56 0.0031 0.035 
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Atu0800 cons. hyp. 0.93 0.0009 0.017 
Atu0812 hyp. -0.61 0.0027 0.033 
Atu0815 hyp. -0.75 0.0011 0.019 
Atu0819 cons. hyp. -0.81 0.0015 0.022 
Atu0824 hyp. 1.24 0.0012 0.020 
Atu0841 cons. hyp. 1.3 0.0050 0.046 
Atu0844 cons. hyp. -1.96 0.0001 0.006 
Atu0854 cons. hyp. 0.46 0.0057 0.048 
Atu0872 mcpC (methyl-accepting chemotaxis protein) -0.98 0.0004 0.012 
Atu0881 cytochrome C-556 1.21 0.0004 0.012 
Atu0892 hyp. -2.64 0.0000 0.006 
Atu0893 ABC transporter (nucleotide binding/ATPase protein) -0.93 0.0003 0.010 
Atu0894 ABC transporter, membrane spanning protein -0.95 0.0004 0.011 
Atu0895 ABC transporter, substrate binding protein -1.09 0.0003 0.011 
Atu0896 hyp. -1.34 0.0024 0.031 
Atu0898 cons. hyp. 1.07 0.0033 0.037 
Atu0915 mnhG (Na+/H+ antiporter) -0.58 0.0039 0.040 
Atu0916 ros 0.62 0.0020 0.027 
Atu0944 cscA (sucrose hydrolase) 1.55 0.0054 0.047 
Atu0962 cons. hyp. 0.73 0.0058 0.049 
Atu0969 hyp. -0.71 0.0029 0.034 
Atu0984 pepN (aminopeptidase N) -0.85 0.0038 0.040 
Atu0986 hyp. -0.59 0.0037 0.039 

Atu0998 
bacA (undecaprenyl pyrophosphate phosphatase, 
possible bacitracin resistance protein) 0.99 0.0004 0.011 

Atu1019 hyp. -0.53 0.0033 0.037 
Atu1031 hyp. -0.94 0.0028 0.034 
Atu1060 two-component response regulator -0.79 0.0043 0.042 
Atu1061 hyp. 0.66 0.0040 0.041 
Atu1089 hyp. -1.02 0.0002 0.009 
Atu1098 hyp. -0.68 0.0054 0.047 
Atu1105 cons. hyp. 0.6 0.0023 0.030 
Atu1131 ropB (outer membrane protein) 3.69 0.0000 0.006 
Atu1139 cons. hyp. -0.72 0.0014 0.022 
Atu1150 cons. hyp. 1.13 0.0023 0.030 
Atu1164 cons. hyp. 0.91 0.0023 0.030 
Atu1167 hyp. -0.59 0.0043 0.042 
Atu1168 hyp. -0.53 0.0056 0.048 
Atu1174 rrpP (H+ translocating pyrophosphate synthase) 1.02 0.0005 0.013 
Atu1182 cons. hyp. -0.58 0.0059 0.049 
Atu1216 alaS (alanyl-tRNA synthetase) -0.53 0.0037 0.039 
Atu1221 hyp. 3.1 0.0000 0.006 
Atu1222 hyp. 1.06 0.0002 0.008 
Atu1227 cons. hyp. 0.5 0.0053 0.047 
Atu1232 cons. hyp. 0.59 0.0050 0.046 
Atu1233 hyp. -1.44 0.0002 0.008 
Atu1263 cons. hyp. -0.69 0.0009 0.017 
Atu1273 cons. hyp. -0.51 0.0041 0.041 
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Atu1297 pleD (two component response regulator) -0.57 0.0044 0.043 
Atu1334 aspB (aspartate transaminase) -0.59 0.0034 0.037 
Atu1341 mrcA (penicillin-binding protein 1a) 0.85 0.0053 0.047 
Atu1378 uppS (undecaprenyl pyrophosphate synthase) 0.73 0.0032 0.036 

Atu1420 
gcvT (glycine cleavage system T protein, 
aminomethyltransferase) 0.89 0.0021 0.028 

Atu1426 eno (enolase) 0.69 0.0042 0.041 
Atu1429 pdhA (pyruvate dehydrogenase alpha subunit) -0.78 0.0012 0.020 
Atu1430 pdhB (pyruvate dehydrogenase beta subunit) -0.77 0.0007 0.015 
Atu1431 hyp. -0.7 0.0012 0.021 
Atu1432 aceF (dihydrolipoamide acetyltransferase) -0.82 0.0009 0.017 
Atu1433 arylesterase -1.19 0.0001 0.008 
Atu1434 lpdA (dihydrolipoamide dehydrogenase) -0.58 0.0039 0.040 
Atu1435 cons. hyp. -0.59 0.0038 0.040 
Atu1436 lipA (lipoic Acid Synthetase) -0.62 0.0022 0.030 
Atu1441 cons. hyp. -0.56 0.0026 0.033 
Atu1450 hfq (putative RNA-binding protein Hfq) -0.62 0.0043 0.042 
Atu1451 cons. hyp. -0.84 0.0016 0.024 
Atu1454 cysG (siroheme synthase) -0.49 0.0044 0.043 
Atu1500 rlpA (rare lipoprotein A) 0.8 0.0026 0.033 
Atu1524 cons. hyp. 0.87 0.0014 0.022 
Atu1559 cons. hyp. -1.01 0.0004 0.012 
Atu1619 secG (protein-export membrane protein SECG) -0.57 0.0031 0.036 
Atu1620 tipA (triosephosphate isomerase) -0.86 0.0007 0.015 
Atu1633 kefA (potassium efflux system KEFA) 0.61 0.0016 0.024 
Atu1637 hyp. -0.77 0.0024 0.031 
Atu1665 null (tRNA-Leu) -0.93 0.0042 0.041 
Atu1666 hyp. -0.87 0.0005 0.012 
Atu1667 cons. hyp. -0.66 0.0013 0.021 
Atu1681 coaD (phosphopantetheine adenylyltransferase) -0.59 0.0030 0.035 
Atu1683 hyp. -1.27 0.0005 0.013 
Atu1684 hyp. -0.65 0.0030 0.035 
Atu1717 fadL (long-chain fatty acid transport protein) 0.67 0.0052 0.047 
Atu1750 hisI (phosphoribosyl c-AMP cyclohydrolase) -0.47 0.0048 0.045 
Atu1757 cons. hyp. -0.87 0.0049 0.045 
Atu1771 cons. hyp. -0.47 0.0046 0.043 
Atu1773 cons. hyp. 1.23 0.0002 0.008 

Atu1786 
glmS (glucosamine-fructose-6-phosphate 
aminotransferase) -0.63 0.0055 0.048 

Atu1805 hyp. 1.55 0.0001 0.006 
Atu1821 nifS (cysteine desulfurase) -0.66 0.0011 0.019 
Atu1825 nifS (cysteine desulfurase) -0.66 0.0018 0.025 
Atu1828 tyrS (tyrosyl-tRNA synthetase) -0.8 0.0005 0.013 
Atu1842 cons. hyp. -0.56 0.0028 0.034 

Atu1843 
purC (phosphoribosylaminoimidazole-
succinocarboxamide synthase) -0.67 0.0014 0.022 

Atu1873 alaS (alanyl-tRNA synthetase) -0.53 0.0047 0.044 
Atu1879 ABC transporter, substrate binding protein [amino acid] 0.7 0.0021 0.028 
Atu1899 rbsB (ABC transporter, substrate binding protein [ribose]) 0.67 0.0030 0.035 
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Atu1946 rplC (50S ribosomal protein L3) -0.8 0.0012 0.021 
Atu1971 cons. hyp. 0.8 0.0047 0.044 
Atu1998 cons. hyp. 0.74 0.0027 0.033 
Atu1999 cons. hyp. 0.68 0.0025 0.031 
Atu2064 cons. hyp. 0.68 0.0039 0.041 
Atu2065 hyp. 1.28 0.0001 0.006 
Atu2075 cheW -0.71 0.0017 0.024 

Atu2085 
lpxC (UDP-3-0-(3-hydroxymyristoyl) N-
acetylglucosamine deacetylase) -0.83 0.0005 0.012 

Atu2098 murF (UDP-MurNAc-pentapeptide synthetase ) 0.55 0.0024 0.031 

Atu2099 
murE (UDP-N-acetylmuramoylalanyl-D-glutamate-2,6- 
diaminopimelate ligase) 0.68 0.0035 0.038 

Atu2103 cons. hyp. -0.59 0.0043 0.042 
Atu2112 slt (soluble lytic transglycosylase) 1.1 0.0011 0.019 
Atu2116 cons. hyp. 0.59 0.0026 0.033 
Atu2162 pp26 (periplasmic immunogenic protein) 0.95 0.0007 0.015 
Atu2173 mcpA -1.37 0.0004 0.011 
Atu2198 hyp. 1.4 0.0006 0.014 
Atu2223 mcpA (methyl-accepting chemotaxis protein) -0.89 0.0058 0.048 
Atu2224 aldA (aldehyde dehydrogenase) 1.24 0.0004 0.011 
Atu2231 acetyltransferase -0.56 0.0041 0.041 
Atu2254 cons. hyp. 0.94 0.0012 0.020 
Atu2333 ATP-dependent RNA helicase -0.91 0.0030 0.035 
Atu2398 ureE (urease accessory protein) -0.77 0.0006 0.013 
Atu2417 putative gluconate 5-dehydrogenase -0.58 0.0028 0.034 
Atu2439 cons. hyp. 0.62 0.0042 0.041 
Atu2448 cons. hyp. -0.53 0.0041 0.041 
Atu2477 dps (DNA oxidation protective protein, not DNA-binding) 0.92 0.0015 0.023 
Atu2484 hyp. 0.54 0.0053 0.047 
Atu2492 mtbA (MFS permease) 2.05 0.0000 0.006 
Atu2522 acvB (agrobacterium chromosomal virulence protein B) 0.67 0.0008 0.016 

Atu2601 
malE (ABC transporter, substrate binding protein 
[maltose]) 0.56 0.0020 0.027 

Atu2602 
malG (ABC transporter, membrane spanning protein 
[maltose]) 0.57 0.0055 0.048 

Atu2603 
malF IABC transporter, membrane spanning protein 
[maltose]) 0.76 0.0016 0.024 

Atu2623 atpG (ATP synthase gamma chain) -0.56 0.0032 0.036 
Atu2697 ffh (signal recognition particle protein) -0.58 0.0035 0.038 
Atu2722 ompA 0.69 0.0036 0.038 
Atu2745 acs (acetyl-coenzyme A synthetase) 0.84 0.0013 0.021 
Atu2747 cons. hyp. -0.63 0.0021 0.029 
Atu2760 cons. hyp. 1.16 0.0003 0.011 
Atu2774 carboxy-terminal protease 0.67 0.0027 0.033 
Atu2775 cons. hyp. 0.81 0.0017 0.024 
Atu2789 hyp. 1 0.0002 0.009 
Atu3015 cons. hyp. 0.9 0.0007 0.015 
Atu3016 gpmB (phosphoglyceromutase) 0.69 0.0012 0.020 
Atu3091 cons. hyp. 0.5 0.0055 0.048 
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Atu3188 
ugpC (ABC transporter, nucleotide binding/ATPase 
protein [glycerol-3-phosphate]) 0.7 0.0017 0.025 

Atu3247 minE (cell division topological specificity factor ) 0.6 0.0041 0.041 
Atu3253 ABC transporter, substrate binding protein 0.71 0.0033 0.037 

Atu3254 
ABC transporter, nucleotide binding/ATPase protein 
[dicarboxylate] 0.66 0.0030 0.035 

Atu3274 AcrB/AcrD/AcrF family protein 0.66 0.0013 0.021 
Atu3298 dctA (C4-dicarboxylate transport protein) 0.88 0.0038 0.040 
Atu3325 exoQ 1.06 0.0013 0.021 
Atu3326 exoF 1.94 0.0001 0.006 
Atu3327 exoY 2.94 0.0002 0.008 

Atu3338 
thuE (ABC transporter, substrate binding protein 
[trehalose/maltose]) 0.73 0.0018 0.026 

Atu3354 
pyrroloquinoline-quinone-dependent quinate 
dehydrogenase  -0.72 0.0056 0.048 

Atu3368 periplasmic mannitol-binding protein 0.71 0.0008 0.016 
Atu3383 prsD (rhizobicin secretion) 0.61 0.0019 0.027 
Atu3425 cons. hyp. -0.72 0.0011 0.019 
Atu3502 ABC transporter, membrane spanning protein -0.94 0.0012 0.020 
Atu3503 ABC transporter, membrane spanning protein -0.93 0.0018 0.025 
Atu3504 ABC transporter, substrate binding protein -1.03 0.0004 0.011 
Atu3507 cons. hyp. -0.58 0.0039 0.040 
Atu3519 ppiD (peptidyl-prolyl cis-trans isomerase) 0.96 0.0011 0.020 
Atu3540 hyp. 0.57 0.0031 0.036 
Atu3546 exsH -0.92 0.0005 0.012 
Atu3547 cons. hyp. -0.63 0.0013 0.021 
Atu3639 hyp. 0.98 0.0020 0.027 
Atu3641 cons. hyp. 0.96 0.0006 0.014 
Atu3642 vgrG (vgrG protein) 0.8 0.0036 0.038 
Atu3666 cons. hyp. 0.51 0.0037 0.040 
Atu3687 TonB-dependent receptor -1.21 0.0005 0.012 
Atu3713 palA (omp16) 0.85 0.0003 0.011 
Atu3714 tolB 1.08 0.0002 0.008 
Atu3716 tolR 0.7 0.0015 0.022 
Atu3717 tolQ 0.97 0.0003 0.011 
Atu3729 cons. hyp. 0.57 0.0050 0.046 
Atu3737 gapA  (Glyceraldehyde 3-Phosphate Dehydrogenase) 0.96 0.0027 0.033 
Atu3740 fructose bisphosphate aldolase 1.59 0.0006 0.014 
Atu3752 cons. hyp. 2.38 0.0000 0.006 
Atu3756 hyp. -0.68 0.0035 0.038 
Atu3778 galU 1.35 0.0002 0.008 

Atu3823 
metE (5-methyltetrahydropteroyltriglutamate- 
homocysteine methyltransferase) -0.59 0.0028 0.034 

Atu3824 hyp. -0.99 0.0003 0.011 
Atu3843 hyp. -0.75 0.0026 0.032 
Atu3868 hyp. -0.77 0.0018 0.025 
Atu3890 glpK (glycerol kinase) 1.2 0.0001 0.006 
Atu3892 cons. hyp. 1.09 0.0002 0.008 
Atu3893 ABC transporter, membrane spanning protein 1.47 0.0001 0.006 
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Atu3895 
ABC transporter, nucleotide binding/ATPase protein 
[sugar] 0.98 0.0008 0.016 

Atu3896 ABC transporter (nucleotide binding/ATPase protein) 0.87 0.0004 0.012 
Atu3974 ina (ice nucleation-like protein) -0.86 0.0007 0.015 
Atu3977 ina (ice nucleation-like protein) -1.16 0.0001 0.006 
Atu3999 bioD (dethiobiotin synthase) -0.58 0.0024 0.031 

Atu4000 
bioA (adenosylmethionine-8-amino-7-oxononanoate 
aminotransferase) -0.48 0.0048 0.045 

Atu4014 exsI (transcriptional regulator) 1.22 0.0001 0.006 
Atu4026 cons. hyp. 2.58 0.0000 0.006 
Atu4031 ABC transporter, membrane spanning protein [sugar]  0.58 0.0060 0.049 
Atu4033 ABC transporter, substrate binding protein [sugar] 0.71 0.0011 0.019 
Atu4037 gcd (glucose dehydrogenase) 0.87 0.0004 0.012 
Atu4049 exoP 1.87 0.0000 0.006 
Atu4050 exoN 2.66 0.0001 0.006 
Atu4051 exoO 1.35 0.0001 0.006 
Atu4052 exoM 1.45 0.0004 0.012 
Atu4053 exoA 1.19 0.0018 0.025 
Atu4054 exoL 1.25 0.0012 0.020 
Atu4055 exoK 1.66 0.0003 0.011 
Atu4056 exoH 1.63 0.0001 0.006 
Atu4057 exoT 0.83 0.0027 0.033 
Atu4058 exoW 1.03 0.0006 0.013 
Atu4059 exoV 0.79 0.0004 0.012 
Atu4060 exoU 1.36 0.0001 0.006 
Atu4097 nadB (L-aspartate oxidase) -0.74 0.0053 0.047 
Atu4165 cons. hyp. 0.71 0.0020 0.027 
Atu4166 exoB 1.56 0.0003 0.011 
Atu4174 prfA (peptide chain release factor 1) -0.52 0.0029 0.035 
Atu4179 hyp. -0.58 0.0060 0.049 
Atu4240 alkanal monooxygenase alpha chain 0.77 0.0006 0.014 
Atu4319 transcriptional regulator, AraC family 0.73 0.0008 0.016 
Atu4320 rbsB (ATP transporter, substrate (ribose) binding) 1.86 0.0000 0.006 

Atu4321 
rbsA (ABC transporter, nucleotide binding/ATPase 
protein [ribose]) 0.9 0.0010 0.019 

Atu4322 
rbsC (ABC transporter, membrane spanning protein 
[ribose]) 0.8 0.0007 0.015 

Atu4323 rdh (ribitol-2-dehydrogenase) 1.27 0.0001 0.006 
Atu4324 ribitol kinase 0.53 0.0052 0.047 
Atu4325 cbr (carbonyl reductase) 0.85 0.0006 0.013 
Atu4330 impN (serine/threonine protein kinase) 0.74 0.0040 0.041 
Atu4331 impM (ser/thr phosphatase) 1.3 0.0001 0.006 
Atu4332 impL 1.24 0.0005 0.012 
Atu4333 impK 1.21 0.0004 0.011 
Atu4334 impJ 1.76 0.0002 0.008 
Atu4335 impI 1.18 0.0001 0.006 
Atu4336 impH 0.86 0.0007 0.015 
Atu4337 impG 1.96 0.0002 0.009 
Atu4338 impF 1.59 0.0001 0.006 
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Atu4339 impE 1.38 0.0005 0.012 
Atu4340 impD 1.86 0.0005 0.012 
Atu4341 impC 2.65 0.0001 0.006 
Atu4342 impB 2.48 0.0000 0.006 
Atu4343 impA 2.15 0.0000 0.006 
Atu4345 cons. hyp. 1.93 0.0003 0.011 
Atu4346 cons. hyp. 1.54 0.0007 0.015 
Atu4347 hyp. 1.69 0.0003 0.010 
Atu4348 vgrG (t6ss effector) 1.11 0.0019 0.026 
Atu4349 cons. hyp. 1.23 0.0016 0.024 
Atu4350 hyp. 0.89 0.0045 0.043 
Atu4351 hyp. 1.19 0.0041 0.041 
Atu4352 hyp. 0.91 0.0007 0.015 
Atu4465 kdgR (transcriptional regulator) -0.5 0.0034 0.037 
Atu4472 hyp. -1.22 0.0056 0.048 
Atu4487 ABC transporter, nucleotide binding/ATPase protein -0.54 0.0049 0.045 
Atu4488 ABC transporter, membrane spanning protein -0.78 0.0009 0.017 
Atu4491 cons. hyp. -0.61 0.0038 0.040 
Atu4510 iolE (cons. hyp.) 0.54 0.0047 0.044 

Atu4524 
ABC transporter, membrane spanning protein 
[oligopeptide] -0.62 0.0045 0.043 

Atu4530 transcriptional regulator, TetR family -0.55 0.0048 0.045 
Atu4547 pcaI (3-oxoadipate CoA-transferase subunit A) -0.7 0.0032 0.036 
Atu4630 hyp. 0.57 0.0049 0.045 
Atu4640 hyp. 0.91 0.0015 0.022 
Atu4642 katA 0.63 0.0032 0.036 
Atu4665 melA (alpha-galactosidase) 0.61 0.0026 0.032 
Atu4706 nuoE (NADH ubiquinone oxidoreductase chain E) 0.65 0.0016 0.024 
Atu4707 nuoF (NADH ubiquinone oxidoreductase chain F) 0.67 0.0018 0.026 
Atu4727 cons. hyp. 1.25 0.0011 0.019 
Atu4736 methyl-accepting chemotaxis protein -1.06 0.0002 0.008 
Atu4744 ABC transporter, substrate binding protein [sugar] 0.52 0.0045 0.043 
Atu4768 cons. hyp. -1.26 0.0020 0.027 
Atu4769 cons. hyp. 0.52 0.0028 0.034 
Atu4842 ABC transporter, substrate binding protein [sugar] 0.71 0.0014 0.022 
Atu4848 deoC (2-deoxyribose-5-phosphate aldolase) 0.64 0.0023 0.030 
Atu4856 nucleotidyltransferase 0.51 0.0057 0.048 
Atu4874 hyp. -0.56 0.0053 0.047 
Atu4875 cons. hyp. -0.55 0.0033 0.037 
Atu5031 cons. hyp. -0.82 0.0007 0.015 
Atu5049 cons. hyp. 0.81 0.0055 0.048 

Atu5071 
dppA (ABC transporter, substrate binding protein 
[dipeptide]) 0.71 0.0039 0.040 

Atu5085 metallo-beta-lactamase 0.59 0.0040 0.041 
Atu5089 cons. hyp. 0.94 0.0006 0.014 
Atu5090 rcdA (curdlan biosynthesis) 1.4 0.0007 0.015 
Atu5091 rcdB (curdlan synthesis) 1.62 0.0000 0.006 
Atu5094 tnpA (ISL3 family transposase) 0.85 0.0028 0.034 
Atu5108 traG -1.22 0.0003 0.011 
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Atu5109 traD -2.08 0.0000 0.006 
Atu5110 traC -1.99 0.0000 0.006 
Atu5113 transcriptional regulator -1.72 0.0002 0.009 
Atu5114 hyp. -0.83 0.0015 0.022 
Atu5116 rctB (transcriptional regulator protein) -2.67 0.0001 0.006 
Atu5117 hyp. -3.33 0.0003 0.010 
Atu5118 aminotransferase, class II -3.31 0.0056 0.048 
Atu5119 two-component response regulator -1.52 0.0008 0.016 
Atu5121 two-component response regulator -1.89 0.0001 0.006 
Atu5122 fabG (3-oxoacyl-(acyl-carrier protein) reductase) -1.35 0.0003 0.011 
Atu5123 atrC (acetolactate synthase) -1.63 0.0002 0.009 
Atu5124 atrB (glutamate-1-semialdehyde aminotransferase) -1.56 0.0002 0.008 
Atu5125 atrA (transcriptional regulator, GntR family) 0.53 0.0041 0.041 
Atu5139 blcC (Zn-dependent gamma butyryl lactone lactonase) 0.61 0.0016 0.024 
Atu5158 hyp. -1.07 0.0054 0.047 
Atu5159 atsE (cons. hyp.) -0.95 0.0058 0.048 
Atu5160 rctA (transcriptional regulator protein) -1.31 0.0001 0.006 
Atu5161 cons. hyp. -2.35 0.0002 0.008 
Atu5162 avhB1 -2.94 0.0003 0.010 
Atu5163 avhB2 -2.51 0.0004 0.012 
Atu5164 avhB3 -2.58 0.0052 0.047 
Atu5165 avhB4 -2.94 0.0001 0.006 
Atu5166 avhB5 -2.55 0.0000 0.006 
Atu5167 avhB6 -2.43 0.0003 0.011 
Atu5168 avhB7 -2.76 0.0001 0.006 
Atu5169 avhB8 -2.53 0.0000 0.006 
Atu5170 avhB9 -2.6 0.0001 0.006 
Atu5171 avhB10 -2.56 0.0000 0.006 
Atu5172 avhB11 -2.48 0.0000 0.006 
Atu5173 dehydrogenase -1.24 0.0009 0.016 
Atu5195 transcriptional regulator, LysR family  0.65 0.0026 0.033 
Atu5488 cons. hyp. 0.65 0.0022 0.029 
Atu5490 ecfR (ECF family sigma factor) 0.6 0.0019 0.027 
Atu5515 hyp. -0.72 0.0045 0.043 
Atu5516 hyp. -0.58 0.0041 0.041 
Atu5545 hyp. 0.78 0.0011 0.020 

Atu6022 
hyuA (N-methylhydantoinase A/acetone carboxylase, 
beta subunit) 0.56 0.0028 0.034 

Atu6118 hyp. 1.26 0.0003 0.011 
Atu6150 virH1 1.18 0.0004 0.012 
Atu6151 virH2 0.79 0.0009 0.017 
Atu6162 cons. hyp. 1.35 0.0002 0.008 
Atu6178 virG 2.62 0.0000 0.006 
Atu6186 virE3 (virA/G regulated protein) 0.67 0.0057 0.048 
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Appendix 3:  All differentially expressed genes identified in Comparison C (exoA (Plac-
exoR) to exoRexoA (pBBR1MCS5) mutant).  Annotation of “conserved hypothetical” 
indicated as “c.h.,” “hypothetical” annotation indicated as “h.” 

Gene ID Gene Annotation M P Q 
Atu0033_1439 chvG 1.61 2.80E-04 0.03 
Atu0034_459 chvI 1.56 2.59E-04 0.03 
Atu0058_159 h. -1.15 6.75E-04 0.04 
Atu0183_109 dapB -1.45 9.03E-04 0.04 
Atu0290_359 rare lipoprotein a 1.68 1.02E-03 0.04 
Atu0299_409 c.h. 1.26 4.43E-04 0.04 
Atu0300_209 methyltransferase 1.44 9.42E-05 0.03 
Atu0309_259 c.h. -1.12 7.72E-04 0.04 
Atu0361_409 transcriptional regulator 1.39 6.09E-05 0.02 
Atu0373_2259 mcp -1.51 5.16E-04 0.04 
Atu0381_59 h. 2.24 9.65E-05 0.03 
Atu0444_59 c.h. 1.35 3.23E-04 0.03 
Atu0457_1759 c.h. 1.37 4.87E-05 0.02 
Atu0462_559 endolysin 1.02 4.33E-04 0.04 
Atu0514_59 mcp -1.40 8.44E-04 0.04 
Atu0516_239 cheY -1.76 6.88E-04 0.04 
Atu0517_1449 cheA -1.40 1.05E-03 0.04 
Atu0520_259 cheY -1.37 8.41E-04 0.04 
Atu0545_409 flaA -1.96 9.37E-04 0.04 
Atu0547_259 fliL -1.55 1.28E-03 0.05 
Atu0548_309 flgH -2.31 6.44E-04 0.04 
Atu0549_59 c.h. -1.96 1.24E-03 0.05 
Atu0550_559 flgI -2.07 1.12E-03 0.04 
Atu0552_719 flgG -3.31 1.08E-03 0.04 
Atu0554_309 flgC -2.88 4.40E-04 0.04 
Atu0555_309 flgB -3.22 3.98E-04 0.04 
Atu0556_209 c.h. -1.40 6.22E-04 0.04 
Atu0557_409 fliI -1.82 9.39E-04 0.04 
Atu0558_689 flgF -2.27 9.72E-04 0.04 
Atu0560_559 motA -2.42 1.04E-03 0.04 
Atu0561_409 fliM -2.51 1.25E-03 0.05 
Atu0563_569 fliG -2.29 7.19E-04 0.04 
Atu0566_159 h. -1.49 8.46E-04 0.04 
Atu0569_939 motB -1.46 6.89E-04 0.04 
Atu0574_109 flgE -1.85 6.71E-04 0.04 
Atu0575_1309 flgK -1.79 7.83E-04 0.04 
Atu0576_159 flgL -1.34 1.02E-03 0.04 
Atu0577_209 flaF -1.47 1.30E-03 0.05 
Atu0578_409 flbT -1.45 4.07E-04 0.04 
Atu0586_209 hyp. -0.95 1.40E-03 0.05 
Atu0587_659 tagA -1.08 9.65E-04 0.04 
Atu0646_209 mcpA -1.38 1.02E-03 0.04 
Atu0681_359 h. -1.23 6.47E-04 0.04 
Atu0700_1569 2-comp. s.k. -1.31 9.74E-04 0.04 
Atu0737_109 no annotation -0.86 1.29E-03 0.05 
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Atu0738_1929 mcpG -1.15 6.81E-04 0.04 
Atu0782_159 c.h. 0.90 1.16E-03 0.04 

Atu0785_209 
rimJ (ribosomal-protein (S5)-alanine N-
acetyltransferase ) 1.36 5.11E-04 0.04 

Atu0841_659 c.h. 2.10 4.62E-04 0.04 
Atu0881_259 cytochrome c-556 1.27 2.78E-04 0.03 
Atu0892_159 h. -1.90 1.17E-03 0.04 
Atu0898_59 c.h. 1.77 6.77E-05 0.02 
Atu0933_759 beta-lactamase class D 2.04 2.27E-04 0.03 
Atu0943_159 h. 2.14 1.01E-04 0.03 
Atu0944_1594 cscA 2.81 2.28E-05 0.01 
Atu0998_159 bacA 1.33 4.78E-04 0.04 
Atu1002_1409 Aminotransferase class-III 0.79 1.42E-03 0.05 
Atu1022_1559 soluble lytic transglycosylase 0.98 8.33E-04 0.04 
Atu1061_109 h. 1.57 6.33E-04 0.04 
Atu1099_919 c.h. 0.96 1.21E-03 0.05 
Atu1150_259 c.h. 1.83 3.60E-04 0.04 
Atu1221_259 h. 4.18 4.66E-04 0.04 
Atu1227_369 c.h. 1.26 2.11E-04 0.03 
Atu1232_509 c.h. 1.00 7.67E-04 0.04 
Atu1233_209 h. -1.96 1.47E-03 0.05 
Atu1333_659 omp 0.95 1.03E-03 0.04 
Atu1500_619 rlpA (rare lipoprotein A) 1.51 5.20E-05 0.02 
Atu1621_219 c.h. 1.12 8.76E-04 0.04 
Atu1631_509 rrpX (two component response regulator) -1.32 3.99E-04 0.04 
Atu1638_439 h. 1.04 4.42E-04 0.04 
Atu1640_109 hyp. 1.08 7.28E-04 0.04 
Atu1715_539 exoR -2.75 1.95E-04 0.03 
Atu1716_109 h. 1.36 1.72E-04 0.03 
Atu1734_210 h. -0.89 1.15E-03 0.04 
Atu1745_859 c.h. 1.27 1.30E-03 0.05 
Atu1762_509 c.h. 1.41 7.39E-04 0.04 
Atu1773_309 c.h. 1.24 8.57E-04 0.04 
Atu1805_59 h. 0.97 6.21E-04 0.04 
Atu1877_609 OmpA family protein 1.11 3.10E-04 0.03 
Atu2064_309 c.h. 1.29 4.08E-04 0.04 
Atu2065_59 hyp. 2.12 7.90E-04 0.04 
Atu2133_859 c.h. 0.97 9.37E-04 0.04 
Atu2157_474 tyr/ser protein phosphatase 1.55 6.92E-04 0.04 
Atu2160_389 h. 1.84 2.24E-04 0.03 
Atu2173_1499 mcpA -1.65 2.22E-04 0.03 
Atu2198_109 h. 2.62 4.92E-04 0.04 
Atu2223_1809 mcpA -1.69 7.16E-04 0.04 
Atu2254_619 c.h. 1.43 3.06E-04 0.03 
Atu2272_629 c.h. 1.27 3.17E-04 0.03 
Atu2286_309 c.h. 1.10 1.09E-03 0.04 
Atu2303_159 c.h. 1.30 1.15E-03 0.04 
Atu2381_159 c.h. -1.65 1.13E-03 0.04 
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Atu2421_274 chitooligosaccharide deacetylase 1.53 5.65E-04 0.04 
Atu2470_409 c.h. -1.42 7.47E-04 0.04 
Atu2611_439 c.h. 1.23 1.33E-04 0.03 
Atu2674_159 h. 1.16 3.77E-04 0.04 
Atu2711_159 h. 1.26 1.09E-03 0.04 
Atu2760_159 c.h. 1.54 3.35E-05 0.02 
Atu2775_259 c.h. 1.90 6.03E-05 0.02 
Atu2789_109 h. 1.06 5.71E-04 0.04 
Atu3082_159 h. 1.45 4.84E-04 0.04 
Atu3273_1219 HlyD family secretion protein 1.05 9.14E-04 0.04 
Atu3317_259 h. 1.28 7.73E-04 0.04 
Atu3326_109 exoF 2.31 2.26E-04 0.03 
Atu3327_559 exoY 2.88 2.05E-04 0.03 
Atu3332_409 c.h. 1.02 2.62E-04 0.03 
Atu3519_439 ppiD (peptidyl-prolyl cis-trans isomerase) 1.05 7.71E-04 0.04 
Atu3546_1559 h. -0.89 1.45E-03 0.05 
Atu3641_809 c.h. 1.18 5.66E-04 0.04 
Atu3643_159 h. 1.05 3.64E-04 0.04 
Atu3713_489 palA (omp16) 0.90 1.12E-03 0.04 
Atu3714_874 tolB 1.96 1.86E-05 0.01 
Atu3716_259 tolR 1.53 1.52E-04 0.03 
Atu3717_309 tolQ 1.37 8.81E-04 0.04 
Atu3752_159 c.h. 2.27 2.27E-05 0.01 
Atu3778_259 galU 1.13 7.57E-04 0.04 
Atu3976_359 c.h. -1.08 1.42E-03 0.05 
Atu3977_1909 ina -2.11 2.91E-04 0.03 
Atu3990_109 copC 1.07 8.11E-04 0.04 
Atu4014_159 exsI 1.22 1.22E-03 0.05 
Atu4026_209 c.h. 2.65 1.22E-05 0.01 
Atu4037_659 gcd 1.33 4.51E-04 0.04 
Atu4049_389 exoP 1.61 1.11E-03 0.04 
Atu4050_759 exoN 2.43 5.43E-05 0.02 
Atu4052_739 exoM 1.91 1.74E-05 0.01 
Atu4054_719 exoL 2.02 1.26E-04 0.03 
Atu4055_209 exoK 2.27 1.25E-05 0.01 
Atu4056_59 exoH 2.44 1.43E-06 0.01 
Atu4057_1429 exoT 1.78 3.72E-04 0.04 
Atu4058_709 exoW 1.60 5.52E-04 0.04 
Atu4059_439 exoV 1.30 1.35E-04 0.03 
Atu4060_509 exoU 1.58 5.73E-04 0.04 
Atu4166_709 exoB 1.73 6.96E-04 0.04 
Atu4320_59 rbsB 1.68 1.67E-05 0.01 
Atu4323_559 rdh 1.50 1.15E-04 0.03 
Atu4332_1339 impL 1.57 5.30E-04 0.04 
Atu4333_1119 impK 1.47 1.18E-03 0.04 
Atu4334_959 impJ 1.58 1.09E-04 0.03 
Atu4335_709 impI 1.38 1.29E-03 0.05 
Atu4337_139 impG 1.96 3.18E-05 0.02 
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Atu4338_59 impF 1.71 2.54E-04 0.03 
Atu4340_1069 impD 1.90 6.20E-04 0.04 
Atu4341_59 impC 2.03 2.58E-04 0.03 
Atu4342_459 impB 1.90 2.25E-04 0.03 
Atu4343_209 impA 2.19 1.24E-04 0.03 
Atu4344_2529 clpB 1.18 2.10E-04 0.03 
Atu4345_409 c.h. 1.53 1.39E-04 0.03 
Atu4346_309 c.h. 1.13 1.11E-03 0.04 
Atu4347_259 h. 1.24 1.16E-03 0.04 
Atu4348_809 vgrG 1.30 8.64E-04 0.04 
Atu4349_659 c.h. 0.89 1.26E-03 0.05 
Atu5020_109 c.h. -0.86 1.38E-03 0.05 
Atu6178_359 virG 2.67 3.45E-04 0.04 
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Appendix 4:  All differentially expressed genes identified in Comparison D (exoR 
(pBBR1MCS5) to exoRexoA (pBBR1MCS5) mutant).  Annotation of “conserved 
hypothetical” indicated as “c.h.,” “hypothetical” annotation indicated as “h.” 

Gene ID Gene Annotation M P Q 
Atu0015_809 depA -0.68 1.16E-03 0.0296 
Atu0029_409 ahcY 0.69 2.10E-03 0.0440 
Atu0035_1669 pckA -1.74 3.14E-06 0.0005 
Atu0045_689 hslU 0.74 8.06E-04 0.0246 
Atu0086_59 rbfA 0.53 2.08E-03 0.0439 
Atu0136_109 add 0.61 6.30E-04 0.0209 
Atu0143_109 mfs permease -0.87 5.96E-04 0.0205 
Atu0155_259 h. -0.68 1.58E-03 0.0358 
Atu0183_109 dapB 0.85 4.93E-04 0.0186 
Atu0184_869 glk 0.69 5.67E-04 0.0199 
Atu0205_609 mmsA 1.12 8.92E-06 0.0011 
Atu0243_359 c.h. 0.53 1.26E-03 0.0304 
Atu0310_719 gshB 0.62 9.70E-04 0.0266 
Atu0335_109 c.h. 0.76 1.35E-04 0.0086 
Atu0358_159 c.h. 0.72 4.19E-04 0.0167 
Atu0365_1219 c.h. 0.60 9.13E-04 0.0261 
Atu0390_489 ubiE -0.58 2.57E-03 0.0479 
Atu0400_109 pyrE -0.50 2.72E-03 0.0487 
Atu0428_989 argD 0.56 9.99E-04 0.0273 
Atu0453_409 h. 0.79 6.92E-04 0.0223 
Atu0457_1759 c.h. 0.65 3.99E-04 0.0166 
Atu0461_269 c.h. 0.80 8.98E-04 0.0259 
Atu0470_209 c.h. 0.87 8.99E-05 0.0062 
Atu0472_459 c.h. -0.70 1.22E-03 0.0298 
Atu0484_509 two-component response regulator -0.89 4.69E-04 0.0182 
Atu0528_209 mcsL -0.58 1.03E-03 0.0277 
Atu0534_259 infA 0.77 4.14E-04 0.0167 
Atu0592_209 aglF 0.50 1.84E-03 0.0403 
Atu0600_209 zwf 0.60 7.94E-04 0.0245 
Atu0601_989 ordL 0.50 2.84E-03 0.0496 
Atu0638_159 c.h. 0.73 1.51E-04 0.0092 
Atu0666_719 glcE 1.20 1.99E-03 0.0431 
Atu0704_524 dgoK 0.77 3.33E-04 0.0145 
Atu0707_109 transcriptional regulator, LuxR family 0.56 1.22E-03 0.0298 
Atu0710_109 corA 0.57 1.10E-03 0.0291 
Atu0763_59 hydrolase 0.77 7.68E-04 0.0241 
Atu0768_309 coxA -0.56 1.47E-03 0.0347 
Atu0770_259 coxG -0.58 6.36E-04 0.0209 
Atu0811_1349 mqo 0.91 2.31E-04 0.0122 
Atu0851_209 c.h. -0.56 8.20E-04 0.0247 
Atu0853_109 c.h. -0.77 1.15E-04 0.0077 
Atu0854_209 c.h. -0.86 1.44E-04 0.0089 
Atu0891_624 cation efflux system protein -0.53 1.16E-03 0.0296 
Atu0900_709 c.h. 0.61 2.77E-03 0.0494 
Atu0951_479 large terminase phage packaging protein -0.74 2.78E-04 0.0133 
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Atu0969_289 h. 0.73 3.22E-04 0.0141 
Atu1009_109 c.h. -0.89 2.06E-03 0.0439 
Atu1013_1059 ferredoxin reductase 0.59 2.45E-03 0.0472 
Atu1107_209 c.h. 0.68 7.88E-04 0.0245 
Atu1174_1309 rrpP -0.77 2.11E-04 0.0117 
Atu1213_269 h. 0.71 3.96E-04 0.0165 
Atu1227_369 c.h. 0.58 5.85E-04 0.0202 
Atu1301_109 c.h. 0.66 2.56E-04 0.0129 
Atu1351_109 c.h. 0.60 5.38E-04 0.0195 

Atu1399_309 
ABC transporter, substrate binding protein 
[amino acid] -0.88 4.68E-05 0.0037 

Atu1406_209 isomerase/lactonizing enzyme 1.29 1.27E-05 0.0014 
Atu1427_159 h. -0.70 2.45E-04 0.0126 
Atu1449_1059 trkA (potassium uptake protein) 0.52 1.19E-03 0.0298 

Atu1526_409 
gntZ (6-phosphogluconate dehydrogenase, 
decarboxylating) 0.70 4.18E-04 0.0167 

Atu1529_109 fixH (nitrogen fixation protein) 0.89 6.83E-04 0.0222 
Atu1539_259 hvsT (sulfate permease) 0.55 2.61E-03 0.0482 
Atu1540_609 c.h. 0.61 2.06E-03 0.0439 
Atu1545_879 c.h. 0.54 1.13E-03 0.0294 

Atu1580_759 
ABC transporter, nucleotide binding/ATPase 
protein [amino acid binding] -0.59 6.17E-04 0.0208 

Atu1599_309 fabZ 0.67 2.10E-03 0.0440 
Atu1613_324 rpiA 0.65 4.51E-04 0.0176 
Atu1634_109 c.h. -0.87 2.36E-03 0.0469 
Atu1647_59 ABC transporter, membrane spaning protein 0.61 1.58E-03 0.0358 
Atu1665_59 tRNA-Leu 0.92 7.52E-05 0.0056 
Atu1667_109 c.h. 0.83 8.76E-04 0.0257 
Atu1673_209 lysA (diaminopimelate decarboxylase) -0.97 8.11E-04 0.0246 
Atu1682_59 h. 0.80 3.18E-04 0.0141 
Atu1683_209 h. 1.14 2.37E-04 0.0123 
Atu1759_1089 sdaA -0.68 7.82E-04 0.0244 
Atu1784_609 c.h. 0.58 5.61E-04 0.0199 
Atu1865_189 h. 0.66 1.01E-03 0.0274 
Atu1873_2399 alaS (alanyl-tRNA synthetase) 0.54 2.81E-03 0.0496 
Atu1892_159 c.h. 0.61 4.95E-04 0.0186 
Atu1899_209 rbsB (abc transporter, ribose) -1.40 8.40E-05 0.0061 
Atu1920_59 c.h. 0.80 8.68E-05 0.0061 
Atu2065_59 not in annotation 0.65 6.96E-04 0.0223 
Atu2080_259 acetyltransferase 0.51 2.69E-03 0.0485 
Atu2157_474 tyr/ser protein phosphatase 0.69 3.60E-04 0.0154 
Atu2213_819 lgt (prolipoprotein diacylglyceryl transferase) 0.58 9.51E-04 0.0264 
Atu2224_1089 aldA -1.05 3.20E-04 0.0141 
Atu2234_409 c.h. -1.10 4.93E-04 0.0186 
Atu2390_559 ABC transporter, membrane spaning protein -0.64 6.75E-04 0.0220 
Atu2399_459 c.h. 0.75 1.23E-04 0.0080 
Atu2409_459 c.h. 0.63 4.14E-04 0.0167 
Atu2415_59 glutamine synthetase translation inhibitor -1.13 1.42E-04 0.0089 
Atu2468_59 h. -0.81 2.19E-03 0.0452 



 168 

Gene ID Gene Annotation M P Q 
Atu2469_59 c.h. -1.45 2.67E-04 0.0131 
Atu2470_409 c.h. -2.22 5.83E-06 0.0008 
Atu2471_689 c.h. -2.04 8.55E-06 0.0011 
Atu2472_239 h. -0.64 1.62E-03 0.0364 
Atu2473_589 ABC transporter, substrate binding protein 0.53 1.21E-03 0.0298 
Atu2482_559 mexE (HlyD family secretion protein) 0.50 2.27E-03 0.0463 
Atu2492_939 mtbA -2.43 2.40E-06 0.0004 
Atu2493_1309 pntA  -0.51 2.05E-03 0.0439 
Atu2501_59 h. -1.03 3.11E-04 0.0141 
Atu2603_859 malF (abc transorter, membrane spanning) 1.14 8.60E-05 0.0061 
Atu2604_309 oxidoreductase 1.23 1.56E-05 0.0017 
Atu2606_109 transcriptional regulator, GntR family 1.46 3.87E-06 0.0006 
Atu2607_999 glmS 1.06 2.31E-05 0.0021 
Atu2608_659 nagA 0.68 6.32E-04 0.0209 
Atu2610_1069 FAD-dependent monooxygenase 0.58 7.39E-04 0.0234 
Atu2632_59 lpdA  -0.73 1.09E-03 0.0288 
Atu2636_2019 sucA -0.53 1.39E-03 0.0330 
Atu2639_509 putative malate dehydrogenase -0.64 1.67E-03 0.0372 
Atu2700_304 rimM 0.51 2.65E-03 0.0483 
Atu2708_609 MFS permease 0.80 5.33E-04 0.0195 
Atu2711_159 hypothetical protein 0.72 2.27E-03 0.0463 
Atu2744_309 C4-decarboxylate binding protein -0.86 1.75E-04 0.0101 
Atu2745_1109 acs -0.82 7.65E-05 0.0056 
Atu2751_309 fdxA (ferredoxin) 0.59 5.61E-04 0.0199 
Atu2808_1359 cbiP  0.54 1.83E-03 0.0403 
Atu3067_639 c.h. -0.52 1.33E-03 0.0319 
Atu3082_159 h. (as Atu8183) 0.51 2.41E-03 0.0472 
Atu3122_59 cold shock protein 0.78 3.15E-04 0.0141 
Atu3123_189 rpsU 0.70 1.16E-03 0.0296 
Atu3126_109 h. -0.63 1.58E-03 0.0358 

Atu3165_869 
ABC transporter, substrate binding protein 
[sorbitol/mannitol]  -0.68 3.84E-04 0.0163 

Atu3169_659 
ABC transporter, membrane spanning 
protein [sorbitol/mannitol] -0.93 5.82E-04 0.0202 

Atu3178_539 ABC transporter, substrate binding protein -0.58 8.93E-04 0.0259 
Atu3185_259 ugpB (abc transporter, glycerol binding) -1.62 2.31E-06 0.0004 
Atu3186_259 ugpA -1.15 8.87E-06 0.0011 
Atu3187_759 ugpE -1.25 1.31E-05 0.0014 
Atu3188_409 ugpC -1.04 4.14E-05 0.0034 
Atu3198_59 h. -1.13 1.88E-05 0.0018 
Atu3235_359 c.h. -0.56 8.53E-04 0.0253 

Atu3236_509 
ABC transporter, nucleotide binding/ATPase 
protein [sugar] -0.57 2.54E-03 0.0478 

Atu3252_59 exuR -1.56 8.96E-07 0.0002 
Atu3253_259 abc transporter, ? Binding -1.75 1.68E-06 0.0003 
Atu3254_459 abc transporter, atpase, dicarboxylate -1.71 9.43E-06 0.0011 
Atu3256_369 zinc-binding dehydrogenase -0.83 1.68E-04 0.0099 
Atu3257_829 uxuA (mannonate dehydratase) -0.93 2.14E-04 0.0117 
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Atu3282_569 
ABC transporter, nucleotide binding/ATPase 
protein [sugar] -0.69 2.13E-04 0.0117 

Atu3293_59 dadA 1.35 6.30E-05 0.0049 
Atu3295_309 c.h. 0.70 2.35E-03 0.0469 
Atu3298_1089 dctA -1.74 2.46E-06 0.0004 
Atu3327_559 exoY 1.03 1.95E-05 0.0018 
Atu3329_819 bioA 0.82 1.01E-04 0.0068 
Atu3338_1109 thuE (abc transporter, sugar binding) -0.97 3.19E-05 0.0028 

Atu3339_909 
thuF (abc transporter, membrane spanning, 
sugar) -0.82 1.36E-04 0.0086 

Atu3341_989 
thuK (ABC transporter, nucleotide 
binding/ATPase protein [trehalose/maltose] ) -0.52 1.53E-03 0.0357 

Atu3347_109 c.h. -0.61 9.26E-04 0.0261 

Atu3351_589 
ABC transporter, membrane spanning 
protein [sugar] -0.68 7.10E-04 0.0226 

Atu3352_109 
ABC transporter, substrate binding protein 
[sugar] -0.78 1.57E-03 0.0358 

Atu3368_359 periplasmic mannitol-binding protein -0.58 2.65E-03 0.0483 

Atu3372_59 
ABC transporter, substrate binding protein 
[sugar] -0.62 9.43E-04 0.0263 

Atu3396_959 
ABC transporter, substrate binding protein 
[iron] -0.62 2.49E-03 0.0475 

Atu3426_959 putative sulfonate monooxygenase -0.77 3.52E-04 0.0152 

Atu3455_1234 
ABC transporter, substrate binding protein 
[oligopeptide] -0.79 6.37E-04 0.0209 

Atu3494_309 c.h. 0.53 1.42E-03 0.0337 
Atu3524_359 h. 0.67 1.08E-03 0.0286 

Atu3533_569 
ABC transporter, substrate binding protein 
[sugar] -0.65 4.99E-04 0.0186 

Atu3564_459 exsH 0.75 1.83E-04 0.0104 

Atu3575_1274 
xylH (ABC transporter, membrane spanning 
protein [xylose] ) -0.57 8.09E-04 0.0246 

Atu3692_119 sigma factor 0.80 2.71E-04 0.0132 
Atu3706_359 serA 1.55 1.17E-06 0.0003 
Atu3718_259 c.h. 0.56 8.33E-04 0.0248 
Atu3731_259 5-formyltetrahydrofolate cyclo-ligase 0.57 2.67E-03 0.0484 
Atu3740_959 fructose bisphosphate aldolase -2.08 7.22E-06 0.0010 
Atu3761_509 c.h. 0.61 5.65E-04 0.0199 
Atu3778_259 galU -1.07 2.72E-05 0.0024 
Atu3832_1159 h. 0.59 1.11E-03 0.0291 

Atu3881_309 
ABC transporter, substrate binding protein 
[sugar] -0.65 1.13E-03 0.0294 

Atu3890_959 glpK -1.68 1.86E-06 0.0004 
Atu3892_209 c.h. -1.64 3.33E-06 0.0005 
Atu3893_309 abc transporter, sugar -1.80 3.15E-06 0.0005 
Atu3895_509 abc transporter, sugar, atpase -1.77 1.86E-05 0.0018 
Atu3896_859 abc transporter, sugar, atpase -1.41 5.47E-05 0.0043 
Atu3897_59 glpD -1.27 1.02E-05 0.0012 



 170 

Gene ID Gene Annotation M P Q 
Atu3909_959 c.h. -0.82 3.95E-04 0.0165 
Atu3910_159 c.h. 1.20 1.74E-05 0.0018 
Atu3912_409 c..h. 0.73 2.59E-04 0.0129 
Atu3967_359 abc transporter, sugar -0.76 1.76E-04 0.0101 

Atu3968_759 
ABC transporter, membrane spanning 
protein [sugar] -0.62 2.44E-03 0.0472 

Atu3973_539 c.h. -0.57 8.62E-04 0.0254 
Atu3998_839 bioF 0.64 2.06E-03 0.0439 
Atu4032_259 c.h. -0.69 3.03E-04 0.0140 
Atu4049_389 exoP -0.92 2.84E-05 0.0025 
Atu4050_759 exoN -1.36 2.64E-04 0.0130 
Atu4051_959 exoO -1.75 7.75E-06 0.0010 
Atu4052_739 exoM -1.41 3.11E-06 0.0005 
Atu4053_159 exoA -3.33 3.71E-08 0.0000 
Atu4056_59 exoH 0.57 1.29E-03 0.0311 
Atu4058_709 exoW 0.77 9.92E-05 0.0068 
Atu4078_1489 glgP 0.60 1.22E-03 0.0298 

Atu4089_669 
cydD (ABC transporter, nucleotide 
binding/ATPase protein) 1.07 1.78E-05 0.0018 

Atu4090_959 
cydC (ABC transporter, nucleotide 
binding/ATPase protein) 0.75 1.15E-03 0.0296 

Atu4111_159 h. 0.60 2.28E-03 0.0463 

Atu4113_619 
dppA (ABC transporter, substrate binding 
protein [dipeptide] ) -0.68 2.23E-04 0.0119 

Atu4123_159 
ABC transporter, substrate binding protein 
[branched chain amino acid] -0.79 1.00E-03 0.0273 

Atu4126_459 
ABC transporter, membrane spanning 
protein [branched chain amino acid] -0.52 2.86E-03 0.0496 

Atu4230_1159 glnA -0.62 2.54E-03 0.0478 
Atu4308_159 c.h. -0.62 1.50E-03 0.0351 
Atu4341_59 impC -0.51 1.29E-03 0.0311 
Atu4377_839 oxidoreductase -0.71 1.66E-04 0.0099 
Atu4380_359 nnrR (transcriptional regulatory, Crp family) -0.64 1.18E-03 0.0298 
Atu4436_159 tnp (IS5 family transposase) -0.67 2.12E-03 0.0441 

Atu4447_1209 
ABC transporter, substrate binding protein 
[sorbitol] -0.66 4.42E-04 0.0174 

Atu4469_609 
sitC (ABC transporter, membrane spanning 
protein [iron]) 0.78 9.20E-04 0.0261 

Atu4470_309 
sitB (ABC transporter, nucleotide 
binding/ATPase protein [iron]) 0.75 3.00E-04 0.0140 

Atu4477_259 transcriptional regulator, TetR family 0.55 8.86E-04 0.0258 
Atu4478_359 emrA (multidrug resistance efflux pump) 1.08 3.55E-05 0.0030 
Atu4483_559 xylA (xylose isomerase) -0.55 1.83E-03 0.0403 

Atu4518_669 
livH (ABC transporter, membrane spanning 
protein [branched chain amino acid] ) -0.64 9.33E-04 0.0261 

Atu4526_659 abc transporter, atpase, ? 0.86 2.19E-04 0.0118 
Atu4535_159 tRNA-Gly -0.67 6.12E-04 0.0207 
Atu4540_639 pcaH -0.76 5.66E-04 0.0199 
Atu4651_259 argH 0.59 1.62E-03 0.0364 
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Gene ID Gene Annotation M P Q 

Atu4653_259 
ABC transporter, membrane spanning 
protein [sugar] 0.68 1.64E-03 0.0366 

Atu4654_209 
ABC transporter, substrate binding protein 
[sugar] 1.57 2.97E-04 0.0140 

Atu4661_1439 
agpA (ABC transporter, substrate binding 
protein [alpha-galactosidase]) -0.70 2.33E-04 0.0122 

Atu4665_959 melA -0.68 8.32E-04 0.0248 
Atu4672_139 h. 0.71 4.78E-04 0.0184 
Atu4687_609 abc transporter, amino acid binding -1.01 1.94E-05 0.0018 
Atu4706_289 nuoE -1.24 2.51E-03 0.0475 
Atu4707_59 nuoF -1.05 1.95E-05 0.0018 
Atu4727_669 c.h. -1.27 2.07E-05 0.0019 
Atu4730_679 c.h. -0.78 6.11E-04 0.0207 
Atu4783_489 afuA (abc transporter, iron binding) -0.87 3.06E-04 0.0141 
Atu4784_759 afuA (abc transporter, iron binding) -1.30 6.50E-05 0.0050 
Atu4796_289 c.h. -0.50 2.57E-03 0.0479 
Atu4826_509 ABC transporter, substrate binding protein -0.61 1.22E-03 0.0298 
Atu4842_259 abc transporter, sugar -0.80 1.05E-03 0.0280 
Atu4859_959 c.h. 0.72 2.33E-03 0.0469 
Atu4873_459 transcriptional regulator, TetR family 0.58 1.18E-03 0.0298 
Atu4874_309 h. 0.68 2.08E-04 0.0117 
Atu4896_509 acetyltransferase 0.62 2.34E-03 0.0469 
Atu5001_709 repB 0.64 9.26E-04 0.0261 
Atu5035_859 h. 0.89 6.85E-05 0.0051 
Atu5037_209 h. 0.91 3.86E-05 0.0032 
Atu5108_309 traG 1.53 4.51E-05 0.0037 
Atu5109_109 traD 1.93 4.55E-07 0.0001 
Atu5110_159 traC 2.34 8.51E-08 0.0001 
Atu5114_109 h. 1.04 4.21E-04 0.0167 
Atu5116_209 rctB 3.19 9.26E-09 0.0000 
Atu5117_759 h. 3.38 1.96E-07 0.0001 
Atu5118_1109 aminotransferase 3.66 1.62E-06 0.0003 
Atu5121_309 2-comp. r.r. 2.56 9.76E-08 0.0001 
Atu5122_459 fabG 2.24 1.21E-07 0.0001 
Atu5123_1359 atrC 2.14 4.54E-07 0.0001 
Atu5124_1059 atrB 2.64 4.44E-07 0.0001 

Atu5126_409 
attA1 (ABC transporter, nucleotide 
binding/ATPase protein[putrescine]) 0.76 5.13E-04 0.0190 

Atu5128_389 
attB (ABC transporter, membrane spanning 
protein [mannopine]) 0.81 1.24E-04 0.0080 

Atu5130_59 attD 0.70 2.54E-04 0.0129 
Atu5136_309 blcR 1.03 1.53E-03 0.0357 
Atu5137_1359 blcA 1.52 8.41E-07 0.0002 
Atu5138_719 blcB 1.69 2.25E-06 0.0004 
Atu5151_159 attZ 0.64 4.14E-04 0.0167 
Atu5154_109 atsA 0.55 1.56E-03 0.0358 
Atu5156_209 atsC 0.56 9.57E-04 0.0264 
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Atu5161_109 c.h. 3.48 1.27E-08 0.0000 
Atu5162_59 avhB1 2.88 4.24E-07 0.0001 
Atu5163_209 avhB2 2.88 7.72E-07 0.0002 
Atu5164_59 avhB3 3.06 1.24E-05 0.0014 
Atu5165_1409 avhB4 3.32 3.77E-07 0.0001 
Atu5166_159 avhB5 3.40 2.16E-09 0.0000 
Atu5167_309 avhB6 3.00 1.06E-07 0.0001 
Atu5168_109 avhB7 3.09 1.12E-07 0.0001 
Atu5169_109 avhB8 2.84 2.18E-07 0.0001 
Atu5170_109 avhB9 3.24 2.67E-08 0.0000 
Atu5171_919 avhB10 3.15 6.80E-09 0.0000 
Atu5172_409 avhB11 2.74 1.88E-08 0.0000 
Atu5173_259 dehydrogenase 1.66 6.05E-07 0.0002 

Atu5422_209 
potI (ABC transporter, membrane spanning 
protein [putrescine] ) -0.88 2.83E-03 0.0496 

Atu5466_209 kup (potassium uptake protein) 0.60 2.29E-03 0.0463 
Atu5484_259 c.h. -0.71 2.80E-03 0.0496 
Atu5489_109 h. -0.67 5.24E-04 0.0193 
Atu6011_1659 tms1 (tryptophan 2-monooxygenase) 0.52 2.49E-03 0.0475 
Atu6043_459 repA 0.55 1.83E-03 0.0403 
Atu6131_259 traM 0.85 1.56E-04 0.0094 
Atu6166_1659 virA 0.52 1.22E-03 0.0298 
Atu6188_159 virE0 0.76 2.80E-04 0.0133 
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Appendix 5:  All genes differentially expressed in both comparisons A and B. Annotation 
of “conserved hypothetical” indicated as “c.h.,” “hypothetical” annotation indicated as 
“h.”  

  
A:  C58 - 
exoR 

B:  C58(Plac-
exoR) - exoR 

  M M 
Succinoglycan Synthesis   
Atu3325 exoQ 1.43 1.06 
Atu3326 exoF 2.16 1.94 
Atu3327 exoY 3.09 2.94 
Atu4049 exoP 1.74 1.87 
Atu4050 exoN 3.13 2.66 
Atu4051 exoO 1.65 1.35 
Atu4052 exoM 1.97 1.45 
Atu4053 exoA 1.42 1.19 
Atu4054 exoL 1.50 1.25 
Atu4055 exoK 1.85 1.66 
Atu4056 exoH 1.59 1.63 
Atu4057 exoT 1.40 0.83 
Atu4058 exoW 1.60 1.03 
Atu4059 exoV 1.21 0.79 
Atu4060 exoU 1.66 1.36 
Atu4166 exoB 1.65 1.56 
    
Motility and Chemotaxis   
Atu0300 methyltransferase 1.48 1.36 
Atu0373 mcp -1.87 -1.29 
Atu0514 mcp -1.64 -1.43 
Atu0516 cheY -1.87 -1.71 
Atu0517 cheA -1.67 -1.39 
Atu0518 cheR -1.66 -1.06 
Atu0519 cheB -1.63 -1.66 
Atu0520 cheY -1.73 -1.57 
Atu0521 cheD -1.68 -0.99 
Atu0542 fla -0.71 -0.95 
Atu0543 flaB -1.55 -1.61 
Atu0545 flaA -2.75 -2.25 
Atu0548 flgH -1.77 -1.43 
Atu0550 flgI -2.36 -1.61 
Atu0551 flgA -2.86 -2.51 
Atu0552 flgG -2.98 -3.02 
Atu0553 fliE -2.04 -2.14 
Atu0554 flgC -2.83 -2.93 
Atu0555 flgB -2.81 -2.73 
Atu0557 fliI -2.19 -1.29 
Atu0558 flgF -2.04 -1.82 
Atu0560 motA -2.97 -2.55 
Atu0561 fliM -2.45 -2.16 
Atu0562 fliN -2.99 -3.22 
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Atu0563 fliG -2.55 -2.25 
Atu0567 flaD -1.59 -1.38 
Atu0569 motB -1.61 -1.11 
Atu0571 motD -2.14 -1.87 
Atu0574 flgE -1.66 -2.04 
Atu0575 flgK -1.44 -1.6 
Atu0576 flgL -1.18 -1.29 
Atu0577 flaF -1.14 -1.23 
Atu0578 flbT -0.91 -1.16 
Atu0579 flgD -1.12 -0.85 
Atu0580 fliQ -0.87 -0.76 
Atu0581 flhA -1.24 -0.84 
Atu0646 mcpA -1.45 -1.36 
Atu0738 mcpG -1.51 -1.16 
Atu2173 mcpA -1.47 -1.37 
Atu2223 mcpA -1.64 -0.89 
Atu4736 mcp -2.02 -1.06 
    
Type IV Secretion:  pATC58  
Atu5116 rctB -1.31 -2.67 
    
Type IV Secretion:  pTIC58  
Atu6150 virH1 1.33 1.18 
Atu6151 virH2 0.97 0.79 
Atu6178 virG 2.86 2.62 
    
Type VI Secretion   
Atu4330 impN 0.89 0.74 
Atu4331 impM 1.33 1.3 
Atu4332 impL 1.36 1.24 
Atu4333 impK 1.29 1.21 
Atu4334 impJ 1.69 1.76 
Atu4335 impI 1.66 1.18 
Atu4336 impH 1.22 0.86 
Atu4337 impG 2.11 1.96 
Atu4338 impF 2.05 1.59 
Atu4339 impE 1.80 1.38 
Atu4340 impD 2.03 1.86 
Atu4341 impC 2.52 2.65 
Atu4342 impB 2.41 2.48 
Atu4343 impA 1.97 2.15 
Atu4348 vgrG 1.25 1.11 
    
Chromosomal Virulence Genes  
Atu0034 chvI 1.36 1.38 
Atu2522 acvB (chromosomal virulence protein B) 0.79 0.67 
    
ABC Transport Systems   
Atu0063 frcB (abc transporter, sugar binding) 0.96 1.07 
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Atu0065 frcA (abc transorter, atpase, sugar) 0.89 0.64 
Atu0893 abc transporter, nucleoide, atpase -0.91 -0.93 
Atu0894 abc transporter, membrane spanning, ? -0.87 -0.95 
Atu0895 abc transporter, ? Binding -1.14 -1.09 
Atu1899 rbsB (abc transporter, ribose) 0.97 0.67 
Atu3502 abc transporter, membrane spanning, ? -0.87 -0.94 
Atu3503 abc transporter, membrane spanning, ? -0.77 -0.93 
Atu3504 abc transporter, sulfate -1.10 -1.03 
Atu3893 abc transporter, sugar 3.94 1.47 
Atu3895 abc transporter, sugar, atpase 2.83 0.98 
Atu3896 abc transporter, sugar, atpase 2.38 0.87 

Atu4320 
rbsB (ABC transporter, substrate binding protein 
[ribose]) 1.97 1.86 

Atu4321 rbsA (abc transporter, atpase) 0.79 0.9 
Atu4322 rbsC (abc transporter, membrane spanning) 0.77 0.8 

Atu4524 
abc transporter, membrane spanning, 
oligopeptide -0.73 -0.62 

Atu4744 abc transporter, sugar 1.02 0.52 
    
 
Atu0361 transcriptional regulator 0.81 0.95 
Atu0916 ros 0.74 0.62 
Atu1060 2-comp response regulator -0.75 -0.79 
Atu1297 pleD (2-comp response reg) -0.70 -0.57 
Atu4014 exsI 1.67 1.22 
Atu4530 transcriptional regulator, TetR family -0.64 -0.55 
    
Cell Envelope   
Atu0224 ctpA (pilus) -0.81 -1.17 
Atu0290 rare lipoprotein a 1.55 1.71 
Atu1131 ropB (outer membrane protein ) 3.07 3.69 
Atu1500 rlpA (rare lipoprotein A) 0.77 0.8 
Atu2722 ompA 0.77 0.69 
Atu3687 TonB-dependent receptor -1.19 -1.21 
Atu3713 palA (omp16) 0.84 0.85 
Atu3974 ina (ice nucleation-like protein) -0.93 -0.86 
Atu3977 ina (ice nucleation-like protein) -1.79 -1.16 
Atu5090 rcdA (curdlan) 1.33 1.4 
Atu5091 rcdB (curdlan) 1.70 1.62 
    
Cell 
Division    
    
Amino acid synthesis and degradation  
    
Transcription and Translation  
Atu0086 rbfA (ribosome-binding factor A) -0.88 -0.79 
Atu0534 infA (translation initiation factor IF-1) -0.81 -0.96 
Atu1665 tRNA-Leu -0.83 -0.93 
Atu3714 tolB 1.46 1.08 
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Atu3716 tolR 0.67 0.7 
Atu3717 tolQ 0.86 0.97 
Atu5490 ecfR (ECF family sigma factor ) 0.88 0.6 
    
Metabolism and cofactor synthesis  
Atu0035 pckA (phosphoenolpyruvate carboxykinase) 1.37 1.31 
Atu0143 mfs permease 0.77 0.74 

Atu0186 
mepA (penicillin-insensitive murein 
endopeptidase ) 1.01 0.78 

Atu0482 polysaccharide deacetylase -1.51 -0.89 
Atu0587 tagA (teichoic acid biosynthesis protein ) -1.23 -1.04 
Atu0661 glucosyl transferase 0.83 0.7 
Atu0881 cytochrome c-556 1.58 1.21 
Atu0944 cscA (sucrose hydrolase ) 2.59 1.55 
Atu0984 pepN (aminopeptidase N ) -0.63 -0.85 

Atu0998 

bacA (undecaprenyl pyrophosphate 
phosphatase, possible bacitracin resistance 
protein ) 1.38 0.99 

Atu1174 rrpP (H+ translocating pyrophosphate synthase) 1.02 1.02 
Atu1341 mrcA penicillin-binding protein 1a) 0.68 0.85 

Atu1420 
gcvT (glycine cleavage system T protein, 
aminomethyltransferase) 0.82 0.89 

Atu1426 enolase 0.72 0.69 
Atu1451 hflX (gtp binding protein) -1.26 -0.84 
Atu1633 kefA (potassium efflux system KEFA) 0.79 0.61 

Atu1786 
glmS (glucosamine-fructose-6-phosphate 
aminotransferase ) -0.63 -0.63 

Atu2099 murE 0.85 0.68 
Atu2112 slt (soluble lytic transglycosylase) 1.78 1.1 
Atu2477 C4-dicarboxylate binding protein 1.25 0.92 
Atu2492 mtbA (MFS permease) 0.82 2.05 
Atu2774 c-term protease 0.89 0.67 
Atu3016 gpmB (phosphoglyceromutase) 0.93 0.69 
Atu3188 ugpC 1.46 0.7 
Atu3298 dctA (C4-dicarboxylate transport protein) 0.70 0.88 
Atu3519 ppiD (peptidyl-prolyl cis-trans isomerase) 1.06 0.96 
Atu3740 fructose bisphosphate aldolase 1.84 1.59 
Atu3778 galU 1.51 1.35 

Atu3823 
metE (5-methyltetrahydropteroyltriglutamate- 
homocysteine methyltransferase) -1.48 -0.59 

Atu3890 glpK (glycerol kinase ) 2.51 1.2 
Atu4037 gcd (glucose dehydrogenase) 1.60 0.87 
Atu4323 rdh (ribitol 2-dehydrogenase ) 1.69 1.27 
Atu4324 ribitol kinase 0.85 0.53 
Atu4325 cbr (carbonyl reductase ) 1.20 0.85 
Atu4642 katA (catalase) 0.81 0.63 
Atu5123 atrC (acetolactate synthase ) 0.75 -1.63 

Atu5139 
blcC (Zn-dependent gamma butyryl lactone 
lactonase ) 1.97 0.61 
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Conserved Hypothetical   
Atu0147 c.h. -0.68 -0.65 
Atu0299 c.h. 1.10 0.9 
Atu0365 c.h. 1.03 0.71 
Atu0488 c.h. 0.76 0.83 
Atu0515 c.h. -1.58 -1.5 
Atu0522 c.h. -1.53 -1.35 
Atu0549 c.h. -1.83 -1.58 
Atu0556 c.h. -1.42 -1.04 
Atu0559 c.h. -2.47 -1.66 
Atu0565 c.h. -1.88 -1.78 
Atu0568 c.h. -2.05 -1.76 
Atu0584 c.h. -1.17 -0.89 
Atu0585 c.h. -2.70 -2.18 
Atu0653 c.h. -1.37 -1.45 
Atu0755 c.h. 0.70 0.83 
Atu0841 c.h. 1.74 1.3 
Atu0844 c.h. -2.40 -1.96 
Atu0898 c.h. 1.25 1.07 
Atu1089 c.h. -0.85 -1.02 
Atu1164 c.h. 0.81 0.91 
Atu1182 c.h. -0.72 -0.58 
Atu1227 c.h. 0.78 0.5 
Atu1232 c.h. 0.94 0.59 
Atu1263 c.h. -0.66 -0.69 
Atu1273 c.h. -0.71 -0.51 
Atu1524 c.h. 0.68 0.87 
Atu1559 c.h. -0.97 -1.01 
Atu1773 c.h. 1.15 1.23 
Atu1971 c.h. 1.08 0.8 
Atu1998 c.h. 1.85 0.74 
Atu1999 c.h. 1.68 0.68 
Atu2116 c.h. 0.72 0.59 
Atu2162 c.h. 1.46 0.95 
Atu2254 c.h. 1.05 0.94 
Atu2417 c.h. -0.78 -0.58 
Atu2439 c.h. 0.86 0.62 
Atu2760 c.h. 1.10 1.16 
Atu2775 c.h. 0.87 0.81 
Atu3015 c.h. 1.07 0.9 
Atu3091 c.h. 0.89 0.5 
Atu3641 c.h. 1.22 0.96 
Atu3752 c.h. 2.35 2.38 
Atu3892 c.h. 2.63 1.09 
Atu4026 c.h. 2.75 2.58 
Atu4165 c.h. 1.21 0.71 
Atu4345 c.h. 2.19 1.93 
Atu4346 c.h. 1.81 1.54 
Atu4349 c.h. 1.16 1.23 
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Atu4727 c.h. 0.78 1.25 
Atu5031 c.h. -1.11 -0.82 
Atu5089 c.h. 0.98 0.94 
Atu6162 c.h. 1.59 1.35 
    
Hypothetical   
Atu0737 h. -1.01 -0.74 
Atu0892 h. -2.24 -2.64 
Atu0896 h. -1.37 -1.34 
Atu1221 h. 2.67 3.1 
Atu1222 h. 0.90 1.06 
Atu1233 h. -1.76 -1.44 
Atu1637 h. -1.41 -0.77 
Atu1805 h. 1.22 1.55 
Atu2198 h. 2.04 1.4 
Atu2789 h. 1.05 1 
Atu3540 h. 1.05 0.57 
Atu3546 h. -0.82 -0.92 
Atu3639 h. 1.47 0.98 
Atu3824 h. -2.01 -0.99 
Atu3843 h. -0.88 -0.75 
Atu4347 h. 1.81 1.69 
Atu4351 h. 0.83 1.19 
Atu4352 h. 0.89 0.91 
Atu4472 h. -1.11 -1.22 
Atu4640 h. 1.56 0.91 
Atu5114 h. -0.74 -0.83 
Atu5117 h. -1.07 -3.33 
Atu5545 h. 0.75 0.78 
Atu6118 h. 1.53 1.26 
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