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ABSTRACT 
 

The complex structure of the rhizobial Gram-negative cell envelope is a crucial 

component for both survival in the environment, as well as for establishing a successful 

symbiosis with its legume host. The objective of this research was to identify and 

characterize novel genes involved in cell envelope development in Rhizobium 

leguminosarum. 

 Previous studies have identified a positive correlation between cell envelope 

defective mutants and an inability to grow on peptide-rich media, as well as minimal 

media supplemented with 3 mM glycine. Identifying novel genes involved in cell 

envelope function through the use of transposon mutagenesis, and screening for growth 

sensitivity to peptide-rich media, has been previously successful. Many of these genes 

are annotated as hypothetical genes of unknown function and it is unclear of how they 

are integrated in a cell envelope development gene network. Therefore I was interested 

in trying to identify functional partners to these genes. This study was done through the 

use of a suppressor mutation strategy, by selecting for spontaneous mutations that 

restored growth on peptide-rich media to the wild-type phenotype. Various mutants in 

genes of both known function and unknown function, previously isolated as sensitive to 

growth on complex media, were selected for isolation of suppressor mutants. Suppressor 

frequencies were obtained to provide insight into the complexity involved in restoring 

the growth phenotype. In addition, suppressors were characterized using phenotypic 

assays to assess cell envelope function.  

Suppressors were isolated for a mutant containing a transposon insertion in the 

gene fabF2XL (fabF2XL mutant), which is required for synthesis of the lipid A very long 
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chain fatty acid (VLCFA). Secondly, suppressor mutants were isolated for a mutant 

disrupted in the putative carboxy-terminal processing protease gene (ctpA). The third 

suppressor isolation was done using a mutant containing a disruption to the sensor kinase 

chvG, which is involved in regulation of cell envelope genes. Lastly, suppressors were 

isolated from various mutants with in-frame deletions in a four-gene operon RL3499-

RL3502 (cmdA-cmdD), which has a demonstrated role in proper cell envelope function. 

All suppressors were phenotypically characterized and two suppressors from the cmd 

operon mutants (38cmdA-S and 38cmdB-S) were selected for further genotypic analysis. 

A transposon mutagenesis of a suppressor strain that restored growth in a 38cmdB 

background (38cmdB-S), implicated the locus RL0936 to be involved in the restored 

growth phenotype pathway. A transposon mutagenesis to the suppressor in the 38cmdA 

background (38cmdA-S) did not identify a locus required for the restored growth, but 

instead identified two uncharacterized genes (RL4613 and RL0188) independently 

required for growth on complex, peptide rich media. RNA-Seq data provided multiple 

potential genes involved in compensating for a mutation in cmdB, and has provided 

predicted operon structures that can provide insight into future experiments. Collectively, 

the results of this study have highlighted the complexity of the genes involved in cell 

envelope development, and have identified putative new genetic networks that may be 

linked to cell envelope development. 
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1.0 INTRODUCTION 
 
1.1 The Gram-negative cell envelope 

 The cell envelope acts as an interface between the cell and its surrounding 

environment. The cell envelope of Gram-negative bacteria consists of three principle 

layers: the outer membrane (OM), the peptidoglycan cell wall, and the inner membrane 

(IM) (Figure 1.1; Reviewed by Silhavy et al., 2010). In addition, some organisms also 

have an exopolysaccharide capsule as part of their cell envelope. Escherichia coli has 

been the primary model bacterium used for fundamental research regarding the structure 

and function of the cell envelope, and is often used to help develop hypotheses into cell 

envelope function in other Gram-negative organisms such as Rhizobium leguminosarum. 

1.1.1 The inner membrane 

 The inner membrane is primarily composed of phosphatidylethanolamine and 

phosphotidyl glycerol, making a glycerophopholipid bilayer (Raetz & Dowan, 1990). 

Since bacteria lack intracellular organelles, all of the membrane-associated functions are 

accomplished in the inner membrane (IM). Therefore it is not a surprise that mutations 

impacting the synthesis of even minor lipid components are often lethal (Silhavy et al., 

2010). The IM contains a diverse number of membrane proteins that are involved in such 

activities as biosynthetic and catabolic reactions (including the electron transport chain 

in respiratory bacteria), lipid biosynthesis, protein secretion, and signal transduction 

(Cronan et al., 1987; Raetz & Dowan, 1990; Silhavy et al., 2010). Although the inner 

membrane has only been partially characterized in the rhizobium cells, several studies 

have demonstrated its importance through the characterization of inner membrane 
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proteins involved not only in survival, but also in establishing a successful symbiosis, 

such as NodC, which is suggested to synthesize the oligo-glucosamine backbone of the 

nodulation factors (Barnie & Downie, 1993). 

1.1.2 The peptidoglycan layer 

 The cell wall is comprised of a rigid peptidoglycan layer that is primarily 

responsible for protecting the cell from lysis in hypotonic conditions and determining the 

cells shape, due to a high internal turgor pressure. It consists of two sugar derivatives, N-

acetylglucosamine (GlcNAc or NAG) and N-acetylmuramic acid (MurNAc or NAM), 

which form a repeating chain. These glycan chains are connected by peptide cross-links, 

which are formed by a small group of amino acids, and are present on the NAM 

subunits. The cross-linking results in greater rigidity and can allow the passage of 

molecules up to 2 nm in diameter (Cabeen & Jacobs-Wagner, 2005; Madigan et al., 

2003; Silhavy et al., 2010). Interaction between the inner and outer membrane proteins 

can occur (e.g. GspA and OmpA) as the peptidoglycan is covalently attached to the outer 

membrane through the lipoprotein Lpp (Strozen et al., 2011, Yem & Wu, 1978). Cell 

envelope defective mutants are often more sensitive to the amino acid glycine, as glycine 

toxicity in bacteria has been linked to a 20 to 40% decrease in the peptidoglycan cross-

links. Glycine has also been found to cause significant changes to the morphology of the 

cells, such a causing elongation, rounding of the rod shape, and spheroplast formation 

(Hammes et al., 1973). 

1.1.3 The periplasm 

 A gel-like region called the periplasm exists between the outer membrane and the 

inner membrane. This compartment is more viscous than the cytoplasm and contains 
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various periplasmic specific proteins, including binding proteins (sugar and amino acid 

transport), and chaperone-like molecules (envelope biogenesis) (Ehrmann, 2007; Silhavy 

et al., 2010). A specific, cleavable secretion signal present at the N-terminus of proteins 

target proteins to the periplasm. Two main secretory pathways are used in translocation 

of periplasmic proteins from the cytoplasm to the periplasm (SecYEG general secretory 

pathway, twin arginine translocase pathway), and many cell wall development proteins 

are found in the periplsm (Hedge & Bernstein, 2006; Van Den Berg et al., 2003). 

Enzymes with potentially harmful effects (e.g. RNases, proteases) are often 

compartmentalized in the periplasm and alterations to this periplasmic space (e.g. 

osmotic stress) can activate multiple envelope stress responses such as the CpxAR 

pathways or σE in E. coli (Bury-Moné et al., 2009; Ehrmann, 2007; Sargent et al., 2006) 

1.1.4 The outer membrane 
 

Gram-negative bacteria are distinguished from Gram-positive by the presence of 

an outer membrane (OM), which is an asymmetric lipid bilayer that functions as a 

permeability barrier (MacRitchie et al., 2008).  The inner leaflet of the OM consists of 

glycerophospholipids and contains lipids similar to the inner membrane (Jones & 

Osborn, 1977). The outer leaflet of the OM is primarily made up of lipopolysaccharides 

(LPS). It is interesting to note that the compositions can differ significantly between 

organisms, such as the case with rhizobial LPS containing a very long chain fatty acid 

(VLCFA) attached to the lipid A, which is not present in E. coli (Bhat et al., 1991). In 

general, OM proteins can be divided into two classes, ß-barrel proteins and lipoproteins 

(Beveridge, 1999; Rigel & Silhavy, 2012; Sankaran & Wu, 1994). ß-barrel confirmation 

is the most common form that integral, transmembrane proteins assume. Some of the 
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OM proteins (e.g. porins) allow the passive diffusion of small molecules (e.g. amino 

acids) across the OM. The OM serves as an efficient protective barrier with LPS playing 

a major role in this function (Silhavy et al., 2010). Even though the OM acts as the 

interface between the cell and its environment, providing an initial layer of defense, the 

cell is still vulnerable to a variety of different compounds. One example of these are 

known hydrophobic antibiotics that enter the cell interior by permeating through the OM 

bilayer, which includes aminoglycosides (kanamycin, gentamycin), macrolides 

(erythromycin), rifamycins, fusic acid, novobiocin, and catatonic peptides. Tetracycline 

uses both a lipid- and porin-mediated pathway. 

 The OM is not the only component that provides defense against antimicrobials. 

The core region of the LPS is also a major barrier against other toxins. LPS is a 

glucosamine disaccharide possessing six to seven acyl chains, a polysaccharide core, and 

an extended polysaccharide chain called the O-antigen that extends into the environment. 

LPS molecules form a non-fluid continuum, which effectively bares hydrophobic 

molecules. Previous studies have suggested that individual LPS molecules co-interact on 

the cell surface though divalent cations, which provide a stabilizing charge to the 

negatively charged LPS units thereby stabilizing the OM (Giedraitiené et al., 2011; Six 

et al., 2014; Srinivas et al., 2010; Vanderlinde & Yost, 2012; Zhang et al., 2013). 

Rhizobia also have a secreted polysaccharide called exopolysaccharide (EPS), with a 

conserved core among various rhizobial strains, which helps to provide external 

protection under stressful conditions, such as exposure to desiccation (Laus et al., 2005). 

Porins act to limit the diffusion of hydrophilic molecules, which when combined with the 

function of LPS, make the OM a very selective permeable barrier (Nikaido, 2003).  
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Figure 1.1: Schematic depiction of the major components of the Gram-negative cell 

envelope. a. exopolysaccharides (EPS), b. the outer membrane including 

lipopolyssacharides, c. the peptidoglycan cell wall, and d. the inner membrane. 

Pentagon, hexagon, cylinder, diamond, and teardrop shapes represent various membrane 

and periplasmic proteins. 

  



 6 

 

1.2 Rhizobium leguminosarum 
 
 R. leguminosarum is a Gram-negative, aerobic, rod shaped, soil bacterium that acts 

as a primary fixer of nitrogen when in a symbiotic relationship with legume hosts. All 

identified nitrogen-fixing symbionts belong to either the alpha or beta Proteobacteria, 

with the Rhizobiaceae in the alpha-Proteobacteria being the most studied (Williams et 

al., 2007). The host range of individual rhizobial species can be either broad, such as 

with NRG234 (capable of symbiosis with 232 known legume species), or very specific 

with respect to how many legume species they can form a symbiosis, such as with R. 

leguminosarum (Hirsch et al., 2001).  This forms the basis for the different biological 

varieties, or biovars. There are two separate biovars (bv) of R. leguminosarum that have 

been described, bv viciae nodulate Vicia legumes (e.g. peas, vetch) and bv trifolii which 

nodulate clover (Young et al., 2006). R. leguminosarum is also related to Agrobacterium 

spp (plant pathogen) and R. etli (Segovia et al., 1993).  

1.2.1 Rhizobia-legume symbiosis 

 Rhizobia can infect the roots of leguminous plants, which leads to the formation of 

nodules, where nitrogen fixation occurs. The symbiotic relationship between rhizobia 

and their legume host is initiated through the production and recognition of chemical 

signals produced by both organisms (Brencic & Winans, 2005; Downie, 2010; Gibson et 

al., 2008). Rhizobial nod genes are induced by flavonoids, which is a chemical signal 

secreted by the legume. Rhizobia then manufacture and secrete lipochitooligosaccharide 

Nod factors, which are only recognized by certain legumes, therefore being responsible 

for host specificity (Fisher & Long, 1992; Long, 1996; Perret et al., 2000). The Nod 



 7 

factors signal and initiate nodulation through various changes in the plant (e.g. root hair 

curling) and through the formation of the infection thread, which is a branched, 

intercellular tube that guides rhizobia to the root cortex cells (Downie, 2010). The 

rhizobia replicate in the infection thread and are eventually endocytosed by the cortical 

cells (Gage, 2002). A specialized compartment called the symbiosome is then formed as 

the bacteria are surrounded by the peribacteroid membrane (plant-derived membrane) 

(Gage, 2004).  Once in the symbiosome, the rhizobia differentiate into specialized cells 

called bacteroids that are able to fix atmospheric nitrogen in a specialized root structure 

called a nodule. This symbiotic process supplies biologically available nitrogen to their 

plant host, while the plant provides fixed carbon and energy to the bacteria (Gibson et 

al., 2008; Downie, 2010). 

1.3 Rhizobial cell envelope under free-living conditions   

Rhizobia must cope with a variety of stressors throughout their bi-phasic lifestyle 

as nitrogen fixing symbionts, with their cell envelope functioning as their primary line of 

defense (Alexandre & Oliveira, 2013; Chang et al., 2009; Fahmi et al, 2011; 

Vanderlinde et al., 2009). There are components of the cell envelope in R. 

leguminosarum that have been partially characterized to date, but how the cell envelope 

structure adapts during changing free-living conditions and throughout the symbiotic 

infection process remains largely unknown. A vital part of this understanding involves 

investigating how the cell responds to stress and environmental signals in order to thrive 

in both the rhizosphere and inside the plant host. Examples of cell envelope stressors that 

R. leguminosarum might encounter are osmotic stress (water availability), pH stress, 

oxygen/oxidative stress, metal stress, temperature stress, starvation stress, nutrient 
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limitation stress, and plant host-immune response stress (Bremer & Krämer, 2000; 

Gharzouli et al., 2013; Janczarek, 2011; Potts, 1994; Reina-Bueno et al., 2012; Wood, 

1999; van der Heide et al., 2001). 

1.3.1 Desiccation and osmotic stress 

The availability of water is one of the most vital components that affect microbial 

growth and survival (Potts, 1994). Bacteria that live in the rhizosphere are often faced 

with conditions of desiccation and require methods to persist during these conditions. 

Desiccation can cause several negative effects such as DNA degradation, protein 

degradation and loss of membrane integrity. Considering these effects, the mechanisms 

required for desiccation resistance are often complex, requiring multiple loci (Bill & 

Potts, 2002; Humann et al., 2009; van de Mortel & Halverson, 2004; Vanderlinde et al., 

2010). Gilbert et al. (2007) have described the role of the rhizobial cell envelope in 

desiccation through the isolation of a ctpA mutant in R. leguminosarum bv. viciae. The 

mutant exhibited a decrease in desiccation tolerance and cell envelope integrity was 

compromised. Other studies have shown the role of other cell envelope components in 

desiccation sensitivity, such as the very long chain fatty acid (VLCFA) attached at the 2′ 

position of the lipid A (Vanderlinde et al., 2009), or an ATP-binding protein of an 

uncharacterized ATP-binding cassette transporter operon RL2975-RL2977 (Vanderlinde 

et al., 2010). In the latter case, the RL2975-RL2977 mutant was shown to produce a 

decreased amount of EPS, which was suggested to be the cause of the desiccation 

sensitivity phenotype. 

An important physiological process that determines the ability of rhizobia to 

thrive in various habitats is the capacity to respond to osmotic fluctuations. Osmotic 
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stress occurs when there is an increase or decrease in the osmotic strength of the 

environment, which can result in a cell swelling and bursting (hypoosmosis), or 

plasmolysis and dehydration (hyperosmosis). Rhizobia can encounter this type of stress 

primarily in the soil, due to fluctuating water availability. Also, poor survival of cells on 

legume seeds has long been recognized by the inoculant industry and can be highly 

influenced by water availability (Casteriano et al., 2013; Gharzouli et al., 2013; 

McIntyre et al., 2007; Ochatt, 2011; Reina-Bueno et al., 2012; Vanderlinde et al., 2010). 

Cells tend to respond more quickly to hypoosmosis than to hyperosmosis, as the risk of 

lysing is more severe than that of dehydration (Boer, 2011; Wood, 1999). Osmotic 

regulation (osmoregulation) is the active process carried out by the bacteria to cope with 

the stress. Lipid membranes allow for a rapid diffusion of water molecules into or out of 

cells, while restricting the passage of most other biological molecules. Membranes that 

show selective permeability to different substances are referred to as semipermeable, and 

the cell osmotic properties are derived from this membrane characteristic (Cai & Inouye, 

2002; Csonka, 1989). 

When observing the osmolarity of the environment, it is important to understand 

which mechanisms enable an organism to cope with changes to external osmolarity. 

When cells are exposed to high external osmolarity, it results in an efflux of water from 

the interior of the cell. The decrease of internal water content results in a reduction in 

turgor pressure and shrinking of the cytoplasmic volume. The latter causes an increase in 

the concentrations of all metabolites, which in turn causes a reduction in the intracellular 

water activity. If the cell is unable to adjust the cells’ active osmolarity, then the 

cytoplasmic volume would shrink until the interior water activity equaled that of the 
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exterior (Cai & Inouye 2002; Csonka, 1989; Poolman et al., 2002). Hyper- and hypo-

osmotic stress tolerance has been extensively studied in rhizobium, more specifically in 

S. meliloti. Periplasmic cyclic β (1,2) glucans and VLCFA modified lipid A are required 

for hypoosmotic stress tolerance in both S. meliloti and R. leguminosarum (Dylan et al., 

1990; Griffitts & Long, 2008; Vanderlinde et al., 2009; Vanderlinde et al., 2011) 

1.3.2 Biofilm formation 

 Bacteria form biofilms through attaching to a solid surface, excreting an 

extracellular polysaccharide matrix, resulting in a complex aggregate of cells and EPS 

that tend to have an increased resistance to stress. Given their role in stress resistance, 

biofilms likely play an important role in adaptation and survival in the rhizosphere 

(Harrison et al., 2007). In R. leguminosarum, studies have shown EPS production to be 

essential for proper biofilm formation. Mutations that disrupt quorum sensing cause 

enhanced biofilm formation, yet exact mechanisms remain unknown (Edwards et al., 

2009; Russo et al., 2006). There have been several cell envelope defective mutants 

isolated thus far that have been impaired or altered biofilm formation, including a 

fabF2XL mutant and a ctpA mutant (Gilbert et al., 2007; Vanderlinde et al., 2009).  

1.3.3 Resistance to antimicrobials 

 Rhizobia growing in the rhizosphere are exposed to a much higher level of 

biochemical activity when compared to the surrounding bulk soil, due to a higher 

concentration of competing bacteria that can produce antimicrobials and also the 

presence of plant-derived antimicrobials. There are three main mechanisms that are 

involved in bacterial resistance to antibiotics: modification of the antibiotic target, 

enzymatic inactivation of the antibiotic, or the prevention of entry into the cell. The last 
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strategy can involve a membrane-associated transport system that works to extrude toxic 

molecules, which are known as efflux systems. The rhizosphere-dwelling rhizobia often 

up-regulate the expression of multi-drug efflux pumps, demonstrating the need for 

adaptation resistance mechanisms in the rhizosphere (Ramachandran et al., 2011). Since 

the OM acts at the interface between the cell and its surrounding environment, it also 

acts as a major barrier for the cell and is therefore not surprising that mutations to outer 

membrane components (e.g. ropB, VLCFA) in Rhizobium spp. lead to an increased 

sensitivity to various detergents, antibiotics, and other membrane disruptive agents 

(Brown et al., 2011; Foreman et al., 2010; Gilbert et al., 2007; Laus et al., 2004; 

Vanderlinde et al., 2009; Vanderlinde et al., 2011). 

1.3.4 Cell envelope defective mutants 

 A strategy has been previously used to identify cell envelope defective mutants by 

identifying mutants that exhibit impaired growth on the complex medium tryptone-yeast 

extract (TY), a peptide rich medium containing 5 g of tryptone, 3 g of yeast extract, and 

0.5 g of calcium chloride per liter of dH2O (Beringer, 1974). Previous studies have 

identified the specific mutated loci that are responsible for the observed loss of growth 

phenotype (Bélanger et al., 2009; Gilbert et al., 2007; Foreman et al., 2010; Vanderlinde 

et al., 2009; Vanderlinde et al., 2010; Vanderlinde et al., 2011). Similar phenotypes in 

other bacterial species have also been reported with cell envelope mutations, but 

unfortunately the mechanisms are still unknown (Nogales et al., 2006; Ferguson et al., 

2005; Beck et al., 2008; Ojeda et al., 2010).  

1.3.5 The regulation of cell envelope development 
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The genetic regulation controlling the development of the cell envelope in R. 

leguminosarum is complex. A recent study reports isolating a chvG mutant in R. 

leguminosarum and describes its role in regulating the ropB outer membrane protein-

encoding gene as well as an operon required for cell envelope integrity (RL3499-

RL3502) (Foreman et al., 2010; Vanderlinde et al., 2011). Vanderlinde & Yost (2012) 

have identified novel phenotypes for a chvG mutant, including the role of chvG in 

regulating polysaccharide production, PHB accumulation, and carbon source utilization 

in R. leguminosarum, which differs significantly from S. meliloti. The chvG mutant in R. 

leguminosarum also maintains many of the same phenotypes observed in other strains, 

such as defective nodulation, acid sensitivity and the inability to grow on complex 

media. Vanderlinde & Yost (2012) suggest that chvG plays a vital role in R. 

leguminosarum physiology through regulating both cellular metabolism and cell 

envelope structure, and may perhaps link cell envelope development to cell physiology. 

There are also various other regulators of cell envelope development that have been 

identified in closely related species. RpoE4 in R. etli was identified as being an 

extracytoplasmic sigma factor and could regulate as many as 98 genes, which include a 

cell wall degrading enzyme and multiple genes encoding cell envelope proteins 

(Martinez-Salazar et al., 2009). Gibson et al. (2007) identified the global regulator CbrA 

in S. meliloti, which is a histidine sensor kinase that could affect the expression of 162 

genes, with mutations resulting in an increased expression of ropB1, EPS production 

through exo genes and the export of cyclic β (1,2) glucans through ndvA, and expression 

of ABC transporter genes exsA and exsE (Gibson et al., 2007; Gibson et al., 2008). 

Although some of these components have been identified, there remains much to learn 
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regarding the cells capacity to change and adapt production of cell wall components in 

response to changes in cell division and shape in response to environmental conditions. 

Vanderlinde et al. (2010) illustrated the importance of the broadly conserved 

RL3499-RL3502 operon to proper cell envelope function. This operon is composed of a 

moxR-like AAA+ ATPase (RL3499), a conserved hypothetical protein (RL3500), and 

two large conserved transmembrane proteins (RL3501 and RL3502). The genes in this 

operon are subsequently referred to as complex media growth deficient (cmdA-cmdD), 

based on the mutant phenotype of an inability to grow on complex peptide-rich growth 

media. The study demonstrated that mutations to the operon resulted in an increased 

sensitivity to membrane disruptive agents such as hydrophobic antibiotics, alkaline pH 

and detergents. When cmdA-cmdD mutants were grown on peptide-rich media or on 

media containing glycine, the cells were enlarged, distorted spheres that were incapable 

of maintaining growth. Plants infected with a cmdA-cmdD operon mutant develop twice 

as many nodules that were smaller, and had fewer mature bacteroid cells, when 

compared to the wild type strain. Vanderlinde et al. (2010) also discovered that 

expression of the outer membrane gene ropB is absent in cmdA-cmdD mutants. Given 

these results it was suggested that the operon may be connected to a large network of 

envelope-related pathways. By achieving a better understanding of how the interacting 

genes are regulated and how they connect with the cmdA-cmdD operon, it is possible to 

begin to tease apart the complex genetic network responsible for proper cell envelope 

development.  

1.4 Suppressor mutations 

 The characterization and isolation of suppressor mutants is a useful strategy to help 



 14 

characterize gene networks involved in S. meliloti cell physiology, a strain closely 

related to R. leguminosarum (Driscoll & Finan, 1993; Oresnik et al., 1995; Wells & 

Long, 2003). As stated earlier, previous studies done have demonstrated that mutants 

incapable of growth on complex media (containing peptides) often contain (Foreman et 

al., 2010; Vanderlinde et al., 2009; Vanderlinde et al., 2011). These studies have also 

shown that when the complex media defective mutants were plated at a high cell density 

(>108 CFU mL-1), individual colonies arose, suggesting strains carrying suppressor 

mutations can be isolated for this particular phenotype. Although suppressor mutational 

approaches have not been greatly exploited in R. leguminosarum genetic studies, the 

observed success of the technique in S. meliloti suggested the technique could provide 

promising insight into the complex genetic pathways of cell envelope development.  

1.5 Objectives of this study 

Having a greater knowledge of novel genes involved in envelope function could 

prove to be an asset in understanding both survival in the rhizosphere, as well as during 

the symbiotic relationship with the leguminous host plant. R. leguminosarum is also 

closely related to various animal and plant pathogens, therefore this research could 

provide some insight regarding the other medically and environmentally important 

organisms. 

The overall goal of this research was to identify and characterize novel functional 

partners that interact with cell envelope components in Rhizobium leguminosarum 

identified as being crucial for growth on complex, peptide-rich media. A thesis chapter 

outline is displayed in Figure 1.2. The specific objectives of this study were: 
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1) Isolate spontaneous suppressor mutants for complex media defective 

mutants chvG, ctpA, fabF2XL, and the complex media defective (cmd) 

operon cmdA-cmdD (Chapter 3). 

2) Phenotypically characterize suppressor mutants with respect to cell 

envelope disruptive agents to assess if suppressor change applies to 

more than one phenotype (i.e. restoration of growth on complex media; 

Chapter 3). 

3) Genotypically characterize one or two suppressor mutants to identify 

the suppressor locus and subsequently provide insight into the 

pathways involved in the complex media defective phenotype (Chapter 

4 and 5). 

4) Identify differences in the transcriptome of the 38cmdB-S suppressor 

strain when compared to the parental mutant 38cmdB (Chapter 6). 
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Figure 1.2: Thesis chapter outline. Chapter 1 (Ch.1) is an introductory chapter outlining 

relevant background information and thesis objectives. Chapter 2 (Ch.2) explains the 

general materials and methods used throughout the work. Chapter 3 (Ch. 3) introduces 

previously identified cell envelope defective mutants isolated for their shared complex 

media defective phenotype. Ch. 3 focuses on the isolation of suppressor strains for the 

various mutants and the phenotypic characterization of these suppressors compared to 

the original mutant strain and wild type. The objective was to observe if other cell 

envelope defective phenotypes were also suppressed, and to identify a few suppressor 

strains for further experimentation. Two suppressor strains, 38cmdA-S and 38cmdB-S, 

were chosen for further description in Chapter 4 (Ch.4). Ch.4 further focuses on these 

two suppressor strains through next-generation sequencing of 38cmdA-S and 38cmdB-S, 
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with the intention of identifying a suppressor locus. From this study, a potential 

functional link was identified to the 38cmdB-S strain (ttpA). Chapter 5 (Ch.5) is focused 

on exploring the link between the parental strain (cmdB), the suppressor (38cmdB-S), and 

ttpA. Chapter 6 examines the transcriptome of the cell envelope mutant 38cmdB and 

suppressor strain 38cmdB-S, identifying transcriptional changes between the two strains. 

This chapter identifies many new genes of interest for future research projects. Chapter 7 

explores the function of a hypothetical protein containing a lytic transglycosylase 

domain, which was found to be required for proper cell envelope function. This gene was 

discovered as a complex media defective strain as part of a transposon screen, discussed 

in Ch.4.
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2.0 GENERAL MATERIALS AND METHODS 

 
2.1 Bacterial strains and growth conditions 

 Rhizobium leguminosarum biovar viciae 3841 and Rhizobium leguminosarum 

biovar viciae VF39 were selected for the proposed research because the complete 

genome sequence is available for both strains and they are amenable to genetic 

manipulation (Young et al., 2006). Escherichia coli strain S17-1 was used to transfer 

plasmids into R. leguminosarum via conjugation, and DH5α was used as the recipient 

strain for all cloning procedures. The common bacterial strains and plasmids used 

frequently in this study are listed in Table 2.1. R. leguminosarum strains were grown on 

Vincent’s minimal medium (VMM) (Vincent, 1970) or tryptone-yeast (TY) medium 

(Beringer, 1974) at 30°C, and Escherichia coli strains were grown on Luria-Bertani (LB) 

medium (Sambrook et al., 1989) at 37°C. When required, R. leguminosarum strains were 

cultured with antibiotics in the following concentrations: gentamicin (Gm), 30 µg mL-1; 

neomycin (Nm), 50 µg mL-1; streptomycin (Sm), 500 µg mL-1; and tetracycline (Tc), 5 

µg mL-1. Appropriate E. coli strains were grown in the following concentrations of 

antibiotics: ampicillin (Ap), 100 µg mL-1; Gm, 15 µg mL-1; spectinomycin (Sp), 100 µg 

mL-1; Tc, 10 µg mL-1. 
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Table 2.1: List of common plasmids and strains that are used in all thesis chapters 

Strain	   Relevant	  Characteristics	   Reference	  or	  Source	  

E.	  coli	   	  	   	  	  

DH5α	   endA1,	  hsdR17,	  supE44,	  thi-‐1,	  recA1,	  

gyrA96,	  relA1,	  Δ(argF-‐lacZYA),	  

ΔlacU169,	  Φ80lacZ,	  ΔM15	  

Invitrogen	  

S17-‐1	   RP4	  tra	  region,	  mobilizer	  strain	  recA	  

derivative	  of	  MM294A	  with	  RP4-‐2	  

(Tc::Mu::Km::Tn7)	  integrated	  into	  the	  

chromosome	  

Simon	  et	  al.	  (1983)	  

R.	  leguminosarum	   	  	  

3841	   Spontaneous	  streptomycin-‐resistant	  

derivative	  of	  R.	  leguminosarum	  bv.	  

viciae	  strain	  300	  

Johnston	  &	  Beringer	  

(1975)	  

VF39	   R.	  leguminosarum	  bv.	  viciae,	  

spontaneous	  streptomycin-‐resistant	  

mutant	  of	  VF39,	  SmR	  

Priefer,	  1989	  

Plasmids	   	  	   	  	  

pFus1par	   Broad	  host	  range	  vector	  with	  

promoter-‐less	  gusA	  for	  transcriptional	  

fusions,	  par-‐stabilized,	  TcR	  

Reeve	  et	  al.	  (1999);	  Yost	  

et	  al.	  (2004)	  

pTGN	   Tn5	  derivative,	  GmR,	  AmpR	  promoter-‐

less	  NmR,	  gfp	  

Tang	  et	  al.	  (1999)	  

pJQ200SK	   Suicide	  vector,	  P15a	  ori,	  mob,	  sacB,	  

GmR	  

Quandt	  &	  Hynes	  (1993)	  

pHC41	   IncP	  broad	  host	  range	  vector,	  TcR	   Cheng	  &	  Walker	  (1998)	  
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2.2 Molecular techniques 
 

A phenol/chloroform extraction and ethanol precipitation method was used to 

extract DNA from R. leguminosarum strains using a method described by Meade et al. 

(1982). TA cloning of PCR products was done using the pGEM-T Easy Vector system 

(Promega, Madison, WI). Restriction endonucleases and T4 DNA ligase were purchased 

from Invitrogen and Taq DNA polymerase was purchased from New England Biolabs, 

all enzymes were used according to the manufacturer’s specifications. Standard 

molecular cloning techniques were done as reported by Sambrook et al. (1989). 

Subcloning efficiency chemically competent DH5α E. coli cells were purchased for 

transformations from Invitrogen and were used according to manufacturer’s instructions. 

A protocol described by Sambrook et al. (1989) was used for preparing chemically 

competent E. coli S17-1 cells. The extraction and purification of DNA fragments from 

agarose gels was conducted using the QIAEX II Gel Extraction Kit (Qiagen, 

Mississauga, ON) as stated in the manufacturer’s instructions. When required, DNA 

sequencing was done by Quintara (Albany, CA) to confirm the fidelity of the cloned 

products. 

2.3 Polymerase chain reaction protocols 

Polymerase chain reaction (PCR) was primarily conducted using a Biorad T100 

thermal cycler (BIORAD, Mississauga, ON). Genomic preparations were done to obtain 

chromosomal DNA though a phenol/chloroform extraction (Sambrook et al., 1989), 

which was used as the DNA template for the reactions. Each PCR (25 µl final volume) 

contained 1x PCR Buffer, 2mM MgSO4, 0.2 mM dNTPs, 0.2 µM of each primer, and 1 

unit of Taq DNA polymerase (New England Biolabs). PCR conditions consisted of an 
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initial denaturation of 94°C for 5 min followed by 30 cycles composed of 30 s of 

denaturation at 94°C, 45 s of primer annealing, at a temperature specific for each primer 

set, and extension at 72°C for about 2 min (depending on size of fragment) with a final 

extension at 72°C for 5 min.  

Tail PCR was used to identify transposon insertion sites by amplifying DNA 

fragments adjacent to the transposon (Tn). The technique uses a set of nested sequence-

specific primers in consecutive reactions along with an arbitrary degenerate (AD) primer 

to amplify thermally controlled specific and non-specific products, but ultimately 

enriching for amplification of the specific junction of a Tn insertion site. The nested 

primers were complementary to the Tn sequence, and had a high melting temperature. 

The AD primer was shorter in sequence and had a lower melting temperature. Specific 

and non-specific primers used are listed in Table 2.2. Two consecutive PCR reactions 

were used to reduce the number of non-specific products. Cycling conditions used for 

TAIL PCR were done according to those stated by Liu & Huang (1998), with the 

exception of omitting the tertiary reaction. A diagram illustrating this protocol is shown 

in Figure 2.1. RESDA PCR was also used as a technique to identify the Tn insertion site, 

which uses both linkers and variable stringency cycles (González-Ballester et al., 2005). 

  



 22 

Table 2.2: Primers used for TAIL and RESDA PCR. 

  

  

Primer Name Sequence Source 

GmTAIL-1 CAACGCGCTTGGTGCTTATGTGAT Vanderlinde et al. 

(2010) GmTAIL-2 AGTTGGGCATACGGGAAGAAGTGA 

AD-1 AGWGNAGWANCAWAGG Liu & Huang (1998) 

PTGN10 CCTTCACCCTCTCCACTG Vanderlinde et al. 

(2009) PTGN50 CCCATTAACATCACCATC 

DegTaqI CCAGTGAGCAGAGTGACGIIIIINNSWGTCGAA 
Gonzalez-Ballester et 

al. (2005) 
DegDpnI CCAGTGAGCAGAGTGACGIIIIINNSWGGATCC 

Q0 CCAGTGAGCAGAGTGACG 

M13F GTAAAACGACGGCCAG 
Invitrogen 

M13R CAGGAAACAGCTATGAC 

DGEN(1) GGCCACGCGTCGACTAGTCAGNNNNNNNNNNACGCC Miller-Williams et al. 

(2006) DGEN(2) GGCCACGCGTCGACTAGTCA 

1° TGN GGTAACAAGAAAGGATC Vanderlinde, et al. 

(2009) 2° TGN ACGCTGGACTGGCATGAA 
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Figure 2.1: TAIL-PCR procedure for amplification of specific products. The technique 

uses a set of nested sequence-specific primers in consecutive reactions along with an 

arbitrary degenerate (AD) primer to amplify the specific junction of a Tn insertion site. 
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2.4 Bacterial Conjugation 
 

One milliliter of an overnight culture of recipient R. leguminosarum cells (OD600 

~ 0.5) was mixed with 0.5 ml of an overnight donor culture of E. coli S17-1 cells (OD600 

~ 1.0) in a 1.5 ml microfuge tube. The mixture was then centrifuged at 10,000 rpm for 5 

mins and all but approximately 100 µl of supernatant was removed, with the pellet being 

resuspended in the remaining supernatant. The mixture was then spotted onto a VMM 

agar plate supplemented with 0.5 mM proline, along with donor and recipient controls, 

and incubated at 30°C for approximately 48 hrs. The proline was added to compensate 

for the proline auxotrophic phenotype of S17-1. After incubation, the cells were scraped 

off, resuspended in 1 ml of sterile water, and selection was made by spread plating 100 

µl of cells on the appropriate media. 

2.5 Insertional mutagenesis via homologous recombination 

Insertional mutagenesis was performed using the suicide vector pJQ200SK 

(Quandt & Hynes, 1993; Figure 2.2). The desired gene fragment to be mutated was 

obtained through PCR, using specific primers to amplify internal fragments of the gene 

of interest. The fragments were then cloned into a pGem vector (Promega) according to 

manufacturer’s specifications. The fragment was excised from the pGem vector using 

appropriate restriction enzymes and was then ligated into digested pJQ200SK (done 

using same restriction enzymes). The subsequent pJQ200SK construct was first 

transformed into DH5α for screening, and was then transformed into S17-1 cells for 

conjugation into an R. leguminosarum strain. To select for a single crossover event 

(Figure 2.2) where the pJQ200SK vector was incorporated into the genome (interrupting 

the ORF), the strain was grown on VMM media with Gm to screen for the Gm resistance 
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marker of the pJQ200SK plasmid, and with Sm to select for R. leguminosarum, as well 

as any other relevant antibiotic markers. 

2.6 Random insertional mutagenesis using transposon Tn5 

 To identify the locus, the pTGN mini-Tn5 derivative (Tang et al., 1999; Figure 

2.3d) transposon was used to randomly mutate the genome of R. leguminosarum 3841 

cell envelope defective mutant suppressors, in hopes of identifying the locus responsible 

for suppression of the growth deficiency in the original mutants. The mechanism of 

transposition is illustrated in Figure 2.3 (a, b, c). Biparental matings of the E. coli 

mobilizer strain S17-1 containing pTGN was spot plated with R. leguminosarum strains 

on VMM containing 0.5 mM proline, and were incubated at 30°C for 24 hrs. 

Conjugation was used to transfer the transposon into the R. leguminosarum genome, and 

VMMSmGm was used to plate the transconjugants to select for the Sm resistance of R. 

leguminosarum and the Gm resistance of the pTGN. The colonies that grew were then 

replica plated on the desired selection (e.g. complex media). TAIL or RESDA PCR was 

then used to identify the transposon insertion sites. 

2.7 Bioinformatic analysis 
 

Nucleotide and amino acid sequences were obtained from both RhizoBase 

(http://genome.kazusa.or.jp/rhizobase/) and GenBank. Homologous sequences were 

analyzed using NCBI BLASTP and BLASTN (Altschul et al., 1997). Sequences were 

aligned using the ClustalX program (Larkin et al., 2007) with default settings (Gap 

opening: 10; Gap extension: 0.1). Transmembrane topology and signal peptide 

predictions were performed using Phobius (Kall et al., 2004).   
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Figure 2.2: Schematic diagram of a single crossover event to create an insertional mutant. 
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Figure 2.3: Transposition mechanism. (a) The transpose makes cuts (marked with 

arrows) in the DNA strands at the end of the target site and at the transposable element. 

(b) The target site is ligated to the transposable element. Black stars represent free 3’ 

ends of DNA strands at which replication can occur. Further cuts are made before DNA 

replication/repair occurs, and the transposable element is lost from the donor DNA. (c) 

Repair leads to duplication of the target site and transposition to the new site occurs 

(adapted from Madigan et al., 2003). (d) Schematic of mini-Tn5 derivative pTGN (Tang 

et al., 1999). Tn5 genes are located in between the inside (I) and outside (O) ends of the 

IS50, and are indicated in white. Some relevant features of pTGN are shown in grey, 

such as the tnp-transposase, aacC1-Gm resistance, and nptII-Nm resistance. The arrows 

‘<’ and ‘>’ indicate primer binding sites. 
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2.8 Nodulation Experiment 

 Nodulation by R. leguminosarum was performed using peas (Pisum sativum). Pea 

seeds were surface sterilized on a shaker in 2.5% sodium hypochlorite for 5 mins, then in 

70% ethanol for 5 mins, followed by three washes in sterile water. The sterile seeds were 

then placed on water agar plates and were permitted to germinate in the dark at room 

temperature. After 72 hrs, they were planted in modified magenta jars that were 

assembled to resemble Leonard jars (Vincent, 1970). The magenta jars contained sterile 

vermiculite as the root growth substrate and about 200 mL of Hoagland’s plant solution 

(Hoagland & Arnon, 1938). Two pea seeds were planted in each jar and after 24 hrs, 

each seed was inoculated with 500 µl of an overnight culture of the appropriate R. 

leguminosarum strain resuspended in sterile water. The peas were grown for 4 weeks and 

then the nodules were harvested. 

2.9 Sensitivity assays 

2.9.1 Zone of inhibition assays 

 Assays were conducted using 0.7% agar overlay VMM tubes, which were 

autoclaved and cooled to 50°C before use. Overnight R. leguminosarum cultures (OD600 

~ 1.0) were added to the overlay tubes in 400 µl quantities and poured onto VMM 

medium plates. The overlay mixture was allowed to solidify then 10 µl of various 

compounds were added to sterile 7 mm blotting paper disks. Disks were then applied 

onto the cooled overlay mixture and allowed to incubate at 30°C for about 48 hrs. Zones 

of inhibition (in mm) were measured at the end of the incubation period. Trials were 

done in triplicate, with the mean and standard deviation being recorded.  

2.9.2 NPN assays 
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 To determine outer membrane permeability changes in the R. leguminosarum 

mutant strains, uptake of the fluorescent probe 1-N-phenylnaphthylamine (NPN) was 

measured using a method described by Helander & Mattila-Sandholm (2000). An intact 

outer membrane prevents binding of the NPN, and therefore an increase in fluorescence 

indicates decreased structural integrity of the outer membrane. Cells were added to a 

microtitre plate in HEPES buffer at a concentration of 5 mmol L-1, pH 7.2, with 50 µl of 

NPN (40 µmol L-1 in HEPES buffer). The fluorescence was measured using a 

fluorescence microplate spectrophotometer with an excitation wavelength at 355 nm and 

detection of an emission wavelength at 405 nm. 

2.9.3 Desiccation assays 

 Due to the importance of a functional cell envelope in desiccation tolerance 

(Gibson et al., 2006; Gilbert et al., 2007; Vanderlinde et al., 2009; Vanderlinde et al., 

2010), desiccation tolerance of the mutants was investigated. A filtration method 

described by Ophir & Gutnick (1994) and modified by Gilbert et al. (2007) was used to 

perform desiccation sensitivity assays. Cultures were first grown in VMM broth for 48 

hrs and diluted to 50 mL using sterile VMM broth. The dilution was filtered using a 

Millipore Vacuum Manifold, Microfil Filtration funnels, and S-Pak 0.45 µM Type HA 

membranes, according to the manufacturer’s description (Millipore Inc., Bedford, MA). 

Filter membranes were cut in half and one half was placed on water agar (1.25%), while 

the other was placed in a sterile empty Petri dish. All plates were incubated at 30°C for 

48 hrs. After incubation, each filter was put in separate vials containing 2 mL of water 

and vortexed for 5 mins to remove cells. The cell suspension was serially diluted and 

spot plated on VMM to determine the number of culturable bacteria and the percent 
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survival was calculated using the ratio of CFU mL-1 (desiccated) to CFU mL-1 

(hydrated). 

2.10 Biofilm assays 

 A functional cell envelope is important for biofilm formation in R. 

leguminosarum (Vanderlinde et al., 2010), therefore the biofilm capabilities of various 

mutants were tested. A method adapted from Fujishige et al. (2006) and O’Toole & 

Kolter (1998) was used to culture biofilms in microliter plates. Cells were first scraped 

off from VMM plates using a sterile cotton swab and were suspended in double-distilled 

water (ddH2O). To obtain an approximate starting inoculum of about 1 x 107
 CFU mL-1, 

the suspensions were diluted 1 in 15 using VMM broth containing 1% mannitol. From 

this dilution, 150 µl was added to each well of a flat bottom Corning® CellBIND® 

Surface brand 96-well plate (Corning Incorporated, Corning, NY, US). The plates were 

sealed using parafilm and were incubated on a gyrorotary shaker set to 100 rpm for 48 

hrs at 30oC. Biofilm containing wells were rinsed with 200 µl of ddH2O and stained with 

200 µl of 0.4% crystal violet in each well for 15 mins at room temperature. The wells 

were then rinsed 3 times with 200 µl of ddH2O and the remaining crystal violet was 

solubilized with 200 µl of 95% EtOH. Absorbance was measured at 550 nm.
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3.0 ISOLATION OF MUTANT STRAINS THAT SUPPRESS THE TY GROWTH 

SENSITIVITY PHENOTYPE IN CELL ENVELOPE MUTANTS 

3.1 Introduction 

Bacterial survival is highly dependent on a functional cell envelope, which can be 

a complex structure consisting of an inner membrane, a peptidoglycan layer, and an 

outer membrane (Gibson et al., 2008). R. leguminosarum can encounter many different 

types of stress throughout their bi-phasic lifecycle. Although studies have identified and 

characterized the function of select envelope components, there is still more information 

required to tease apart the function of more than 500 genes predicted to be involved in R. 

leguminosarum cell envelope function and the regulatory networks involved in 

regulation of these genes (Young et al., 2006). 

All organisms have preferred growth conditions and the availability of nutrients 

can impact the physiology of the bacteria. There are different types of chemically 

defined media on which bacteria are regularly grown, which can be defined as either 

complex media or minimal media. All the components of minimal media are known and 

are thus controllable (e.g. one carbon source, salt, vitamins and nitrogen), while complex 

media contain a mixture of inorganic and organic compounds such as hydrolyzed yeast 

extract and high concentrations of tryptone (tryptic digest of casein) (Sambrook et al., 

1989). Complex media often have high concentrations of peptides and low 

concentrations of carbohydrates such that the cells quickly consume the carbohydrates 

and change their physiology to amino acid catabolism. 

 Multiple rhizobial mutants containing cell envelope developmental gene mutations 

have been identified as being unable to grow on the complex medium TY (Bélanger et 



 32 

al., 2009; Gilbert et al., 2007; Foreman et al., 2010; Vanderlinde et al., 2009; 

Vanderlinde et al., 2010; Vanderlinde et al., 2011). A schematic illustrating the predicted 

protein locations in the cell for a few of these genes (cmd operon, chvG, cbrA, ctpA, 

ropB, and the fab genes), along with a brief description, is depicted in Figure 3.1. The 

characterization and isolation of suppressor mutants is a useful strategy to help elucidate 

functional partners in complex gene networks (Driscoll & Finan, 1993; Oresnik et al., 

1994; Wells & Long, 2003). A suppressor screen starts with a known mutation and then 

identifies a secondary site mutation that suppresses the original mutant phenotype.  

3.2 Research objectives of this chapter 

 The primary objective of this chapter was to first isolate suppressors that resotre 

growth to cell envelope mutants that display a TY growth deficient phenotype. A 

phenotypic assessment of the suppressor strains to characterize their sensitivity to 

various envelope stressors was performed to better characterize the impact of the 

suppressor change on the envelope function of the mutant. The following gene mutations 

were chosen to isolate spontaneous suppressors on TY and VMM containing glycine: 

ctpA (RL4692), fab2XL (RL2815), chvG and both non-polar and polar mutations to the 

cmd operon (cmdA-cmdD).  

Following phenotypic characterization, the objective was to select a suppressor of 

interest for genotypic analysis and identification of the suppressor locus. Genotyping all 

suppressor loci was out of scope for this study, however the results of this chapter 

provide a library of phenotypically characterized suppressor strains for future students to 

continue investigating cell envelope gene networks in R. leguminosarum. Furthermore, 
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by identifying the suppressor frequency for the various mutants, the pathway complexity 

(i.e. the number of pathways involved in TY phenotypic restoration) can be measured. 

3.3 Materials and methods 

3.3.1 Isolation of Suppressor mutants 

To isolate suppressor mutants, the mutant cultures were serial diluted, plated onto 

both complex peptide-rich media (TY) and minimal media containing 3 mM glycine (a 

concentration at which wild type grows, but the mutant is unable to grow), and incubated 

at 30°C for approximately 48 hrs to promote growth. The same dilutions were also plated 

onto minimal media as a control and to obtain a suppressor strain frequency for the 

experiment. Any colonies that arose on TY and minimal media with 3 mM glycine were 

re-streaked twice to ensure purity of the strain. 

3.3.2 Confirmation of Suppressor fidelity (PCR) 

All potential suppressor strains needed to be confirmed as to not be revertants of 

the original gene mutation or wild type contaminants. Once a suppressor strain was 

isolated to purity, a fragment surrounding the original mutation was PCR amplified 

(primers listed in Table 3.1) to confirm that they maintained the original mutations. PCR 

conditions are explained in further detail later on in this chapter when individual 

suppressor strains are discussed separately. If the suppressor maintained the original 

mutation, then it confirmed that the suppressor locus was located at a secondary site in 

the genome. 
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Figure 3.1: Schematic of known proteins involved in sensitivity to growth on complex 

media. The carboxyl-terminal protease (CtpA), involved in detergent sensitivity and 

desiccation tolerance (Gilbert et al., 2007), is located in the periplasm. A two-component 

sensor histidine kinase (cbrA) is a transmembrane protein found in the inner membrane. 

A cluster of six genes is required to synthesize the VLCFA: acpXL (acyl carrier protein), 

fabZXL (dehydratase), fabF2XL (2-oxo-acyl, acyl carrier protein synthase), fabF1XL (2-

oxo-acyl, acyl carrier protein synthase), adh2XL (dehydrogenase), and IpxXL 

(acyltransferase). The ChvG sensor kinase (part of the ChvG/ChvI two-component 

system) is located within the inner membrane. RopB, which is linked to out membrane 

stability, is an outer membrane protein. The cmd operon (cmdA-D), consists of a four-
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gene operon with the following annotations: a moxR-like AAA+ ATPase (RL3499), a 

conserved hypothetical protein (RL3500), and two large conserved transmembrane 

proteins (RL3501 and RL3502). All four genes in the operon contain many conserved 

domains of unknown function (DUFs), and mutations to the operon result in an increased 

sensitivity to membrane disruptive agents such as hydrophobic antibiotics, alkaline pH 

and detergents. 
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3.3.3 Carbon source utilization assay 

Given that a major difference between growth on TY and VMM is the type of 

carbon source, select strains were tested on their ability to grow on different types of 

carbon sources at a 0.1% concentration in VMM medium. Mannitol is the sole carbon 

source present in a standard VMM medium, while the main carbon source in TY can be 

peptides or amino acids. Vanderlinde & Yost (2012) reported a negative effect of carbon 

source on the growth of the chvG mutant, therefore the effect was also investigated in the 

chvG suppressors. Wild type, chvG, and the chvG suppressors were grown on VMM 

supplemented with 0.1% of the following carbon sources: mannitol, casamino acids, 

alanine, succinate, histidine, glutamate, proline, and arginine. Plates were grown at 30°C 

for 72 hrs, to compensate for the long generation time is characteristic of the chvG 

mutant. Relative growth was measured semi-quantitatively, where growth that was 

equivalent to the amount of growth present on a control mannitol plate was denoted 

‘+++’, 50-80% of the growth observed on a control plate was denoted ‘++’, and 20-50% 

of the growth observed on a control plate was denoted ‘+’, and ‘-‘ represented no 

growth. Carbon source sensitivity was investigated in the chvG mutant and suppressors, 

the ctpA mutant and suppressors, and the fabF2XL mutant and suppressors. 
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Table 3.1: Primer list used to confirm suppressor mutants. 

Primer Sequence (5'-3') Melting 

temp. (°C) 

Source Used to 

confirm 

SMIRTF2 CCGGCCAAGGCAACGCAT 73.7 Vanderlinde et al., 2011 cmdC::Tn5 -S 

GmTAIL-2 AGTTGGGCATACGGGAAGA

AGTGA 

65.6 Vanderlinde et al. (2010) Tail PCR 

RL3499A ATCGGCGTGCCCATGTAGAA 69.7 Vanderlinde et al. (2011) 38cmdA-S 

RL3499D CTTGTACATCATCGAGGGCG

ACAT 

69.8 Vanderlinde et al. (2011) 38cmdA-S 

RL3500A ACACGGTTGTCGATGCCATC

CT 

71.8 Vanderlinde et al. (2011) 38cmdB-S 

RL3500D GGATTCGGCGTCGTCTATCA

A 

68.1 Vanderlinde et al. (2011) 38cmdB-S 

RL3501A CCCTTCGCTTTCGCCTATCCC 71.4 Vanderlinde et al. (2011) 38cmdC-S 

RL3501D CATAATGTTGACGCCGGAAC

G 

69.2 Vanderlinde et al. (2011) 38cmdC-S 

FabZ CACCATGCCGTTTTCCGA 68.1 Vanderlinde et al. (2009) fabF2XL-S 

FabF1R TAGGATCCCTTGAAATTGTC

GGAAAC 

62.6 Vanderlinde et al. (2009) fabF2XL-S 

DegTaqI CCAGTGAGCAGAGTGACGIIII

INNSWGTCGAA 

67.4 Gonzalez-Ballester et al. 

(2005) 

RESDA & 

fabF2XL-S 

DegDpnI CCAGTGAGCAGAGTGACGIIII

INNSWGGATCC 

68.8 Gonzalez-Ballester et al. 

(2005) 

RESDA & 

fabF2XL-S 

Q0 CCAGTGAGCAGAGTGACG 60.0 Gonzalez-Ballester et al. 

(2005) 

RESDA & 

fabF2XL-S 

PTGN10 CCTTCACCCTCTCCACTG 60.9 Vanderlinde et al. (2009) RESDA & 

fabF2XL-S 

PTGN50 CCCATTAACATCACCATC 55.8 Vanderlinde et al. (2009) RESDA & 

fabF2XL-S 

ΩKm2 CATGCTGGAGTTCTTCGCCC 62.9 Foreman et al. (2010) ctpA-S & 

chvG-S 

ChvGDSR TCCGCTGAGAGAAGAACC 60.7 Foreman et al. (2010) chvG-S 

yibP1F CGAAAAGAGCACGGAAAGC

A 

67.4 Gilbert et al. (2007) ctpA-S 
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3.4 Results  

 Strains that suppressed the growth defective phenotype of the ctpA, fabF2XL, 

chvG, and cmdA-cmdD mutants were isolated using a variety of culturing procedures. 

Due to the sensitivity to growth on complex media, suppressor strains were isolated on 

TY media from the following R. leguminosarum 3841 mutant strains: ctpA and fabF2XL. 

An attempt to isolate chvG suppressors was initially attempted on TY media, but no 

suppressors were detected. Therefore, suppressors were isolated from the chvG mutant in 

R. leguminosarum VF39 on VMM containing 0.3% yeast extract. Suppressors to the 

polar (cmdC::Tn5) and non-polar mutations in the cmdA-cmdD operon were isolated on 

VMM containing 3 mM glycine. VMM containing glycine was used as an alternative to 

TY for suppressor isolation with the cmdA-cmdD mutants, due to the potential effect of 

glycine stress on the peptidoglycan component of the cell envelope. These suppressors 

were also tested for sensitivity to TY growth after isolation on glycine supplemented 

VMM. Suppressor frequencies can be viewed in Table 3.2. To investigate other 

suppressor mutant phenotypes restored to the wild-type levels, and to select a suppressor 

strain suitable for further characterization, phenotypic cell envelope sensitivity assays 

were conducted on all suppressor isolates. 
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Table 3.2: Suppressor frequencies obtained from ctpA (ctpA-S), fabF2XL (fabF2XL-S), 

chvG (chvG-S), and cmd operon mutant suppressors (38cmdA-D and 38cmdC::Tn5).  

Suppressor strain Parental strain Media used for isolation 

Suppressor 

frequency 

ctpA-S ctpA TY 10-3 CFU mL-1 

fabF2XL-S fabF2XL TY 10-3 CFU mL-1 

chvG-S chvG VMM+YE 10-2 CFU mL-1 

38cmdC::Tn5-S 38cmdC::Tn5 VMM + 3 mM glycine 10-5 CFU mL-1 

38cmdA-S 38cmdA VMM + 3 mM glycine 10-5 CFU mL-1 

38cmdB-S 38cmdB VMM + 3 mM glycine 10-6 CFU mL-1 

38cmdC-S 38cmdC VMM + 3 mM glycine 10-6 CFU mL-1 
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3.4.1 Strains suppressing the ctpA mutant growth deficient phenotype 

3.4.1.1 Growth phenotype and cell morphology 

 Gilbert et al. (2007) constructed a ctpA mutant in R. leguminosarum 3841 to 

better understand the role of proteases in R. leguminosarum physiology. The study found 

that functional ctpA is essential for growth on the complex medium TY. The study also 

identified the ctpA mutant as being more sensitive to detergents and desiccation when 

compared to the wild type. Due to the inability to grow on TY, suppressor mutants were 

first isolated on TY and were then confirmed to maintain the original ctpA mutation 

through PCR. Growth phenotypes are shown in Figure 3.2, with the suppressors 

restoring growth on TY to the wild-type phenotype. The cell morphology was also 

investigated by plating a heavy inoculant on TY agar, incubating at 30°C overnight, and 

subsequently staining with crystal violet and observing the stained cells under light 

microscopy (Figure 3.3). Mutant ctpA cells were distorted and enlarged on TY, while the 

ctpA suppressors restored cell morphology to the wild-type rod-shape. 
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Figure 3.2: ctpA growth phenotypes on TY (a) and VMM (b) media. Wild type 3841 

grows well on both types of media, while the ctpA mutant can grow on VMM but is 

unable to grow on TY. Both ctpA suppressors (ctpA-S1 and ctpA-S2) restore the TY 

growth to the wild-type phenotype. Similar results are observed when strains are grown 

on VMM with 3 mM glycine instead of TY (data not shown). 
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Figure 3.3: Light microscopy images of ctpA mutant and the suppressor. (a) 3841 grown 

on TY media. (b) ctpA mutant grown on VMM, which resembles wild-type growth on 

VMM (not shown). (c) ctpA mutant grown on TY media. Cells are large and distorted. 

(d) ctpA suppressor grown on TY. Although some cells are distorted there are a 

substantial number of cells that are restored to the wild-type cell morphology observed 

on TY. 
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3.4.1.2 PCR analysis of ctpA region 

 Gilbert et al. (2007) constructed a ctpA mutant in R. leguminosarum 3841 using 

an allelic exchange strategy described by Quandt & Hynes (1993). Briefly, a 2.4 kb PCR 

fragment was ligated into a pCR2.1-TOPO vector according to the manufacturer’s 

specifications (Invitrogen, Burlington, ON), and was then cut out of the vector using 

SpeI and XhoI. The fragment was then ligated into the suicide vector pJQ200SK. A 

kanamycin/neomycin cassette was extracted from pHP45ΩKm (Fellay et al., 1987) using 

SmaI and was inserted into the center of the ctpA gene cloned in the pJQ200SK plasmid 

construct. The construct was then conjugated into R. leguminosarum 3841 and the 

replacement of the wild type ctpA gene with the insertional mutant gene via homologous 

recombination was selected for using Nm and 5% sucrose on VMM media. To verify 

that ctpA suppressor strains maintained the insertional mutagenesis event, the primers 

yibP1F and ΩKm2 (Table 3.1) were selected for amplifying the region surrounding the 

ΩKm cassette (Figure 3.4). 

3.4.1.3 Outer membrane integrity is not restored in the suppressor mutant 

 Mutations to ctpA are known to increase the cell's sensitivity to hydrophobic 

antibiotics and membrane disruptors (Gilbert et al., 2007). To determine if the 

suppressor’s restoration of TY growth is also correlated to restored outer membrane 

integrity, the cell’s sensitivity to erythromycin, tetracycline, SDS, and NPN uptake into 

the outer membrane was examined. The suppressor mutation did not restore outer 

membrane stability and the suppressor strain remained more sensitive to the antibiotics, 

NPN uptake, and desiccation when compared to the wild type (Figure 3.5).  

3.4.1.4 Carbon source assays 
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The ctpA mutant in R. leguminosarum bv. viciae 3841 is unable to grow on 

complex media, and it had been suggested that may be due to changes in amino acid 

catabolic activities that are linked to the mutation (Bélanger et al., 2009; Foreman et al., 

2010; Vanderlinde & Yost, 2012). To further characterize the catabolic potential of the 

various strains, wild type, the ctpA mutant, and two ctpA suppressors were grown on 

VMM containing 0.1% of different carbon sources, and growth results can be viewed in 

Table 3.3.  
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Figure 3.4: PCR analysis of ctpA mutant and suppressors. (a) Schematic outlining the 

insertion of the ΩKm cassette into ctpA and the primer binding locations. (b) PCR gel 

results for wild type 3841 (WT), the ctpA mutant, and the four ctpA suppressor strains 

(S1-S4). All suppressors maintain the original mutation to the ctpA gene. 
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Figure 3.5: (a) Results from mutant sensitivity tests. Ten microliters of the following 

compounds were added on separate disks: 0.1mg Tetracycline (Tc) mL-1, 10mg 

Erythromycin (Er) mL-1, and 5mg Polymyxin B (PB) mL-1. Values are normalized to the 

wild type strain displaying zones of inhibition as a % increase relative to the wild type. 

All mutants were more sensitive than the wild- type strain, with one exception: the ctpA 

mutant had the same sensitivity to erythromycin as the wild type. (b) NPN assay results. 

Values are normalized to the wild type strain displaying NPN fluorescence as a % 

increase relative to the wild type. (c) Desiccation assay. The ctpA suppressor strains 

(ctpA-S1 and ctpA-S2) do not restore the desiccation tolerance to the wild-type level, 

remaining close to the same sensitivity as the original ctpA mutant. The presented data 

includes three independent trials for all three assays, with the mean values and standard 

deviations reported. 
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Table 3.3: Growth of ctpA and suppressors on different carbon sources.  

0.1% Carbon source 

Strain (growth*) 

3841 ctpA ctpA-S1 ctpA-S2 

Mannitol  +++  +++  +++  +++ 

Casamino acids  +++  +  +++  ++ 

Alanine  +++  +++  +++  +++ 

Succinate  -  -  -  - 

Histidine  +++  +++  +  + 

Glutamate  +++  +++  +++  +++ 

Proline  +++  +++  +++  +++ 

Arginine  -  ++  +  + 

 

*Growth that was equivalent to the amount of growth present on a control mannitol plate 

was denoted ‘+++’, 50-80% of the growth observed on a control plate was denoted ‘++’, 

and 20-50% of the growth observed on a control plate was denoted ‘+’, and ‘-‘ 

represented no growth. These results are representative of three independent trials. 
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3.4.2 Strains that suppress the growth deficient phenotype of the fabF2XL mutant 

 R. leguminosarum possess an outer membrane that contain unique lipids such as 

LPS in the outer leaflet. LPS is made up of three components: the lipid A, the core 

polysaccharide, and the variable O-antigen that extends from the cell surface 

(Kannenberg et al., 1998). There are four major differences in the lipid A structure of R. 

leguminosarum when compared to the lipid A in E. coli: the replacement of the reducing 

end glucosamine (GlcN) with a 2-deoxy-2-aminogluconate residue (GlcNoate), a 

galacturonic acid residue at the 4’ position, the lack of phosphate groups at the 1 and 4’ 

positions, and the presence of a very long chain fatty acid (VLCFA) residue composed of 

a 27-hydroxyoctacosanoate chain attached by an acyloxyacyl linkage at the 2’ position 

(Figure 3.6; Bhat et al., 1991; Bhat et al., 1994; Que et al., 2000; Que & Ribeiro, 2000; 

Vanderlinde et al., 2009). The VLCFA is almost twice as long as the typical β-hydroxy 

fatty acid, and it is predicted that the hydroxyl group present on the penultimate carbon 

helps anchor the VLCFA to the charged phospholipids in the inner leaflet of the bilayer 

(Bhat et al., 1991; Vanderlinde et al., 2009). 

 A group of six genes are required to synthesize the VLCFA: acpXL (acyl carrier 

protein), fabZXL (dehydratase), fabF2XL (2-oxo-acyl, acyl carrier protein synthase), 

fabF1XL (2-oxo-acyl, acyl carrier protein synthase), adh2XL (dehydrogenase), and lpxXL 

(acyltransferase) (Basu et al., 2002; Vanderlinde et al., 2009). Various studies performed 

in R. leguminosarum and S. meliloti have confirmed that all fabXL genes within the gene 

cluster play a role in the synthesis of the VLCFA (Ferguson et al., 2005; Haag et al., 

2011; Vanderlinde et al., 2009; Vedam et al., 2003). Other studies have identified the 

importance of an intact VLCFA for survival in the rhizosphere as mutations result in 
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sensitivity to hypo- and hyper-osmotic stress, increased sensitivity to desiccation, 

decreased cellular motility, and biofilm formation, and increased acid sensitivity 

(Ardissone et al., 2011; Brown et al., 2011; Ferguson et al., 2005; Haag et al., 2011; 

Vanderlinde et al., 2009; Vedam et al., 2003). Furthermore, mutations to acpXL or 

IpxXL delays the establishment of nitrogen-fixing nodules, suggesting the presence of the 

VLCFA in the outer membrane is important for the symbiotic relationship (Vanderlinde 

et al., 2009; Vedam et al., 2006). 

 Vanderlinde et al. (2009) isolated a fabF2XL mutant containing a transposon 

insertion site in the third gene in the fabXL gene cluster, which lacked expression of two 

putative 3-oxo-acyl (acyl-carrier protein) synthase II genes, fabF1 and fabF2. The 

mutant was found to lack the VLCFA modification in the lipid A, could not grow on TY 

media, and was more sensitive to various stressors such as desiccation and osmotic 

stress. Given the suggested impact the mutation had on both survival and establishing a 

successful symbiotic relationship, fabF2XL suppressor mutants (fabf2XL-S) were 

isolated using the complex media TY (Table 3.2). Three independent trials of suppressor 

isolations was performed. 

3.4.2.1 Growth phenotype and cell morphology of the suppressor strains 

Suppressor mutants were first isolated on TY and were then confirmed to 

maintain the original fabXL mutation through PCR. Growth phenotypes are shown in 

Figure 3.7. The cell morphology was also investigated by plating a heavy inoculant on 

TY agar, incubating at 30°C overnight, and observing crystal violet stained cells using 

light microscopy (Figure 3.8). fabF2XL cells were distorted and enlarged on TY, while 

the suppressors restored cell morphology to the wild-type rod-shape. 
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3.4.2.2 PCR analysis of fabF2XL region 

Vanderlinde et al. (2009) isolated the fabF2XL mutant through Tn mutagenesis, 

using inability to grow on complex media as a selection screen. The Tn insertion was 

mapped to the fabF2XL gene, which is the third gene in a fabXL gene cluster. To confirm 

fabF2XL suppressor strains, PCR was performed using the specific Tn5 primer pTGN10 

and FabF1R (Table 3.1). Amplicons were subsequently sequenced to confirm insertion 

of the fabF2XL mutant. All suppressors maintained the Tn5 insertion in the fabF2XL 

gene (Figure 3.9). 
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Figure 3.6: Lipid A structure in E. coli (a) and R. leguminosarum (b), highlighting the 

very long chain fatty acid (VLCFA). Schematic was adapted from Vedam et al. (2003).  
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Figure 3.7: Growth phenotypes of fabF2XL mutant and suppressors. (a) Wild type 3841, 

fabF2XL, and fabF2XL suppressors (fabF2XL-S4 and fabF2XL-S8) grown on complex 

TY media. The fabF2XL mutant is unable to grow on complex media, while suppressors 

restore growth to wild-type phenotype levels. (b) Wild type, fabF2XL, fabF2XL-S4, and 

fabF2XL-S8 grow well on the VMM control plate. 
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Figure 3.8: Light microscopy view of fabF2XL mutant and suppressor. (a) 3841 grown 

on TY media. (b) fabF2XL mutant grown on VMM, displaying large capsules 

surrounding the cells. (c) fabF2XL mutant grown on TY media. Cells are few in 

abundance and distorted in shape, suggesting a majority of the cells had lysed prior to the 

observation. (d) fabF2XL suppressor grown on TY. Majority of cells are abundant in 

number and are restored to the wild-type growth phenotype on TY. 
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Figure 3.9: PCR analysis of fabF2XL mutant and suppressors. (a) Schematic outlining 

Tn5 insert in fabF2XL and primer binding locations. (b) PCR fragment for wild type 

(WT) fabF2XL mutant, and two fabF2XL suppressors (fabF2XL-S4 and fabF2XL-S8).      
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3.4.2.3 ropB gene expression in the fabF2XL mutant and the suppressor strain 

 The outer membrane protein gene ropB was identified as being down-regulated 

in the fabF2XL mutant, and cells that do not express ropB have increased sensitivity to 

membrane disruptive agents (Foreman et al., 2010; Vanderlinde et al., 2009). The ropB 

gene expression was measured in the suppressor strains using gusA transcriptional 

fusions. The suppressor strains did not have observed ropB expression comparable to the 

wild-type level when grown on TY media (Table 3.4). 

3.4.2.4 Outer membrane integrity is not restored in the suppressor mutant 

Mutations in the fabXL genes are known to increase the mutant's sensitivity to 

hydrophobic antibiotics and membrane disruptors (Vanderlinde et al., 2009). To 

determine if restoration of TY growth observed in the suppressor strain is correlated to 

restored outer membrane integrity, fabF2XL suppressor strains were examined for their 

sensitivity to erythromycin, tetracycline, polymyxin B, SDS, and NPN uptake into the 

outer membrane. The TY growth defect suppressor mutations did not restore outer 

membrane stability and they remained more sensitive to the antibiotics, SDS, and NPN 

uptake when compared to the wild type (Figure 3.10). Biofilm formation and desiccation 

tolerance were also investigated and results are found in Figure 3.10. Results suggest that 

all mutants possess a more permeable outer membrane when compared to the wild type, 

suppressor mutants maintained the same decrease in cell survival when compared to the 

wild type, and all mutants had a decreased ability to attach to a solid surface when 

compared to the wild type strain (Figure 3.10).  
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Table 3.4. fabF2XL mutant and suppressor GusA assay results illustrating the expression 

of the outer membrane protein gene ropB in fabF2XL and suppressors.  

Strain containing DF4 Miller Units (mean ± SD) 

3841 31250 ± 126 

fabF2XL 335 ± 19 

fabF2XL-S4 297 ± 56 

fabF2XL-S8 364 ± 48 
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 Figure 3.10: (a) Results from mutant sensitivity tests. Ten microliters of the following 

compounds were added on separate disks: 0.1mg Tetracycline (Tc) mL-1, 10mg 

Erythromycin (Er) mL-1, 5mg Polymyxin B (PB) mL-1, and 10% SDS. Values are 

normalized to the wild type strain displaying zones of inhibition as a % increase relative 

to the wild type. All mutants were more sensitive than the wild- type strain. (b) NPN 

assay results. Values are normalized to the wild type strain displaying NPN fluorescence 

as a % increase relative to the wild type. (c) Desiccation Assay results displayed as a 

percent decrease in cell survival normalized to the wild type. (d) Biofilm Assay results 

displayed as a percent decrease normalized to the wild type. All four graphs presented 

include three independent trials, with the mean values and standard deviations reported.  
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3.4.3 Isolation of strains carrying suppressor mutations to the growth defect of a 

chvG mutant 

 The ChvG/ChvI system from Agrobacterium tumefaciens is the most extensively 

studied two-component system in the Rhizobiaceae, where ChvG is the sensor kinase 

and ChvI is the response regulator (Bélanger et al., 2009; Charles & Nester, 1993; Cheng 

& Walker, 1998; Vanderlinde & Yost, 2012). Mutation of either chvG or chvI in A. 

tumefaciens results in avirulence on several host plants (Charles & Nester, 1993; Cheng 

& Walker, 1998; Li et al., 2002). The ChvG/ChvI system also regulates a number of 

acid-inducible genes in A. tumefaciens which has lead to the suggestion that ChvG/ChvI 

acts as a pH sensor involved in regulating virulence genes as a response to the acidic 

environment encountered in the early stages of infection (Li et al., 2002). Other studies 

have shown the importance of ChvG (ExoS) and ChvI in S. meliloti for establishing a 

successful symbiosis with its host legume alfalfa (Bélanger et al., 2009; Wang et al., 

2010; Yao et al., 2004). These studies, along with many others illustrate that the 

importance of the proper function of the ChvG/ChvI two-component system during host 

infection in both S. meliloti and A. tumefaciens (Bélanger et al., 2009; Bélanger & 

Charles, 2013; Cheng & Walker 1998; Quebatte et al., 2010; Sola-Landa et al., 1998; 

Yao et al., 2004). 

The ChvG/ChvI two-component system is involved in regulating genes involved 

in the cell envelope, such as ropB, and mutations in chvG result in reduced membrane 

stability in R. leguminosarum, A. tumefaciens, S. meliloti, and Brucella abortus 

(Bélanger et al., 2009; Chen et al., 1993; Foreman et al., 2010; Li et al., 2002; Sola-

Landa et al., 1998). Vanderlinde & Yost (2012) have identified novel phenotypes for a 
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chvG mutant, including the role of chvG in regulating polysaccharide production, PHB 

accumulation, and carbon source utilization in R. leguminosarum, which differs 

significantly from S. meliloti. The chvG mutant in R. leguminosarum also maintains 

many of the same phenotypes observed in other strains, such as defective nodulation, 

acid sensitivity and the inability to grow on complex media. To isolate suppressors of the 

mutant chvG growth phenotype (chvG-S), VMM containing 3 g of yeast extract per liter 

was used, as suppressors were not isolated using TY or VMM with 3 mM glycine. 

3.4.3.1 Growth phenotype and cell morphology of the suppressor strains 

 Growth phenotypes of wild type, the chvG mutant, and chvG suppressors on 

VMM, TY, VMM with glycine, and VMM containing yeast extract are described in 

Table 3.5. Growth results were reported in a table format instead of images of growth 

plates because the chvG mutant requires an average of 120 hrs to culture, while the wild 

type and suppressors only require 48-72 hrs, meaning the strains could not grow well 

together on a single agar plate. To view cells under the microscope, wild type (VF39), 

the chvG mutant, and chvG suppressors were plated with a heavy inoculum onto VMM 

containing yeast extract and were incubated at 30°C overnight. Cells were viewed using 

light microscopy (Figure 3.12), and all suppressor mutants had the same observed 

growth phenotype. 

3.4.3.2 PCR analysis of chvG suppressors 

 Foreman et al. (2010) constructed a chvG mutant in R. leguminosarum VF39 by 

inserting an ΩKm cassette at an internal SstI site within the gene followed by gene 

replacement using pJQ200SK and homologous recombination. To confirm the 

suppressor mutants maintained a chvG gene mutant background, a forward primer 
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binding to the Km cassette, ΩKm2 and a reverse primer binding in the downstream 

region of the gene ChvGDSR (Table 3.1) were used to perform PCR. Only strains 

containing the ΩKm cassette would produce a band (Figure 3.13). The suppressor 

mutants maintained the original mutation to chvG. 
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Table 3.5: Growth results of chvG mutant and suppressors. Four types of media were 

used: VMM, TY, VMM with 3 mM glycine and VMM containing yeast extract (YE). A 

‘+’ denotes the ability to grow and a ‘-‘ denotes an inability to grow on the given media 

type. Suppressor strains restore ability to grow on VMM media containing yeast extract 

only.  

Strain	   	  	  	  	  VMM	  	   TY	  	   VMM	  with	  3	  mM	  glycine	   VMM	  with	  YE	  

VF39	   	  +	   	  +	   	  +	   +	  

chvG	   	  +	   	  -‐	   	  -‐	   -‐	  

chvG-‐S1	   	  +	   	  -‐	   	  -‐	   +	  

chvG-‐S2	   	  +	   	  -‐	   	  -‐	   +	  
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Figure 3.12. Light microscopy view of wild type VF39 (A), chvG mutant (B), and chvG 

suppressors (C) grown on VMM media containing yeast extract. 3841 cells grow in 

healthy rod-shape at a high frequency, while chvG cells grow as distorted, circular 

shapes on VMM media containing yeast extract. chvG suppressor cells have an increased 

number of rod-shaped cells relative to the original chvG mutant strain, when grown on 

VMM media containing yeast extract. 
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Figure 3.13. (a) Schematic of chvG mutant containing ΩKm cassette. (b) Agarose gel 

confirming chvG mutation in chvG suppressors (chvG-S1 and chvG-S2). 
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3.4.3.3 Carbon-source assay 

 The chvG mutant in Rhizobium leguminosarum bv. viciae VF39 is unable to 

grow on complex media, and it had been suggested that the inability to grow may be due 

to the accumulation of toxic intermediates from impaired amino acid catabolism 

(Bélanger et al., 2009; Foreman et al., 2010; Vanderlinde & Yost, 2012). Wild type 

(VF39), the chvG mutant, and two chvG suppressors were grown on VMM containing 

0.1% of different carbon sources. The growth results can be viewed in Table 3.6, with 

the only mutant growth difference observed in the presence of casamino acids.  

3.4.3.4 Outer membrane integrity is not restored in the suppressor mutant 

 Mutations to chvG are known to increase the mutant's sensitivity to hydrophobic 

antibiotics and membrane disruptors (Foreman et al., 2010; Vanderlinde & Yost, 2012). 

To determine if the suppressor’s restoration of TY growth is also correlated to restored 

outer membrane integrity, the sensitivity of the chvG mutant was examined to 

erythromycin, tetracycline, Polymyxin B, SDS, and NPN uptake into the outer 

membrane. The suppressor mutants did not restore outer membrane stability and 

remained more sensitive to the antibiotics, SDS, and NPN uptake when compared to the 

wild type (Figure 3.14).  

3.4.3.5 Gene expression of ropB in the suppressor strain 

To examine the gene expression levels of the outer membrane protein gene ropB 

in the various mutants, GusA assays were performed. Expression of ropB in the chvG 

mutant was observed as being down-regulated in a previous study (Foreman et al., 2010) 

and therefore the expression was investigated in the chvG suppressors. Expression levels 

in the suppressors did not increase (Table 3.7). 
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Table 3.6: Growth of chvG mutant and suppressors on different carbon sources. 

0.1% Carbon source 

Strain (growth*) 

VF39 chvG chvG-S1 chvG-S2 

Mannitol  +++  +++  +++  +++ 

Casamino acids  +++  ++  +  + 

Alanine  +++  -  -  - 

Succinate  -  -  -  - 

Histidine  +++  ++  ++  ++ 

Glutamate  +++  ++  ++  ++ 

Proline  +++  +++  +++  +++ 

Arginine  +  -  -  - 

 

*Strains were streak plated onto VMM media containing 0.1% of the indicated carbon 

source. Presented data reflect results from thee independent trials. Growth that was 

equivalent to the amount of growth present on a control mannitol plate was denoted 

‘+++’, 50-80% of the growth observed on a control plate was denoted ‘++’, and 20-50% 

of the growth observed on a control plate was denoted ‘+’, and ‘-‘ represented no 

growth. 
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Figure 3.14: (a) Results from mutant sensitivity tests. Ten microliters of the following 

compounds were added on separate disks: 0.1mg Tetracycline (Tc) mL-1, 10 mg 

Erythromycin (Er) mL-1, 5mg Polymyxin B (PB) mL-1, and 10% SDS. Values are 

normalized to the wild type strain displaying zones of inhibition as a % increase relative 

to the wild type. One suppressor (chvG-S2) had the same sensitivity to polymyxin B as 

the wild type. (b) NPN assay results shown as a % increase in fluorescence normalized to 

the wild type. (c) Desiccation assay results shown as a % decrease in cell survival 

normalized to the wild type. All three graphs represent three independent trials, with the 

mean values and standard deviations reported. 
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Table 3.7: GusA results illustrating the expression of the outer membrane protein gene 

ropB in chvG on VMM media containing 0.3% yeast extract and 0.5% calcium. 

Strain	  containing	  DF4	   Miller	  Units	  (mean	  ±	  SD)*	  

VF39	   1424	  ±	  185	  

chvG	   435	  ±	  17	  

chvG-‐S1	   397	  ±	  65	  

chvG-‐S2	   376	  ±	  40	  

*Average from three replicates 
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3.4.3.6 Plant phenotype 

 For a successful symbiotic relationship to occur, it is essential that chvG is 

functional in host-associated rhizobials, such as R. leguminosarum, A. tumefaciens and S. 

meliloti (plant bacteria), and B. abortus (animal pathogen) (Bélanger et al., 2009; Cheng 

& Walker, 1998; Vanderlinde et al., 2012; Wang et al., 2010). Plants inoculated with R. 

leguminosarum bv. viciae VF39 chvG were small, yellow and nitrogen starved as 

compared to the wild type controls, indicative of a nodulation deficient phenotype. The 

plant phenotype was investigated using the chvG suppressor strains, and the observed 

results indicated that suppression of the chvG growth defect in the suppressor strain did 

not restore functional nitrogen fixing nodules when inoculated onto Pisum sativum 

(Figure 3.15). 

3.4.3.7 Bacteroid phenotype 

 During symbiosis, nodules form and Rhizobium cells differentiate from rod-

shaped cells into large, y-shaped bacteroids. Vanderlinde & Yost (2012) observed that 

when chvG was mutated in R. leguminosarum VF39, the nodules contained fewer 

bacteroid cells and were undifferentiated rod shaped. The bacteroids were also 

investigated in the suppressor mutants, and were found to maintain the original chvG 

mutant phenotype, having only a few rod-shaped cells (Figure 3.16). 
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Figure 3.15: chvG mutant plant and nodule phenotypes. a. Pisum sativum grown in 

nitrogen-free medium and inoculated with chvG mutant or chvG suppressors. chvG 

suppressors do not restore healthy, green plant phenotype. b. Negative control; plant 

grown in the absence of a rhizobial inoculum. c. Roots containing wild type, healthy 

pink nitrogen-fixing nodules. d. Roots inoculated with chvG mutant, white nodule. e. 

Roots inoculated with chvG suppressor, white nodules. 
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Figure 3.16: Bacteroids obtained from crushed nodules of Pisum sativum plants 

inoculated with chvG mutants. a. Wild type (VF39), arrow indicated a bacteroid. b. chvG 

mutant, no bacteroids, arrow indicates rod-shaped cell. c. chvG suppressor (chvG-S), no 

bacteroids, arrow indicates rod-shaped cell. 
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3.4.4 Isolation of strains that suppress the growth defect in cmdA-D mutants 

Vanderlinde et al. (2010) illustrated the importance of the broadly conserved 

cmdA-cmdD (RL3499-RL3502) operon to proper cell envelope function, however the 

exact molecular function of these genes remains elusive. When cmdA-cmdD mutants 

were grown on peptide-rich media or on glycine supplemented minimal media, the cells 

were enlarged, distorted spheres that were incapable of maintaining growth. Spontaneous 

suppressors were isolated from a polar mutant as well as for non-polar mutants of the 

first three genes (cmdA-cmdC), all on VMM containing 3 mM glycine. 

3.4.4.1 Polar cmd (cmdC::Tn5) and cmdA-D non-polar operon suppressors 

Vanderlinde et al. (2011) isolated a Tn mutant called SM1 in a screen to identify 

complex media defective mutants using TY media. The insertion site of the Tn was 

mapped to RL3501 at bp 281, a gene annotated as conserved with an unknown function. 

The study also identified RL3499-RL3502 (cmdA-cmdD) as being in an operon and that 

the mutation had caused a polar knockout to the operon. For the purpose of this study, 

the mutant will be called cmdC::Tn5. Vanderlinde et al. (2011) also constructed non-

polar mutations to the four genes in the cmd operon and are subsequently referred to as 

38cmdA-38cmdD. Vanderlinde et al. (2011) also found that all cmd operon mutants 

were more sensitive to membrane disruptive agents, such as antibiotics and detergents. 

Furthermore, the study identified the mutants as being sensitive to growth on VMM 

containing 1 mM glycine. Given that some reports state that rhizobial growth sensitivity 

can often be linked to the presence of the amino acid glycine and its proposed interaction 

with the peptidoglycan and inhibition of synthesis, VMM containing glycine was used to 
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isolate suppressor mutants. The concentration of 3 mM glycine was used in VMM for 

suppressor isolation, based on a growth assay to determine a concentration at which the 

wild type was able to grow, but the mutants were not able to grow. 

3.4.4.1.1 Growth phenotype and cell morphology 

 The cmd operon mutant suppressors that were originally isolated on VMM 

containing 3 mM glycine were also grown on TY to see if the TY phenotype was also 

restored to the wild-type level. Growth plates for cmdC::Tn5 can be viewed in Figure 

3.17 and cell morphologies viewed under light microscopy can be viewed in Figure 3.18 

Growth phenotypes for cmdA-cmdD are shown in Figure 3.19 and cell morphology is 

shown in Figure 3.20 and Figure 3.21. All cmd operon mutant suppressor strains restore 

both TY and glycine supplemented VMM growth phenotypes, and cell morphology to 

the wild-type level. 
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Figure 3.17: Growth phenotypes for cmdC::Tn5 mutant and suppressors on VMM with 3 

mM glycine (a), VMM (b), and TY (c). Suppressors restore growth to the wild-type 

phenotype. 
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Figure 3.18: Light microscopy of cmdC::Tn5 mutant and suppressor grown on different 

types of media. (a) cmdC::Tn5 mutant grown on VMM media. Cells are normal rod-

shape (b) cmdC::Tn5 mutant grown on VMM containing 3 mM glycine. Cells are not 

present due to cell lysis. cmdC::Tn5 has a similar phenotype when grown on TY media. 

(c) cmdC::Tn5 suppressor grown on TY media, restoring growth to wild-type phenotype 

(not shown). (d) cmdC::Tn5 suppressor grown on VMM containing 3 mM glycine, 

restoring growth to wild-type phenotype (not shown). 



 75 

 

Figure 3.19: Growth phenotypes for cmdA-C non-polar mutants and suppressors. (a) All 

strains grow well on VMM control medium. (b) cmdA-, cmdB-, and cmdC- mutants are 

unable to grow on the complex media TY. Suppressor strains restore growth to wild-type 

3841 phenotype. (c) cmdA-, cmdB-, and cmdC- mutants are unable to grow on VMM 

containing the amino acid glycine. Suppressor strains restore growth to wild-type 3841 

phenotype. 
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Figure 3.20: Light microscopy of 3841, 38cmdA, and suppressors on different types of 

media. (a) 3841 on VMM, (b) 3841 on TY, (c) 3841 on VMM with 3 mM glycine, (d) 

38cmdA on VMM, (e) 38cmdA on TY, (f) 38cmdA on VMM with 3 mM glycine, (g) 

38cmdA-S on VMM, (h) 38cmdA-S on TY, (i) 38cmdA-S on 3mM glycine. When 

38cmdA is grown on TY or VMM with 3 mM glycine, the cells become enlarged and 

distorted. 38cmdA-S suppressor restores growth to the wild-type phenotype. The other 

non-polar mutants (38cmdB and 38cmdC) and their suppressors have the same 

phenotypes. 
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Figure 3.21: Transmission electron microscopy images of wild type 3841, 38cmdB, and 

38cmdB-S grown on either TY or VMM media.38cmdB cells isolated on TY are 

enlarged, circular, and distorted. Suppressor restores growth to wild-type morphology 

when grown on TY. Strains exhibit same TY growth phenotype when grown on VMM 

with 3 mM glycine. All other operon mutants exhibit the same phenotype as 38cmdB. 
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3.4.4.1.2 PCR analysis of cmd operon mutants and suppressors 

 Vanderlinde et al. (2011) isolated a Tn mutant that contained a Tn5 insertion at 

bp 281 of cmdC. Based on RT-PCR results, the study concluded that cmdC was part of 

an operon cmdA-cmdD and that the transposon insertion had resulted in a polar mutation, 

preventing expression of both cmdC and cmdD. The primer GmTail2 that binds to the 

transposon site, and the primer SM1RTF2 (Table 3.1) were chosen to PCR amplify and 

analyze if the polar suppressors maintained the transposon insertion (Figure 3.22). 

The non-polar mutations to RL3499-RL3501 (cmdA-cmdC) were constructed by 

Vanderlinde et al. (2011) by homologous recombination of the wild-type gene with an 

unmarked gene deletion construct created using a PCR based approach described by 

Sukdeo & Charles (2003). Fragments that contained a short synthetic in-frame fragment 

of DNA in place of a 828 bp, 741 bp, and 1,905 bp fragment were PCR amplified from 

cmdA, cmdB, and cmdC, respectively. PCR fragments were then cloned into the pGEM-

T easy vector according to manufacturer’s instructions (Promega, Nepean, ON). cmdA 

and cmdB were cloned into the suicide vector pJQ200SK using the restriction enzymes 

ApaI and PstI, and cmdC was cloned into pJQ200SK using ApaI and SpeI. All plasmids 

were then transformed for R. leguminosarum conjugation into the E. coli mobilizer strain 

S17-1. The in-frame deletion for each gene was confirmed by PCR and DNA sequencing 

(Vanderlinde et al., 2011). For the cmdA-cmdC suppressor mutants, PCR was also used 

to confirm the original in-frame deletion (Figure 3.23). Primers used are listed in Table 

3.1. 
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Figure 3.22: (a) Schematic outlining the transposon insertion into cmdC and the primer 

binding locations. (b) PCR analysis of polar mutant cmdC::Tn5 and the corresponding 

suppressor strains (cmdC::Tn5 -S1 to cmdC::Tn5 -S5). All suppressor strains were 

compared to the wild type (WT) region and original cmd polar mutation (cmdC::Tn5). 

All suppressors maintained the Tn insertion, and wild type did not amplify due to the 

lack of the Tn insertion.     
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Figure 3.23: (a) Schematic outlining the in-frame deletions to the non-polar cmdA-C 

mutants. Table represents wild type and non-polar mutant fragment sizes. (b) PCR 

analysis of cmdA-C mutants and the corresponding suppressor strains. All suppressor 

strains (S1 & S2) were compared to the wild type (WT) region and original cmd 

mutation (Mut). All suppressors maintained the non-polar, in-frame mutation 

corresponding to the respective cmd mutation.       
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3.4.4.1.3 Outer membrane integrity is not restored in the cmd operon suppressor 

mutants 

 Mutations to the cmdA-cmdD operon are known to increase the mutant's sensitivity 

to hydrophobic antibiotics and membrane disruptors (Vanderlinde et al., 2011). To 

determine if the restoration of TY or VMM with glycine growth on the suppressor is also 

correlated to restored outer membrane integrity, the sensitivity of the cmdC::Tn5 mutants 

was examined to SDS and NPN uptake into the outer membrane. The non-polar mutant 

suppressors were also tested for SDS sensitivity and NPN uptake, but were also tested 

for sensitivity to the antibiotic erythromycin. None of the suppressor mutants restored 

outer membrane stability and all remained more sensitive to SDS and NPN uptake when 

compared to the wild type (Figure 3.24 and Figure 3.25). The non-polar suppressors 

were also found to be more sensitive to erythromycin, when compared to 38cmdA-D 

(Figure 3.25). 

  



 82 

(a) 

  

(b) 

  

Figure 3.24: (a) Results from mutant sensitivity tests. Ten microliters of 10% SDS was 

added on separate disks: Values are normalized to the wild type strain displaying zones 

of inhibition as a % increase relative to the wild type. (b) NPN assay results shown as a 

% increase in fluorescence normalized to the wild type. Both graphs represent three 

independent trials, with the mean values and standard deviations reported. 
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(a) 

 

(b) 

 

Figure 3.25: (a) Results from mutant sensitivity tests. Ten microliters of 10% SDS and 

10mg Erythromycin (Er) mL-1 was added on separate disks: Values are normalized to the 

wild type strain displaying zones of inhibition as a % increase relative to the wild type. 

(b) NPN assay results shown as a % increase in fluorescence normalized to the wild type. 

Both graphs represent three independent trials, with the mean values and standard 

deviations reported. 
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3.5 Discussion 

 To gain a better understanding of the cell envelope function throughout the 

biphasic lifestyle of R. leguminosarum, it is necessary to use approaches that identify and 

characterize genes of unknown function that may be involved in this complex structure. 

Many studies to date have focused on screening methods that identify genes involved in 

specific phenotypes, such as desiccation tolerance (Humann et al., 2009), but protocols 

have not yet been developed to screen specifically for genes involved in cell envelope 

functional networks in Rhizobium. Suppressors were isolated for the majority of the 

complex media defective mutants, which restored the TY and glycine growth phenotypes 

to the wild-type level. I was unable to isolate chvG suppressors on TY or glycine 

supplemented media, likely due to the stressful nature of the mutation and gene pathways 

needed for suppression of the phenotype. VMM supplemented with yeast extract was 

used instead, and suppressors were further investigated in various phenotypic assays to 

determine any possible correlations to other membrane sensitivity tests.  

For the majority of the suppressor strains, the only phenotype that was restored to 

wild-type was the ability to grow on TY and glycine supplemented VMM (or VMM 

containing YE for chvG suppressors). The chvG suppressors were the one exception, in 

that the suppressors had a higher tolerance to desiccation than both the wild type and 

chvG mutant. All other suppressors showed an increased sensitivity to membrane 

disruptive agents, and increased intake of NPN, an increased sensitivity to desiccation 

and a decrease in the ability to form biofilms, when compared to the wild type and the 

parental mutant strain. In some cases, the suppressor cell envelope becomes even more 

sensitive to other envelope integrity assays than their parental mutant, suggesting that the 
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mechanism involved in growth restoration remains quite costly or stressful for the cell. 

Past studies have identified that a lack of ropB expression accounts for several OM 

defects (Foreman et al., 2010; Vanderlinde et al., 2009; Vanderlinde et al., 2011), and 

the suppressor strains did not have restored ropB activity, suggesting the continued stress 

to the OM. Therefore, these data suggest that the suppressor strains are able to initiate 

selective changes to restore specific growth requirements, but remain functionally 

defective on a cell envelope level. Furthermore, these data suggest that the physiological 

requirement for these genes to grow on TY is different than their role in resistance to 

membrane stressors. 

 The cmdA-cmdD genes are conserved yet their function remains unknown, which 

merits further investigation from a fundamental discovery point of view. Given that the 

cmd operon suppressor mutants exhibited a restoration of growth on both TY and VMM 

with glycine, the non-polar mutants were chosen for further genotypic analysis (Chapter 

4), in an effort to identify functional partners to the operon and to better understand these 

genes of unknown function. Also, given that non-polar mutants were available to 

investigate direct functional partners to individual genes in the operon, the cmd non-

polar mutant suppressors appeared to offer a more feasible analysis to the complex 

media and glycine phenotype pathways. Given the scope of the study is limited to only 

one, or at most a few suppressors, the first two genes in the operon (cmdA and cmdB) 

were chosen for suppressor genotypic analysis in Chapter 4. 

 The isolation of suppressors can help provide information for not only identifying 

other phenotypic characteristics, but to also provide insight into the complexity of the 

mechanisms behind the suppressor change. An interesting discovery was the lack of a 
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connection between the TY growth phenotype defect and to other OM defects. In the 

past, TY has been used to isolate cell envelope defective mutants, so it was unexpected 

that the suppression of the TY defective phenotype did not suppress other sensitivities to 

membrane disruptive agents or cell envelope stressors. However, one phenotype that was 

shared with TY was mutant sensitivity to glycine supplemented VMM, and subsequently 

the restored growth of the suppressor strains. Given that glycine is suggested to interact 

with peptidoglycan, it would be interesting to see if the two growth phenotypes (TY and 

glycine supplemented VMM) could be separated or if they have similar pathways 

involved in sensitivity and suppressor changes, hence providing more insight into the 

stressful effect of TY media. Future research could also focus on identifying any other 

phenotypes that may be suppressed with the TY sensitivity in the cell envelope mutant, 

which may help suggest mechanisms or pathways involved in the complex media 

defective mutants. 
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4.0 GENOTYPIC DESCRIPTION OF SUPPRESSOR MUTANTS 38CMDA-S 

AND 38CMDB-S 

4.1 Introduction 

 Using suppressor mutants that correct the phenotypic defects of another mutation, 

without restoring the wild-type sequence are a classical forward genetics approach to 

study gene function (Riddle et al., 1997). Suppressors can be either intragenic or 

extragenic relative to the original mutant allele, and there are overall 6 classes of 

suppressor mechanisms, as described in Figure 4.1 (Michels, 2002; Prelich, 1999; Riddle 

et al., 1997). Due to the nature of the mutations (i.e. large deletion or insertional 

disruption mutations) used in this study, extragenic suppressors were the expected 

outcome. Since the suppressor changes were expected to be extragenic and unmarked, 

the process to identify the specific genetic nature of the suppressor locus can be 

laborious. 

Extragenic suppressor mutants often fall into two groups: informational and 

functional suppressors. Informational suppressors include mutations to gene products 

that use a generic mechanism to suppress the mutation (e.g. suppressing a stop codon), 

such as mRNA degradation mutants or protein-degradation mutants (Riddle et al., 1997). 

In other words, informational suppressors act to improve the expression of the mutated 

gene, and are often involved in the ribosome components or tRNA genes (Figure 4.1), 

which are allele-specific and not gene-specific mutations. Functional suppressors are 

involved in replacing or restoring the altered genetic function, which can be 

accomplished through several scenarios. Gene product activity can be changed by 

mutations that modify its post-translation, degradation, subcellular localization, and 
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through interactions with inhibitors, activators, or other regulatory components. By 

altering the specificity or abundance of a protein, changes can result in altered gene 

products. Alternatively, suppression can occur if a mutant gene encodes for a component 

of a regulatory pathway that activates a downstream component. These functional 

suppressors provide a way to explore the role of a gene product in cellular processes and 

to identify other functionally related product and pathway components (Michels, 2002; 

Mount & Anderson, 2000; Riddle et al., 1997). A flowchart adapted from Prelich (1999) 

depicts a logical path to deciphering the class of the suppressor isolated (Figure 4.2). 

Suppressors that cause a phenotype related to the original mutation are more likely to be 

relevant to the original pathway (Prelich, 1999). Therefore, the suppressors isolated in 

this study should be ideal candidates for genotypic analysis. The cmd operon suppressor 

mutants were chosen for further analysis, due to their restoration of growth on both TY 

and glycine supplemented VMM, as well as the labs interest in characterizing further the 

poorly understood cmd operon. More specifically, the non-polar mutant suppressors were 

available to investigate direct functional partners to individual genes in the operon, and 

thus appeared to offer an opportunity to analyze the complex media and glycine 

phenotype pathways. The first two genes in the operon (cmdA and cmdB) were chosen 

for suppressor genotypic analysis in this chapter. 
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Figure 4.1: Classes of suppressor mechanisms, using a cmdB- mutant (38cmdB) as an 

example. Selection for phenotypic revertants of cmdB- results in a strain that still 

contains the original mutation to cmdB (RL3500), but is able to restore growth on 

complex media (TY) and minimal media containing glycine (Gly). The six suppressor 

mechanism classes are described in the grey boxes, with specific mechanism examples 

listed below each class. Figure was adapted from Prelich et al. (1999). 
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Figure 4.2: Flowchart outlining possible mechanisms of suppression. Questions used to 

tease apart the suppressor classes are viewed in the grey boxes, and the 6 classes 

described in Figure 4.1 are shown in bold. Depending on the amount and type of alleles 

available and the genetic limitations of R. leguminosarum, the questions may not always 

be addressed in the order shown. Figure adapted from Prelich et al. (1999). 
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4.2 Objective 

 The objective of this study was to identify specific genetic loci that suppress the 

inability of cmd operon mutants to grow on either complex media or minimal media 

containing 3 mM glycine. Since functional suppressors provide information regarding 

cellular processes and pathways, it was necessary to select a suppressor strain where the 

original mutation affected function and not expression. The cmd non-polar mutations 

were constructed through deleting a significant section of the gene synthetically, making 

the mutation very stable and affecting overall function. Given these characteristics and 

the overall characteristics of the mutants with respect to cell envelope sensitivity, the 

cmd non-polar operon mutants were selected for genetic analysis, by attempting to 

identify the suppressor locus for either 38cmdA-S or 38cmdB-S. 

4.3 Materials and Methods 

4.3.1 Identification of suppressor location  

 Phage transduction to genetically map the genetic region of the suppressor was 

attempted using the R. leguminosarum transducing phage RL38, but transduction 

frequencies were not sufficiently high and hence the approach was unsuccessful (data not 

shown), therefore other approaches were necessary; and transposon mutagenesis and 

Illumina genome sequencing approaches were used.  

4.3.1.1 Transposon mutagenesis   

 38cmdA and 38cmdB are markerless, therefore Tn5 mutagenesis could be used to 

disrupt genes that may contain the secondary site suppressor mutation. Since the 

suppressor restores the ability to grow on glycine supplemented VMM, I screened 

transposon mutants for an inability to grow on VMM supplemented with 3 mM glycine. 
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The mini-Tn5 derivative found on plasmid pTGN (Tang et al., 1999) was used for 

insertional mutagenesis of the suppressor mutants 38cmdA-S and 38cmdB-S.  The 

transposon was introduced into 38cmdA-S and 38cmdB-S via conjugation using E. coli 

S17-1 containing pTGN as the donor strain and incubation at 30°C for 48 hrs on VMM 

plates containing 0.5 mM proline. Over 5,000 mutants were screened from 38cmdA-S 

and over 10,000 mutants were screened from 38cmdB-S for sensitivity to 3 mM glycine 

by tooth-picking mutants onto VMM containing 3 mM glycine, and using VMM with 

streptomycin and neomycin as a positive control. Mutants that were unable to grow on 

the glycine plates were also screened for an inability to grow on the peptide rich complex 

media TY. To identify the transposon insertion site, genomic DNA was isolated and used 

to perform the thermal asymmetric interlaced (TAIL)-PCR protocol as described by Liu 

& Huang (1998). The TAIL-PCR product was sent for sequencing and location of the Tn 

insertion was identified using the RhizoDB database (http://www.xbase.ac.uk/rhizodb/) 

and a BLASTN search (Altschul et al., 1997). 

Once the Tn insertion sites were identified, the loss of growth on glycine 

supplemented VMM and TY media needed to be confirmed as linked to the suppressor 

event and not a result of an independent growth defective mutation. In other words, I 

wanted to ensure that the newly identified gene in question was not solely responsible for 

the loss of growth. The first way to test this was to complement the original mutation 

(e.g. cmdA-cmdD) in the Tn mutated suppressor background. If the complemented strain 

grew on TY and glycine plates, then it supported the link between the Tn5 disrupted 

gene and the original TY and glycine growth deficiency suppressor phenotype. A follow-

up to this experiment was to create a single crossover insertional mutation in the gene 



 93 

identified as the Tn locus, using the suicide plasmid pJQ200SK in a wild-type 

background to observe if the mutational event results in a TY and glycine supplemented 

growth deficiency. A list of strains and plasmids used in this study is listed in Table 4.1. 

4.3.1.2 Next-generation sequencing 

The recent development of next-generation sequencing enables high coverage 

genomic sequence data that allows for confident identification of genomic 

polymorphisms when compared to a reference genome. Selected suppressor mutant 

genomes were sequenced using Illumina HiSeq technology. Genome sequencing and 

single-nucleotide polymorphism (SNP) identification was performed by Funomics 

Global Incorporated (FGI) in Saskatoon, Saskatchewan. All sequence data and analysis 

was provided by FGI for further bioinformatic analysis at the University of Regina. 

PROVEAN (Protein Variant Effect Analyzer) was used to predict if the identified SNPs 

resulted in amino acid changes predicted to have an impact on the biological function of 

the protein (http://provean.jcvi.org/index.php) (Choi, 2012; Choi et al., 2012). Any 

interesting SNPs or insertions and deletions (indels) were investigated. The nature of the 

experiment to follow up on DNA sequence results depended upon the nature of the 

change. For example, if the SNP occurred in a regulatory region of a gene (i.e. 

promoter), construction of a transcriptional fusion to investigate up- or down-regulation 

of the corresponding gene was conducted. If the SNP resulted in a crucial change such as 

resulting in a stop codon that disrupts gene function, the same mutation was repeated in 

the mutant backgrounds to replicate results and characterize the effects.  

4.3.1.3 Site-directed mutagenesis to confirm growth phenotype  
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Site-directed mutagenesis was used to follow-up on genes identified as potential 

candidates for the suppressor locus based on the transposon mutagenesis screen or the 

genetic variants identified via Illumina sequencing. Resultant mutants were created in 

wild type and the original mutant backgrounds and screened for TY and glycine growth 

phenotypes. The approach was to amplify the desired region through PCR, followed by 

cloning the PCR fragment in the suicide vector pJQ200SK, then mutation through allelic 

exchange with the wild type strain (Ho et al., 1989; Quandt & Hynes, 1993). A list of 

primers used is listed in Table 4.2. 
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Table 4.1. List of strains and plasmids used in this study. 

Strain Relevant Characteristics Reference or Source 

E. coli     

DH5α 
F- Φ80lacZΔM15 Δ(lacZYA-argF)U169 recA1b endA1 hsdR17 (rK-, mK+) 

phoA supE44 λ-thi-1 gyrA96 relA1 
 

Invitrogen 

S17-1 RP4 tra region, mobilizer strain recA derivative of MM294A with RP4-2 
(Tc::Mu::Km::Tn7) integrated into the chromosome Simon et al. (1983) 

R. leguminosarum   

3841 Spontaneous streptomycin-resistant derivative of R. leguminosarum bv. viciae 
strain 300 

Johnston & Beringer 
(1975) 

38cmdA 
3841 cmdA deletion incapable of growth on TY media or VMM with 3mM 

glycine, SmR; TY-; Gly- 
Vanderlinde et al. 

(2011)   
  

38cmdA-S cmdA- suppressor mutant, restored growth on TY and in presence of 3mM 
glycine, SmR; TY+, Gly+ This study 

      

38cmdB 3841 cmdB deletion incapable of growth on TY media or VMM with 3mM 
glycine, SmR; TY-;Gly- 

Vanderlinde et al. 
(2011) 

38cmdB-S cmdB- suppressor mutant, restored growth on TY and in presence of 3mM 
glycine, SmR; TY-; Gly- This study 

38cmdB-
S/ttpA::Tn5 

cmdB- suppressor mutant containing RL0936 (ttpA) mutation due to Tn5 
insertion 290bp into ORF, SmR, NmR, GmR; TY-, Gly- This study 

38cmdB-
S/ttpA::Tn5-S 

38cmdB-S/ttpA::Tn5 suppressor mutant, restored growth on TY only, SmR, 
NmR, GmR; TY+, Gly- This study 

3841pJQ0052 3841 RL0052 single crossover insertional mutant containing pJQ200SK 
suicide vector, SmR, GmR; TY-, Gly- This study 

3841pJQ4613 3841 RL4613 single crossover insertional mutant containing pJQ200SK This study 
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suicide vector, SmR, GmR; TY-, Gly- 

3841pJQ3627 3841 RL3627 single crossover insertional mutant containing pJQ200SK 
suicide vector, SmR, GmR; TY+, Gly+ This study 

38cmdBpJQ36
27 

38cmdB RL3627 single crossover insertional mutant containing pJQ200SK 
suicide vector, SmR, GmR; TY-, Gly- This study 

38cmdB-
SpJQ3627 

38cmdB-S RL3627 single crossover insertional mutant containing pJQ200SK 
suicide vector, SmR, GmR; TY-, Gly+ This study 

38cmdB-
S::ttpA::Tn5pJ
Q3627 

38cmdB-S::ttpA::Tn5 RL3627 single crossover insertional mutant containing 
pJQ200SK suicide vector, SmR, GmR; TY-, Gly- This study 

38cmdB-
S::ttpA::Tn5-
SpJQ3627 

38cmdB-S::ttpA::Tn5-S RL3627 single crossover insertional mutant 
containing pJQ200SK suicide vector, SmR, GmR; TY-, Gly- This study 

Plasmids     

pFus1par Broad host range vector with promoter-less gusA for transcriptional fusions, 
par-stabilized, TcR Yost et al. (2004) 

pTGN Tn5 derivative, GmR, AmpR promoter-less NmR, gfp Tang et al. (1999) 

pJQ200SK Suicide vector, P15a ori, mob, sacB, GmR Quandt & Hynes 
(1993) 

pHC41 IncP broad host range vector, TcR Cheng & Walker 
(1998) 

SEV106 Broad host range vector containing RL3500 complement, TcR Vanderlinde et al. 
(2011) 

pFusRL4066 RL4066 promoter fragment cloned into pfus1par with KpnI and EcorRI, TcR This study 

pFusRL3627 RL3627 promoter fragment cloned into pfus1par with KpnI and EcorRI, TcR This study 
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Table 4.2. List of primers used in this study. 
 
Primer Sequence (5'-3') Melting 

temp. (°C) 

Source 

GmTAIL-1 

CAACGCGCTTGGTGCTTATGTGAT 

63.8 Vanderlinde et al. 

(2010) 

GmTAIL-2 

AGTTGGGCATACGGGAAGAAGTGA 

65.6 Vanderlinde et al. 

(2010) 

AD-1 AGWGNAGWANCAWAGG 46.2 Liu & Huang (1998) 

pfusRL4066F AGGGTACCCTCATCCGATTCGCA 76.6 This study 

pfusRL4066R AGCTGCAGAACGAATACCGGTGA 75.4 This study 

RL4066RTR GCGGTTTTTGACATTTCCTC 63.3 This study 

RL4066RTF TACGGCATAGACCCTGACAA 63.1 This study 

RL4716F GAAACCATGAAGCGGTTTTG 64.2 This study 

RL4617R GCGTTTTGGCGTATTTCAAC 64.1 This study 

RL0052F AGGAGCTCAAGCCTTATGATTGCCGTTG 60.1 This study 

RL0052R AGTCTAGAGTCACGAGATCGGAGAGCAT 60.3 This study 

RL4613F AGGAGCTCTGTTTCGCCTTCTTCCAATC 60.2 This study 

RL4613R AGTCTAGATCAAGATCAACAGACATGAA 60.0 This study 

pRL100101A CTGCGTCAGATCGCATTCTA 64.1 This study 

pRL100101B GGTCCATTTGTTTGGCTCT 63.4 This study 

pRL100101C AACCCTCGACATCATGCAAT 64.3 This study 

pRL100101D ACATCAGAAGCGGACGTTTG 65.2 This study 

pRL100101G CCAGGCAGGTTTTCAAAGAA 60.2 This study 

pRL100101H TATCAGAAGCGGACGTTGG 61.1 This study 

RL3627F AGCCGGAAGAGACTGAAGGT 64.2 This study 

RL3627R GTTCTGACGTTTCCGACAGG 64.7 This study 

RL3627A AGGGTACCGAGACCTGGCGCTTC 76.4 This study 

RL3627B AGCTGCAGCTTGGCGACAAACCG 78.2 This study 

RL3627CF AGGAGCTCGATTGCACAGCCCTACACAA 76.6 This study 

RL3627CR AGGAATTCGTTCTGACGTTTCCGACAGG 75.1 This study 
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4.3.1.4 Construction of an RL4066::gusA transcriptional fusion 

 A 435 bp fragment upstream of RL4066 was amplified using wild-type gDNA with 

the primers pfusRL4066F and pfusRL4066R (Table 4.2) under standard PCR conditions. 

The fragment was subsequently cloned into pGem-T easy vector as per manufacturer’s 

instructions. The cloned promoter region was then excised using KpnI and PstI and 

ligated into the pFus1par vector containing the promoterless gusA reporter gene in the 

par-stabilized plasmid. The PCR reaction fidelity was confirmed though DNA 

sequencing of the PCR amplicon. The resulting plasmid pFusRL4066 was then 

conjugated into the R. leguminosarum wild type strain 3841 and into the mutant strains 

38cmdB, and 38cmdB-S to measure gene expression using Miller’s (1972) ß-

galactosidase reporter gene assay, with modifications described by Yost et al. (2004). All 

assays were carried out on cultures in the late log growth phase. The entire process was 

also repeated using 38cmdB-S gDNA as a template. 

4.3.1.5 RNA extraction and quantitative reverse transcription PCR (RT-qPCR) to 

measure mRNA levels of RL4066 

 RNA was extracted using cells that were grown on VMM cells were scrapped from 

the agar plate and resuspended to an OD600 of 0.5. A volume of 0.4 was added of 5% 

acid phenol in ethanol to the cells, which were then kept on ice for 30 mins. Samples 

were centrifuged at 8,200 x g for 5 mins at 4°C. RNA extraction was performed using a 

miRNeasy mini kit (Qiagen) following the manufacturer’s protocol with few 

modifications. Briefly, cell pellets were resuspended in 100 µl of TE with lysozyme (50 

mg ml-1) and 20 µl of proteinase K (Qiagen). Samples were incubated at room 

temperature for 5 mins, vortexing for 10 s every 2 mins. One mL of pre-heated QIAzol 
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reagent (65°C) was added, samples were vortexed on high for 3 mins, and were 

incubated at room temperature for 5 mins. Chloroform was added (200 µl) with vigorous 

mixing for 5 s, and then incubated at room temperature for 3 mins. Samples were 

centrifuged at 12,000 x g for 15 mins at 4°C. Aqueous phases were transferred to new 

microfuge tubes and extraction was completed using the miRNeasy mini kit, starting 

with ethanol addition step (Qiagen). DNase treatment was conducted using Turbo DNase 

(Life Technologies). Reverse transcription reactions were carried out according to a 

previously described protocol (Manzon et al., 2007), with modifications described by 

Vanderlinde et al., (2009, 2011). Quantitative PCR was conducted on an Applied 

Biosystems StepOne Real-Time PCR System using SYBR® Green PCR Master Mix 

(Life Technologies) as per manufacturer’s instructions and using primers RL4066RTF 

and RL4066RTR (Table 4.2). 

4.4 Results 

4.4.1 Transposon mutagenesis 

4.4.1.1 Transposon mutagenesis of the 38cmdA-S  suppressor strain 

From the 5,000 colonies toothpicked in the 38cmdA-S transposon screen, only 

two mutants demonstrated a loss of growth on VMM containing 3 mM glycine, 38KN55 

and 38KN56. TAIL PCR results were sent for sequencing and were BLAST searched in 

the database. The mutant 38KN55 contained a transposon in bp 176 of RL4716, a 

hypothetical protein containing a lysozyme-like domain. The second mutant 38KN56 

contained a transposon in bp 67 of RL0188, a putative ATP-binding component of an 

ABC transporter. Complementation of the Tn5 mutants 38KN55 and 38KN56 with the 

plasmid SEV105, expressing a functional cmdA gene did not restore growth on TY or 
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VMM supplemented with glycine, suggesting that the genes RL4716 and RL0188 are 

required for growth on these media independent of cmdA. Mutation of both genes in a 

wild-type background was subsequently undertaken using single crossover insertional 

mutagenesis in R. leguminosarum 3841. Both mutants were unable to grow on either TY 

medium or VMM supplemented with glycine suggesting that functional copies of these 

genes are required for growth on TY and glycine supplemented VMM, and they are not 

related to the suppression of a cmdA mutation. Given that RL4716 mutants exhibited 

sensitivity to various other membrane disruptive agents, RL4716 is discussed in greater 

detail in Chapter 7. 

4.4.1.2 Transposon mutagenesis of the 38cmdB-S suppressor strain 

The suppressor mutant 38cmdB-S (isolated and described in Chapter 3) was 

investigated to identify the genetic locus linked to suppression. The suppressor is 

discussed in more detail in Chapter 5, but will be briefly reviewed here to explain the 

timeline for the additional suppressor step. Figure 4.3 provides a sequence of isolation 

events. Briefly, a suppressor mutant (38cmdB-S) was isolated in a cmdB non-polar 

mutant background (38cmdB) on VMM with 3 mM glycine, and was confirmed through 

PCR to maintain the original in-frame deletion to cmdB (Figure 4.3a-c). This confirmed 

a secondary site mutation was the result for the restored growth on TY and VMM with 3 

mM glycine phenotype. Transposon mutagenesis was conducted in an attempt to identify 

the suppressor locus in strain 38cmdB-S by screening for a loss of growth on TY media 

phenotype (see Figure 4.3c,d). This screen led to the isolation of a mutant with a Tn5 

insertion in gene RL0936 (38cmdB-S/ttpA::Tn5), which is conserved within the 
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Alphaproteobacteria and codes for a tetratricopeptide repeat (TPR) domain containing 

protein. The gene RL0936 is designated as ttpA.  

 Several other strains from the transposon mutagenesis were also identified as 

losing the suppressor phenotype can be found in Table 4.3 and Figure 4.4. Only one of 

these Tn mutants, 38KN60 (38cmdB-S/ttpA::Tn5) was able to grow on TY when the 

wild-type cmdB gene was introduced on a plasmid. To further investigate the complexity 

involved in growth defect phenotype on complex media and in the presence of glycine, 

another suppressor screen was conducted on the 38cmdB-S/ttpA::Tn5 (see Figure 4.3d), 

using VMM containing 3 mM glycine. A suppressor was isolated (38cmdB-S/ttpA::Tn5-

S) that was glycine sensitive, but was able to grow on TY media (Figure 4.3e). The 

38cmdB-S/ttpA::Tn5-S strain was sent for Illumina HiSeq sequencing to obtain a SNP 

analysis as described for the original 38cmdB-S suppressor strain. 

The other Tn mutants contained Tn5 insertions in genes required for growth on 

TY or glycine supplemented VMM, independent from the cmdB mutant phenotype. This 

is further confirmed by the isolation of strains with Tn5 insertions in ctpA and fabF1, 

both of which have been previously confirmed as genes required for growth on TY. 

Given that the lab already isolated and characterized a ctpA mutant, as well as a fabF2XL 

mutant, single crossover mutations were only made in RL0052 (identified in 38KN59; 

Figure 4.4b) and RL4613 (identified in 38KN62; Figure 4.4d) within wild-type 

backgrounds to verify a growth deficient phenotype that is independent from the cmdB 

mutation. Both RL0052- and RL4613- mutants were constructed using the pJQ200SK 

suicide plasmid (primers listed in Table 4.2) and were defective in growth on VMM 

containing 3 mM glycine. RL0052- mutant was also unable to grow on TY, but the 
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RL4613- mutant remained able to grow on the complex media. Due to the close 

proximity of RL0052 and RL0053 (Figure 4.4b), a hypothesis could be made that they 

function in an operon, but more work is necessary to investigate this further. The 

RL0052- and RL4613- mutants were archived at -80°C as 3841pJQ0052 and 

3841pJQ4716, respectively for future investigations.  
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Figure 4.3: 38cmdB-S/ttpA::Tn5-S mutant timeline schematic. a. Represents the wild 

type strain, being able to grow on both TY (TY+) and VMM with 3mM glycine (Gly+). b. 

Represents the in-frame (non-polar) deletion mutant 38cmdB, which is no longer able to 

grow on either TY (TY-) or VMM with 3mM glycine (Gly-). c. Represents a suppressor 

mutant (38cmdB-S) of 38cmdB that has gained the ability to grow on both TY and 
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VMM with 3mM glycine (TY+, Gly+). The suppressor mutation is unmarked. d. 

Represents the transposon mutagenesis that was done on 38cmdB-S to screen for a TY 

and 3mM VMM with glycine minus phenotype (TY-, Gly-). The transposon insertion site 

was mapped to ttpA, a TPR-containing protein. Schematic is not drawn to scale. e. 

Represents a suppressor mutant (38cmdB-S/ttpA::Tn5-S) mutant of 38cmdB-S/ttpA::Tn5 

that has gained the ability to grow on TY but not VMM with 3 mM glycine (TY+, Gly-). 
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Table 4.3: Genotypic details of transposon screen done in 38cmdB-S background. 

Mutants were screened using a loss of growth on VMM containing 3 mM glycine (Gly-) 

and were subsequently tested for growth on TY (TY- or TY+). 

Strain	   Parent	   Phenotype	   Tn5	  insertion	   Locus	  description	  

38KN58	   38cmdB-‐S	   Gly-‐,	  TY-‐	   RL4692;	  518bp	   CtpA	  hypothetical	  protein	  

38KN59	   38cmdB-‐S	   Gly-‐,	  TY-‐	   RL0052;	  920bp	   Hypothetical	  protein;	  DUF1402	  

38KN60	   38cmdB-‐S	   Gly-‐,	  TY-‐	   RL0936;	  290bp	   TPR	  containing	  protein	  

38KN62	   38cmdB-‐S	   Gly-‐,	  TY+	   RL4613;	  449bp	   Putative	  peptidase	  

38KN63	   38cmdB-‐S	   Gly-‐,	  TY-‐	   RL2814;	  1038bp	  

FabF1-‐3-‐oxoacyl-‐(acyl	  carrier	  

protein)	  synthase	  II	  

 

  



 106 

 

(a) 

 

b) 

 

c) 

 

(d) 
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e)  

 

Figure 4.4: Transposon screen results in 38cmdB-S background. (a) Schematic of Tn5 

insertion site in 38KN58 and surrounding genes. Tn5 had landed disrupted RL4692 at 

518 bp, resulting in sensitivity to growth on TY and minimal media containing 3 mM 

glycine.  (b) Schematic of Tn5 insertion site in 38KN59 and surrounding genes. Tn5 had 

landed disrupted RL0052 at 920 bp, resulting in sensitivity to growth on TY and minimal 

media containing 3 mM glycine. RL0052 (51470-52417) and RL0053 (52446-53878) 

have only 29 bp between them, suggesting a possible operon. (c) Schematic of Tn5 

insertion site in 38KN60 and surrounding genes. Tn5 had landed disrupted RL0936 at 

290 bp, resulting in sensitivity to growth on TY and minimal media containing 3 mM 

glycine. (d) Schematic of Tn5 insertion site in 38KN62 and surrounding genes. Tn5 had 

landed disrupted RL4613 at 449 bp, resulting in sensitivity to growth on minimal media 

containing 3 mM glycine. e) Schematic of Tn5 insertion site in 38KN63 and surrounding 

genes. Tn5 had landed disrupted RL2814 (fabF1) at 1038bp, resulting in sensitivity to 

growth on TY and minimal media containing 3 mM glycine.  All schematics are drawn 

to scale (http://www.xbase.ac.uk/rhizodb/). 
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4.4.2 Illumina sequencing 

 Due to decreasing DNA sequencing costs and the freely available R. 

leguminosarum 3841 reference genome, a genome sequencing approach was undertaken 

to identify potential suppressor loci. To maximize cost efficiency two suppressor strains 

were genome sequenced using Illumina HiSeq: 38cmdA-S and 38cmdB-S/ttpA::Tn5-S. 

Both genomes were compared against each other to eliminate SNPs present in our wild 

type relative to the published R. leguminosarum 3841 reference genome (Young et al., 

2006). These common SNPs found in the two independent strains can be viewed in 

Table 4.4. 

4.4.2.1 38cmdA-S genome sequence 

A SNP summary for the 38cmdA-S genome sequence results can be found in 

Table 4.5. As both the unique SNPs were located in either a pseudogene or in a promoter 

region, it was not possible to report the Provean predictions (Table 4.6). It is interesting 

to note that both the 38cmdA-S and 38cmdB-S/ttpA::Tn5-S SNP analyses show different 

SNPs present in the promoter region of RL4066. 

4.4.2.2 38cmdB-S/ttpA::Tn5-S genome sequence 

A SNP summary for 38cmdB-S/ttpA::Tn5-S can be found in Table 4.6. The 

SNP that occurred in RL1308 resulted in a synonymous mutation and was not 

investigated further. The RL3627 gene region, including the upstream promoter section, 

was PCR amplified using a high fidelity polymerase and was sent for sequencing. The 

clustal alignment of the sequences 3841, 38cmdB, 38cmdB-S, 38cmdB-S/ttpA::Tn5, and 

38cmdB-S/ttpA::Tn5-S showed the SNP occurred for the first time in the 38cmdB-

S/ttpA::Tn5-S suppressor (Figure 4.5). After sequencing the timeline for RL4066 and 
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promoter region, the SNP that occurred for the first time in the 38cmdB-S mutant and 

was maintained through the rest of the timeline (Figure 4.5). RL4066 expression was 

explored using GusA assays and the expression results are shown in Table 4.7. 

pRL70083 was not investigated further.  
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Table 4.4: Common SNPs found between the 38cmdA-S and the 38cmdB-S/ttpA::Tn5-S 

genome sequences.  

Mapping	   Reference	  position	   Type	   Length	   Reference	   Allele	   Count	  

NC_008378	   563754	   SNP	   1	   G	   A	   250	  

NC_008379	   155119	   SNP	   1	   C	   A	   56	  

NC_008379	   171174	   SNP	   1	   G	   A	   456	  

NC_008380	   1158803	   SNP	   1	   C	   A	   269	  

NC_008380	   1783918	   SNP	   1	   G	   C	   234	  

NC_008380	   1873480	   SNP	   1	   A	   G	   235	  

NC_008380	   2042696	   SNP	   1	   G	   A	   212	  

NC_008380	   2717822	   SNP	   1	   A	   G	   271	  

NC_008380	   2937378	   SNP	   1	   C	   A	   249	  

NC_008380	   3306218	   Deletion	   1	   A	   	  -‐	   156	  

NC_008380	   3326005	   Deletion	   1	   C	   	  -‐	   245	  

NC_008380	   3942429	   SNP	   1	   T	   G	   204	  

NC_008380	   4481341	   SNP	   1	   T	   A	   251	  

NC_008380	   4981827	   SNP	   1	   C	   G	   264	  

NC_008381	   46106	   Deletion	   1	   G	   	  -‐	   242	  

NC_008382	   61445	   SNP	   1	   C	   A	   324	  
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Table 4.5: Summary of unique 38cmdA-S Illumina SNPs.  

Region	   Gene	   SNP	   Comments	  

RL4066	  	   Hypothetical	  

protein	  

C	  deletion	  7bp	  upstream	  of	  

start	  codon	  

Peptidase	  M15_3	  

superfamily	  

pRL100101	   Pseudogene	   C230T	   pseudogene	  
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Table 4.6: Summary of unique 38cmdB-S/ttpA::Tn5-S Illumina chromosomal SNPs. A 

provean score ≤ -2.5 suggests a predicted change in function of the SNP on the protein’s 

biological function. A provean score > -2.5 suggests a neutral effect on the biological 

function. 

 

Region Gene SNP 

Provean 

Score Prediction Comments 

RL1308 ABC transporter 

ATP-binding 

protein 

A112A 0.0 No effect Synonymous change 

RL3627 Hypothetical 

protein* 

S127T -2.5 Change in 

function 

Peptidase M15_3 

superfamily 

RL4066 Hypothetical 

protein* 

T->C 

43bp 

upstream 

of start 

codon 

N/A N/A Peptidase M15_2 

superfamily 

pRL70083 Putative 

transposase 

    

*Note that although RL3627 and RL4066 are annotated as hypothetical proteins, both 

contain predicted peptidase M15 domains, with suggested functions in cell wall 

metabolism (The et al., 2014). 
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Table 4.7: GusA results. Expression of RL4066 measured using a promoter fusion with 

gusA.  

Strain	   Promoter	  region	  used	  for	  fusion*	   Miller	  Units	  (mean	  ±	  SD)	  

3841	   3841	   58	  ±	  8	  

3841	   38cmdB-‐S	   42	  ±	  3	  

38cmdB	   3841	   48	  ±	  9	  

38cmdB	   38cmdB-‐S	   44	  ±	  2	  

38cmdB-‐S	   3841	   34	  ±	  5	  

38cmdB-‐S	   38cmdB-‐S	   52	  ±	  11	  

 

*The promoter from either wild type or 38cmdB-S was used for the transcriptional 

fusion construction. No reporter gene expression was observed for both transcriptional 

fusions. 
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Figure 4.5: 38cmdB-S/ttpA::Tn5-S SNP analysis timeline. 38cmdB contains a deletion to 

RL3500 and this is maintained throughout the rest of the mutation steps. 38cmdB-S 

contains a SNP 7 bp upstream of the annotated start codon in the promoter region of 

RL4066, and this is maintained through the rest of the mutation steps. 38cmdB-

S/ttpA::Tn5 contains a Tn5 insertion in RL0936 and this is maintained in the last 

mutation step. 38cmdB-S/ttpA::Tn5-S contains a SNP in RL3627. Growth phenotypes 

are either positive (TY+,Gly+) or negative (TY-,Gly-) for TY and VMM containing 3 mM 

glycine. 
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4.4.2.3 RL3627 single crossover mutation 

 To investigate the role of RL3627 in the 38cmdB-S/ttpA::Tn5-S mutant timeline, 

RL3627 was mutated in all the respective strains in Figure 4.5. When the function of 

RL3627 was disabled, only 38cmdB-S and 38cmdB-S/ttpA::Tn5-S exhibited a TY 

growth phenotype change (Table 4.8). These data demonstrate for the first time, a 

separation of the glycine and TY phenotype in the cell envelope defective mutants. To 

follow-up on these results, 38cmdB-S with RL3627 disabled was complemented with 

SEV106 (restoring cmdB function). This complementation essentially exploring the 

effect of a mutated RL3627 without the presence of a cmdB mutation. The 

complementation result was positive growth on TY and glycine supplemented VMM, 

indicating the coupling of the mutations (to cmdB and RL3627) was not responsible for 

the loss of growth on TY, and suggests a possible role of RL3627 in the suppression of 

the TY deficient phenotype of 38cmdB-S/ttpA::Tn5.  

 To further investigate the role of RL3627 in suppression of the TY defective 

phenotype, the RL3627 gene was PCR cloned from two different backgrounds, using 

either wild-type gDNA or 38cmdB-S/ttpA::Tn5-S gDNA. This essentially amplified two 

alleles of the RL3627 gene, one allele having an S at position 127, and the other having a 

T at position 127. Complementing plasmids containing either allele were conjugated into 

the 38cmdB mutant timeline, of which all contained a single crossover to RL3627. 

Essentially, the complementing plasmids are investigating the effect of the two different 

RL3627 alleles in the various strains. These data revealed that complementation with 

wild-type sequence of RL3627 did not restore the TY phenotype in 38cmdB-S/ttpA::Tn5 

or 38cmdB-S/ttpA::Tn5-S, but complementation with the plasmid containing PCR cloned 
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38cmdB-S/ttpA::Tn5-S gDNA did restore TY growth, suggesting it’s role in suppression 

of the growth defective phenotype (Table 4.8).  

Another result worth discussing is the TY growth defective phenotype in the 

38cmdB-S suppressor when RL3627 function was disabled through single crossover 

mutagenesis. A surprising result was that both complementing plasmids restored the TY 

growth phenotype. Since the single crossover mutation resulted in an incorporation of a 

suicide plasmid, while the complementing plasmid contained a SNP, it implies that the 

nature of the mutation to RL3627 can effect it’s role in the suppression of the TY growth 

defective phenotype (i.e. the SNP may just prevent interaction with a specific functional 

partner, while the single crossover mutation may disable multiple interactions). Further 

investigation into interactions with RL3627 (e.g. pull-down assays) could provide more 

insight into this hypothesis.   
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Table 4.8: RL3627 single crossover results. A single crossover mutation to RL3627 in 

the 38cmdB-S/ttpA::Tn5-S shows a loss of the TY growth in both 38cmdB-S and 

38cmdB-S/ttpA::Tn5-S (shown in bold). Complementation was done using PCR clones 

from genomic DNA (gDNA) from either wild-type RL3627 or from 38cmdB-

S/ttpA::Tn5-S. Important growth phenotypes from the complementation experiment are 

highlighted in yellow. Results provide support for the change to RL3627 causing 

suppression of the TY defective phenotype in 38cmdB-S/ttpA::Tn5. Growth on TY or 

glycine (Gly) is denoted with a ‘+’ for positive growth and a ‘-‘ for no growth. 

Strain 

Phenotype 

before mutation 

of RL3627 

Phenotype after 

mutation of 

RL3627 

RL3627-, WT gDNA 

RL3627 

complement 

RL3627-, 38cmdB-

S/ttpA::Tn5-S gDNA 

RL3627 complement 

WT TY+, Gly+ TY+, Gly+ TY+, Gly+ TY+, Gly+ 

38cmdB TY-, Gly- TY-, Gly- TY-, Gly- TY-, Gly- 

38cmdB-S TY+, Gly+ TY-, Gly+ TY+, Gly+ TY+, Gly+ 

38cmdB-

S/ttpA::Tn5 TY-, Gly- TY-, Gly- TY-, Gly- TY+, Gly- 

38cmdB-

S/ttpA::Tn5-S TY+, Gly- TY-, Gly- TY-, Gly- TY+, Gly- 
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4.5 Discussion  

 An increased level of complexity is introduced when attempting to identify a 

suppressor locus when the changes were induced spontaneously. As the genetic change 

resulting in the suppressor phenotype is unmarked, various techniques were attempted to 

identify the specific genotypic nature of the suppressor locus. The transposon screen to 

attempt disruption of the suppressor locus and loss of the suppressor phenotype using a 

Tn5 insertion proved to be labour intensive as it required screening of 1000s of mutants 

and largely lead to the identification of other genes required for growth on complex 

media that were not related to the suppressor phenotype. However, RL0936 was 

identified as being a potential candidate linked to the cmdB mutation. Unfortunately the 

exact suppressor locus was not identified through this approach since there were no 

changes in the RL0936 sequence between the wild type, mutant, or suppressor, and it 

was evident that genomic sequencing would be the next step in identification. 

 From the Illumina data, multiple SNPs were identified in our wild type strain 

when compared to the reference genome (Table 4.4). These differences to our wild type 

were identified through a comparison of the two mutant suppressor genomes and 

eliminating similarities. Unfortunately, the 38cmdA-S Illumina run only provided two 

unique SNPs compared to wild type and the other Illumina data, a SNP in the promotor 

region of RL4066 and in a pseudogene pRL100101. Both RL4066 and pRL100101 were 

shown to have no difference in expression levels throughout the mutant time line through 

GusA assays or RT-PCR (data not shown). The upstream region of RL4066 does show 

two possible alternate start codons (CTG: 5 codons upstream; TGT: 6 codons upstream), 

which could place the SNP within the ORF. Transcriptome data (discussed in Chapter 6) 
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reveal a high level of transcripts upstream of the start codon, which supports this 

hypothesis. Unfortunately, the analysis initially provided by FGI did not include larger 

deletions/ insertions (indels) or inversions and further analysis into these possibilities 

could identify more targets. Current next-generation sequencing read mappers are unable 

to accurately map short reads containing more than a single base change, therefore 

making indel detection quite challenging. These indels can have a substancial functional 

impact, highlighting a limitation to the approach. Viewing the data at a glance through 

IGV revealed no obvious indels (other than the deletion to cmdB), but further analysis is 

required to confirm. Mose et al. (2014) have recently described a freely available, 

assembly-based realigner called ABRA, which uses de novo assembly and global 

realignment to improve map reads, and improve indel detection. Another future direction 

would be to investigate the transcriptome of the suppressor in comparison to the 38cmdA 

mutant, as well as the wild type strain. These data could provide insight into mRNA 

level differences, indicating any genes that may be up-regulated or down-regulated, 

which could be involved in the suppressor phenotype. Another advantage to doing RNA-

Seq would be the identification of possible pathways involved in the TY defective 

growth phenotype, providing a more compelling overview of functional partners to the 

cmd operon. 

 The 38cmdB-S/ttpA::Tn5-S Illumina data only provided 3 unique, non-

synonymous changes, a different change to the promoter of RL4066, a functional change 

to RL3627, and a SNP in pRL70083. The RL4066 gene was found to not have any 

change in expression when compared to the other strains. Although both RL4066 and 

RL3627 were annotated as hypothetical proteins, it was interesting to note that they both 
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contained a peptidase M15 superfamily domain. RL3627 was further investigated by 

creating single crossover mutations to RL3627, to disable function in the mutant timeline 

(Table 4.7). The results were unexpected in that when RL3627 is knocked out in both 

38cmdB-S and 38cmdB-S/ttpA::Tn5-S, the cells lose the ability to grow on TY but are 

able to grow in the presence of glycine. Given that this is the first strain where the TY 

and gycine supplemented VMM deficient growth phenotypes can be uncoupled, RL3627 

merits further investigation. A Phobius prediction (Kall et al., 2004), which can predict 

signal peptides and transmembrane topology, predicts two transmembrane regions, one 

spanning 6-26 aa and the second spanning 33-53 aa, containing a cytoplasmic region in 

between. The prediction data suggests that the peptide sequence starts in the periplasm, 

with a small domain in the cytoplasm, and after second transmembrane domain the 

remainder of the protein is in the periplasm. Also, the conserved peptidase M15 

superfamily domain is very intriguing, given their suggested role in cell wall metabolism 

(The et al., 2014). The RL3627 single crossover results within the various mutant 

definitely suggest that RL3627 plays a role in the suppression of the TY defective 

phenotype, as the restoration of growth is lost once RL3627 is mutated. To further 

support these findings, complementation to the single crossover mutants with either 

wild-type gDNA or 38cmdB-S/ttpA::Tn5-S gDNA showed that the SNP in the 38cmdB-

S/ttpA::Tn5-S mutant lead to suppression of the TY defective phenotype. Further 

information regarding the expression of RL3627 in the mutant timeline might provide 

more information as to how, or with what other genes, is this gene interacting with the 

cmd operon. 
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5.0 RL0936 AS A PUTATIVE MEMBER TO THE CMDA-D GENE NETWORK 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Significant portions of this chapter were taken, with permission from the publisher, from 

Neudorf, K.D., Vanderlinde, E.M., Tambalo, D.D., and Yost, C.K. (2015). A previously 

uncharacterized tetratricopeptide repeat containing protein is involved in cell envelope 

function in Rhizobium leguminosarum. Microbiology 16, 148-157. 
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5.1 Introduction 

The genetic network involved in cell envelope development and stress adaptation 

is only partially described in rhizobia, despite its essential role in cell survival in the soil 

and during symbiosis.  Using genetic approaches the Yost lab has initiated a program to 

identify novel genes involved in cell envelope development. Vanderlinde et al. (2011) 

identified a link between the uncharacterized, broadly conserved, cmd operon, and 

proper cell envelope function in R. leguminosarum.  The cmd operon consists of a MoxR 

AAA+ and von wilderbrand factor A (vWFA) domain containing gene (cmdA-cmdD) 

(Vanderlinde et al., 2011). The large MoxR AAA+ family contains a diverse group of 

ATPases that are found throughout bacteria and are suggested to have chaperone-like 

activities (Snider & Houry, 2006; Wong & Houry, 2012). These MoxR AAA+ proteins 

often function together with vWFA domain-containing proteins to form a chaperone 

system involved in the folding and activation of proteins through the insertion of metal 

cofactors into the substrate molecules (Snider & Houry, 2006). The general nature of 

MoxR related genes and the pleiotropic phenotypes observed in the R. leguminosarum 

mutants suggest the operon may be connected to a network of envelope-related genes. 

Suppressor mutants capable of growth on TY medium were successfully isolated for 

strains with mutations in the cmdA-cmdD operon (Chapter 3). A suppressor mutant in the 

non-polar cmdB (RL3500) deletion mutant background was chosen for further 

characterization. Transposon mutagenesis of the suppressor mutant and screening for 

loss of growth on TY was used to attempt identification of the suppressor locus 

(discussed in Chapter 4).  This approach lead to the isolation of a mutant carrying a Tn5 

insertion in an uncharacterized tetratricopeptide repeat (TPR) containing protein, 
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originally annotated as RL0936 (Young et al., 2006) and termed ttpA (tetratricopeptide 

repeat protein; discussed in Chapter 4). Genes containing the TPR motif are predicted to 

code for proteins involved in a broad range of protein-protein interactions and play a role 

in diverse cellular functions such as cell-cycle regulation, transcription and protein 

folding (Cerveny et al., 2013). As seen in Chpater 4, complementation of cmdB 

expression in a 38cmdB-S/ttpA::Tn5 mutant, identified ttpA as not independently causing 

the loss of growth on TY media, suggesting ttpA as a potential candidate linked to the 

cmdB mutation.  

5.1.1 Objectives 

The objective of this research was to provide a deeper analysis of a putative 

suppressor locus identified during the Tn mutagenesis described in Chapter 4. 

Suppressor mutants capable of growth on TY and glycine supplemented VMM media 

were successfully isolated for strains with mutations in the cmdA-cmdD operon. TtpA 

was identified as being a potential functional partner to cmdB through a transposon 

mutagenesis (Chapter 4), and this relationship needed further investigation.  

5.2 Materials and Methods 

5.2.1 Plasmids, PCR primers, bacterial strains and growth conditions 

 All plasmids, strains and primers used in this study are listed in Table 5.1. 

Rhizobium leguminosarum strains were grown using either Vincent’s minimal media 

(VMM) with 10 mM mannitol as the carbon source (Vincent, 1970), or tryptone-yeast 

extract (TY) media (Beringer, 1974). Culture conditions are found in Chapter 2. Chapter 

3 describes suppressor isolation for the cmd operon mutants. The cmdB suppressor 

mutant (38cmdB-S) was used for further study. 
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Table 5.1 Summary of all plasmids, strains and primers used in the study. 

Strain Relevant characteristics Source 

     

E. coli    

    JM109 

endA1, recA1, gyrA96, thi, hsdR17 (rK-, mK+), relA1, supE44, 

Δ(lac-proAB), [F’ traD36, proAB, laclqZΔM15] 

Promega 

    DH5a F- Φ80lacZΔM15 Δ(lacZYA-argF)U169 recA1b endA1 hsdR17 

(rK-, mK+) phoA supE44 λ-thi-1 gyrA96 relA1 
Invitrogen 

  

    S17-1 RP4 tra region, mobilizer strain recA derivative of MM294A with 

RP4-2 (Tc::Mu::Km::Tn7) 

Simon et al. (1983) 

  

     

R. leguminosarum    

_   3841 Spontaneous streptomycin-resistant derivative of R. 

leguminosarum bv. viciae strain 300; TY+; Gly+ 

Glenn et al. (1980), 

Johnston & Beringer 

(1975) 

     38cmdA 3841 cmdA- deletion incapable of growth on TY media or VMM 

with 3mM glycine, SmR; TY-; Gly- 

Vanderlinde et al. 

(2011) 

     38cmdA-S 

 

 

     38cmdB 

 

     

    38cmdB-S 

cmdA- suppressor mutant, restored growth on TY and in presence 

of 3mM glycine, SmR; TY+, Gly+ 

 

3841 cmdB- deletion incapable of growth on TY media or VMM 

with 3mM glycine, SmR; TY-;Gly- 

 

cmdB- suppressor mutant, restored growth on TY and in presence 

of 3mM glycine, SmR; TY-; Gly- 

 

This study 

 

Vanderlinde et al. 

(2011) 

 

This study 

    38cmdB-

S/ttpA::Tn5 

38cmdB-S background, RL0936 (ttpA) mutant due to Tn5 insertion 

290bp into ORF, SmR, NmR, GmR; TY-, Gly- This study 

    38ttpA 3841 RL0936 (ttpA) single crossover insertional mutant containing 

pJQ200SK suicide vector, SmR, GmR; TY+, Gly+ This study 

Plasmids    

    pTGN Tn5 derivative, GmR, AmpR promoter-less nptII, gfp Tang et al. (1999) 

    pGem-T easy   

vector pGem TA cloning vector, 3015bp, AmpR Promega 

    pJQ200SK Suicide vector, P15a ori, mob, sacB, GmR 

Quandt & Hynes 

(1993) 

    pHC41 IncP broad-host-range vector with par stabilization, TcR Cheng & Walker 
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(1998) 

    pRL0936-comp pHC41 with a 2195bp PCR fragment containing the entire ttpA 

region including the promoter, TcR 

This study 

  

    pfus1par 

pFus1 with par locus of RK2 

Reeve et al. 1999; 

Yost et al. (2004) 

    pfus::ttpA ttpA promoter fragment cloned into pfus1par with KpnI and 

EcorRI This study 

     

Primers    

    AD-1 5'-AGWGNAGWANCAWAGG-3' Liu & Huang (1998) 

    Gm-TAIL-1 5'-CAACGCGCTTGGTGCTAATGTGAT-3' 

Vanderlinde et al. 

(2010) 

    Gm-TAIL-2 5'-AGTTGGGCATACGGGAAGAAGTGA-3' 

Vanderlinde et al. 

(2010) 

    RL0936A 

    RL0936B 

    RL0936C 

5'-AGTCTAGATGATCGACTTCTGCATCGAG-3' 

5’-GTTCGGCAACAGGTTGTCAC-3’ 

5’-ATCTGAACGATGCCGTGCT-3’ 

This study 

This study 

This study 

    RL0936H 5'-AGTCTAGACCAGCATATCGAGCAGATGA-3' This study 

    RL0936F 5'AGACTAGTGGACAGCGTGACCACTTTCT-3' This study 

    RL0936R 5'-AGCCCGGGTGCTTATTGCCTTGTGTGC-3' This study 

    pfusRL0936F 5'-AGGGTACCGCGATCCATTACGGAACAAT-3' This study 

    pfusRL0936R 5'-GGAGAAAGTGGTCACGCTGT-3' This study 
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5.2.2 Insertional mutagenesis of ttpA 

 To further characterize ttpA in a wild-type genetic background, a single crossover 

mutant was constructed in strain 3841. Insertional mutagenesis via allelic exchange using 

the suicide vector pJQ200SK was performed using a method described by Quandt & 

Hynes (1993). A 600-bp internal fragment of ttpA was amplified using primers RL0936F 

with a SpeI linker and RL0936R with a SmaI linker (Table 5.1). PCR reactions used 1U 

of Taq DNA polymerase (UBI, Calgary, AB) and the following reaction conditions: 

2mM MgSO4, 0.2 mM dNTPs, 1x reaction buffer and 0.2 µM of each primer. Using a 

Biorad thermocycler the PCR reaction was run at 94°C for 5 mins, followed by 30 cycles 

of: 95°C for 30 s, 68°C for 30 s and 72°C for 1 min 30 s, with a final extension of 72°C 

for 5 mins. The PCR fragment was cloned into the pGem-T Easy Vector (Promega) as 

per the supplier’s instructions. Restriction enzymes SpeI and SmaI were used to excise 

the ttpA fragment from the pGem-T Easy Vector which was ligated into pJQ200SK 

using complementary restriction enzyme sites to create pJQRL0936. The new construct 

was first transformed into DH5α competent cells to confirm proper insertion, and 

subsequently transformed into the mobilizer strain S17-1. Conjugation was performed 

over 48 hrs with the wild type strain on VMM containing 0.5 mM proline. Single 

crossover mutants were isolated by plating the conjugation mixture onto VMM 

containing streptomycin and gentamicin to select for insertion of the pJQ200SK vector. 

PCR was used to confirm the correct disruption of ttpA. 

5.2.3 Construction of a broad-host range plasmid containing the ttpA gene 

 Genetic complementation of ttpA mutants used a vector constructed to contain the 

wild-type ttpA gene. The ttpA gene with the upstream promoter region was PCR 



 127 

amplified from the wild type strain of R. leguminosarum bv. viciae 3841 using primers 

RL0936A and RL0936H (Table 1), both containing an XbaI restriction linker at the 5’ 

end. PCR reaction used 1U of Taq DNA polymerase (UBI, Calgary, AB) and the 

following reaction conditions: 2 mM MgSO4, 0.2 mM dNTPs, 1x reaction buffer and 0.2 

µM of each primer. Using a Biorad thermocycler the reaction was run at 94°C for 5 

mins, followed by 30 cycles of: 95°C for 30 s, 66°C for 30 s and 72°C for 3 mins 30 s, 

with a final extension of 72°C for 5 mins. The PCR reaction fidelity was confirmed 

though DNA sequencing of the PCR amplicon. The PCR fragment was then cloned into 

pGem-T Easy Vector (Promega) and digested using XbaI. The digested fragment was 

then ligated into the broad host range plasmid pHC41 using the same restriction enzyme 

to cut the vector. The ligation was transformed into the mobilizer strain S17-1 to make 

pRL0936comp and was used for conjugation to complement ttpA in the mutant strain 

38ttpA (Table 1). The pRL0936comp plasmid was also conjugated into 38cmdB. 

Recipient colonies were tested for growth on TY and VMM containing 3 mM glycine. 

5.2.4 RNA extraction and quantitative reverse transcription PCR (RT-qPCR) to 

measure mRNA levels of ttpA 

 RNA was extracted using the same technique described in Chapter 4. Quantitative 

PCR was conducted on an Applied Biosystems StepOne Real-Time PCR System using 

SYBR® Green PCR Master Mix (Life Technologies) as per manufacturer’s instructions 

and using primers RL0936B and RL0936C (Table 5.1). 

5.2.5 Construction of a ttpA::gusA transcriptional fusion 

 A 245 bp fragment upstream of ttpA was amplified with the primers pfusRL0936F 

and pfusRL0936R under standard PCR conditions. The fragment was subsequently 
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cloned into pGem-T easy vector as per manufacturer’s instructions. The cloned promoter 

region was then excised using KpnI and EcoRI and ligated into the pFus1par vector 

containing the promoterless gusA reporter gene in a par-stabilized plasmid. The PCR 

reaction fidelity was confirmed though sequencing of the PCR amplicon. The resulting 

plasmid pFusRL0936 was then conjugated into the R. leguminosarum wild type strain 

3841 and into the mutant strains 38cmdB, 38cmdB-S, and 38cmdB-S/ttpA::Tn5 to 

measure gene expression using Miller’s (1972) ß-galactosidase reporter gene assay, with 

modifications described by Yost et al. (2004). All assays were carried out on cultures in 

the late log growth phase. 

5.2.6 DNA sequence analysis 

 DNA sequencing was conducted by Quintarabio (Albany, CA). Sequence data 

were analyzed using EnzymeX [version 3.1; 

(http://www.mekentosj.com/science/enzymex)] and 4PEAKS software [version 1.7.2; 

(http://mekentosj.com/4peaks/)]. OLIGO 4.0 software (National Biosciences, Plymouth, 

MN) was used to design all primers. Sequence alignments were done using CLUSTALW 

(Thompson et al., 1994). Phylogenies were constructed using MEGA 5.05 (Tamura et 

al., 2011). The STRING (http://string-db.org/) algorithm was used to explore predicted 

protein interaction networks. Transmembrane topology and signal peptide predictions 

were performed using Phobius (Kall et al., 2004). 

5.2.7 Outer membrane integrity assays 

 A functional cell envelope is important for biofilm formation and desiccation 

tolerance in R. leguminosarum Methods for desiccation assays and biofilm assays are 

described in Chapter 2. To determine outer membrane permeability changes in the R. 
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leguminosarum mutant strains, uptake of the fluorescent probe 1-N-

phenylnaphthylamine (NPN) was measured using a method described in Chapter 2. 

5.2.8 Bioinformatic analysis of ttpA  

Homologous ttpA sequences were collected from the NCBI GenBank database 

using PSI-BLAST to detect distant relationships between proteins. The results from the 

PSI-BLAST, along with results from a conserved domain database search (CDD) 

(Marchler-Bauer et al., 2011), were used to choose homologous TtpA protein sequences 

to align using ClustalX (Larkin et al., 2007), which uses an iterative alignment process to 

identify the most appropriate alignment. This alignment was then used to create a 

neighbor-joining phylogeny using MEGA5, an integrated tool for inferring phylogenic 

trees (Tamura et al., 2011). A cutoff of 70% was used to ensure confidence of the 

relationships. 

5.3 Results 

5.3.1 Conservation of ttpA in the Rhizobials 

 The conservation of ttpA was investigated since the cmdA-cmdD operon was found 

to be highly conserved among the Alphaproteobacteria (Vanderlinde et al., 2011). The 

conservation of ttpA was similar to the conservation of the cmdA-cmdD operon where 

both loci are conserved within the Rhizobiales and in other Alphaproteobacteria classes 

such as the Rhodobacteraceae and Rhodospirillaceae (Figure 5.1). 

 Bioinformatic analysis supports a predicted interaction of ttpA with genes from the 

cmdA-cmdD operon. The STRING (http://string-db.org/) algorithm explores predicted 

protein interaction networks, using data extracted from curated functional genomic and 

protein structure databases. STRING weakly predicted ttpA to interact with cmdA-cmdD  
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(score of 0.56).  It is also interesting to note the STRING analysis predicted interaction 

between ttpA and ctpA (score of 0.65), a gene that is known to be associated with cell 

envelope function in R. leguminosarum and is required for growth on TY agar (Gilbert et 

al., 2007).  

 A Phobius prediction (Kall et al., 2004), which can predict signal peptides and 

transmembrane topology, predicts a signal peptide present in the first 29 aa, which is 

cleaved off and the remainder is predicted to be non-cytoplasmic, suggesting its location 

in the periplasm. SignalP supports this hypothesis as the prediction indicates a signal 

peptide present in the first 29 aa (Petersen et al., 2011), and TMpred predicts 1 strong 

transmembrane helices, with the N-terminus inside (Hofmann & Stoffel, 1993). 
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Figure 5.1: Neighbor-joining phylogenic tree of ttpA (RL0936). The protein was found to 

be highly conserved among the Rhizobiales. Protein sequences were used from the 

following strains, rl0936: Rhizobium leguminosarum 3841; yhch00210: Rhizobium etli 

CFN42; agrc1124: Agrobacterium tumefaciens; R00845: Sinorhizobium meliloti 1021; 

mlr7432: Rhizobium loti MAFF303099; bmei1531: Brucella melitensis 16M; oant0520: 

Ochrobactrum anthropic 49188; azc0911: Azorhizobium caulinodans ORS 771; 

xaut1382: Xanthobacter autotrophicus Py2; ocar6960: Oligotropha carboxidovorans 

OM5; blr2525: Bradyrhizobium diazoefficiens USDA 110; nwi2494: Nitrobacter 

winogradski Nb-255; spo0317: Ruegeria pomeroyi DSS-3; gbcgdnih11850: 

Granulibacter bethesdensis CGDNIH1; cc1335: Caulobacter crescentus CB15; 

swit4107: Sphingomonas wittichii RW1.  Boostrap values included at branch points. 
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5.3.2 ttpA expression is increased in cmdB mutant backgrounds 

 To examine the expression levels of ttpA in the various mutants, a transcriptional 

fusion containing the promoter region of ttpA cloned upstream of the promotor-less gusA 

reporter gene in pFus1par1 was constructed. GusA assays were performed and it was 

noted that expression of ttpA was 3.5-fold higher in the original suppressor when 

compared to the wild type and 1.5-fold higher in 38cmdB (Table 5.2). The increased 

expression of ttpA was exclusive to the 38cmdB-S suppressor strain. Expression levels of 

ttpA in the 38cmdA, 38cmdC or 38cmdD suppressors did not significantly increase 

relative to the level of expression in the original mutant strains. Since there was no 

sequence difference in either ttpA or in its promoter region, the actual suppressor locus in 

38cmdB-S may be a regulator involved in ttpA regulation.  
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Figure 5.2. Growth results on VMM agar (a) and TY agar (b) with wild type (3841), a 

cmdB- deletion mutant strain (38cmdB), a cmdB- suppressor strain (38cmdB-S), and 

38cmdB containing plasmid pRL0936-comp, which increases expression of ttpA in the 

cell (ttpA++). (c) Growth results on TY with wild type (3841), a cmdA- deletion mutant 

strain (38cmdA), a cmdA- suppressor strain (38cmdA-S), and 38cmdA containing 

plasmid pRL0936-comp with increased ttpA expression. All strains grew well on the 

VMM agar control plate. The same growth phenotypes for TY were observed on VMM 

with 3mM glycine (not shown). A control vector of pHC41 (i.e. not containing a ttpA 

insert) was conjugated into all strains and no difference in phenotype was observed. 
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5.3.3 Addition of a broad-host range plasmid containing the wild-type ttpA rescues 

the TY minus phenotype in a cmdB mutant 

 A broad-host range plasmid containing ttpA and its promoter region 

(pRL0936comp) was conjugated into 38cmdB. This strain was able to grow on both TY 

and VMM with 3mM glycine while the control of 38cmdB carrying the empty vector 

pHC41 was unable to grow on TY or VMM with 3mM glycine. RT-qPCR reactions 

confirmed that the mRNA concentration of ttpA was an average of 12-fold higher in 

strains carrying the pRL0936comp plasmid compared to strains carrying the empty 

pHC41 vector. These data along with the data in Table 5.2 support the hypothesis that an 

increase in expression of ttpA in 38cmdB can lead to restoration of growth on TY and 

VMM with 3mM glycine. Notably, the ttpA containing plasmid did not rescue growth on 

TY or VMM with 3mM glycine when conjugated into strains carrying in-frame deletions 

in the other genes of the cmdA-cmdD operon (e.g. Figure 5.2c), suggesting that the 

interaction of ttpA with the cmdA-cmdD operon is specific and may be complementary to 

the role of the cmdB gene (Figure 5.2, Table 5.2). 
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Table 5.2. GusA results. Expression of ttpA is 1.5-fold up-regulated in 38cmdB and 3.5-

fold up-regulated in 38cmdB-S and 38cmdB-S/ttpA::Tn5. 

Strain Genotype and phenotypes 

Miller Units 

(mean ± SD) 

3841 Wild type 1954 ± 53 

38cmdB 

RL3500-, TY minus, VMM 3mM 

glycine minus 2911 ± 71 

38cmdB-S 

RL3500- Suppressor, TY plus, VMM 

3mM glycine plus 6943 ± 40 

38cmdB-

S/ttpA::Tn5 

Tn5 in RL0936 in 38cmdB-S 

background, TY minus, VMM 3mM 

glycine minus 6911 ± 90 
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 5.3.4 Bioinformatic description of ttpA, a gene coding for a tetratricopeptide repeat 

containing protein 

TtpA contains a tetratricopeptide repeat (TPR) structural motif. The basic 

function of these TPR folds is to mediate protein-protein interactions, which can often be 

promiscuous (Cerveny et al., 2013). Since CmdB is predicted to be involved in a protein-

protein interaction with CmdA it is interesting to find a link to TtpA, which is also 

predicted to be involved in protein-protein interactions.  TPR motifs occur in minimally 

conserved 34-residue-long regions, centered around the consensus residue W4-L7-G8-

Y11-A20-F24-A27-P32 (Lamb et al., 1995). There is three-dimensional structural data 

available for the TPR motif, which contains two antiparallel α-helical subdomains (helix 

A and helix B), which are arranged in tandem arrays of 3 to 16 TPRs that can 

accommodate the complementary region of a target protein (Cerveny et al., 2013; Das et 

al., 1998). There are 3 predicted TPRs found in RL0936, one TPR-16 at aa 362, one 

TPR-11 at aa 429 and one TPR-11 at aa 510. Since growth on TY and VMM with 3mM 

glycine can be restored through creating a higher copy number of ttpA in 38cmdB, and 

since ttpA is over-expressed in 38cmdB-S, it is suggested that an increase in expression 

of ttpA can compensate for the loss of cmdB. Future collaborative work with protein 

structural biologists will help to investigate potential interactions between the TtpA 

protein with protein components of the cmdA-cmdD operon, and in particular the protein 

coded by cmdB.  Previous studies imply there may be an interaction between cmdA and 

cmdB, therefore it makes sense to look at any possible interaction between cmdA and 

ttpA (Snider & Houry, 2006; Wong & Houry, 2012). cmd operon clones have been sent 
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to the Houry group for future analysis. 

5.3.5 Outer membrane integrity is not restored in the 38ttpA mutant 

 As noted in Chapter 3, the cmd mutant suppressor strains did not restore outer 

membrane stability and 38cmdB-S remained more sensitive to the antibiotics, SDS, and 

NPN uptake when compared to the wild type. Notably, 38ttpA also experienced 

increased sensitivity to these stressors and NPN uptake, providing further evidence that 

connects ttpA as a member in a cell envelope gene network (Figure 5.5a and Figure 

5.5b).  

5.3.6 The suppressor mutant and strains with mutation of ttpA display reduced 

biofilm formation and desiccation tolerance. 

 Figure 5.5c demonstrates that the original 38cmdB-S suppressor strain and strains 

carrying mutations in ttpA produced significantly (p=0.008) less biofilm than the wild 

type. 38cmdB-S/ttpA::Tn5 had the greatest decrease in biomass with a 50% decrease, 

followed by 38cmdB-S with a 38% decrease, 38ttpA with a 33% decrease and 38cmdB 

with a 14% decrease in biomass when compared to 3841 (Figure 5.5c). Desiccation 

sensitivity was also investigated and 38ttpA had an average % cell survival of only 

4.25% when compared to the wild type of 10.36%. 38cmdB had a cell survival average 

of 8.92%, 38cmdB-S had an average of 7.03% and 38cmdB-S/ttpA::Tn5 had the lowest 

cell survival value of 1.85%. These data as well as data from biofilm assays illustrate 

that mutation of ttpA affects phenotypes connected to cell envelope structure and 

function. 
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Figure 5.3: a. Results from mutant sensitivity tests. Ten microliters of the following 

compounds were added on separate disks: 0.1mg tetracycline (Tc) mL-1, 10 mg 

erythromycin (Er) mL-1, and 10% SDS. The presented data includes four independent 

trials, with the mean values and standard deviations reported. Values are normalized to 

the wild type strain displaying zones of inhibition as a % increase relative to the wild 

type. It was also observed that complementation of 38ttpA with plasmid pRL0936-comp 

restored resistance levels back to wild-type. b. NPN assay results. Values are normalized 

to the wild type strain displaying NPN fluorescence as a % increase relative to the wild 

type. c. Biofilm Assay results displayed as a percent decrease normalized to the wild 

type.  
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5.4 Discussion 

Building on the suppressor backgrounds discussed in Chapter 4, cmdB was 

chosen for further investigation. cmdB codes for a conserved hypothetical protein with a 

domain of unknown function (DUF) 58 and a von Willebrand factor type A (vWFA) 

motif.  VWFA domains are broadly conserved and are found in both prokaryotes and 

eukaryotes. Proteins that contain vWFA domains in eukaryotes are associated with many 

cellular functions such as cell adhesion and signal transduction (Colombatti et al., 1993; 

Whittaker & Hynes, 2002). However, the functions for the majority of vWFA proteins 

within prokaryotes are largely unknown. Whelan et al. (1997) described a vWFA protein 

in E. coli that aids in protection against the toxic effects of heavy metals, yet this effect 

was not seen in the 38cmdB mutant. The vWFA domain of CmdB may contain a metal 

ion adhesion site (MIDAS) for incorporation of a metal ligand, and these are often found 

in proteins connected with MoxR ATPases, such as cmdA (Wong & Houry, 2012). Based 

on various bioinformatics analyses and available literature, it’s been suggested that the 

MoxR AAA+ proteins function with the vWFA domain-containing proteins to form a 

chaperone system important for protein folding and activation (Snider & Houry, 2006). 

Since there is an increasing need to functionally annotate the expanding database of 

uncharacterized hypothetical proteins (discussed in greater detail in Chapter 7), and 

given the proposed role of cmdB in cell envelope function, further analysis was 

warranted. 

Suppressor mutants can be valuable in identifying interactions between genes, 

particularly when the function of the genes is not readily apparent. It is interesting that an 

inability to grow on TY often correlates with cell envelope deficiencies (Gibson et al., 
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2008; Vanderlinde et al., 2009; Vanderlinde et al., 2010; Vanderlinde et al., 2011) yet we 

observe here that suppressors that restore growth on TY remain sensitive to membrane 

disruptive agents.  Furthermore there was an increase in sensitivity when both ttpA and 

cmdB were mutated in the strain cmdB-S/ttpA::Tn5, when compared to the wild type and 

other mutants. Due to the levels of increased sensitivity to multiple cell envelope 

stressors when both genes are mutated, suggest their importance in proper cell envelope 

function in R. leguminosarum. The uncoupling of the two phenotypes in the suppressor 

strain suggests a parallel genetic network for the two phenotypes. Supporting this 

observation, suppressors were isolated for the cmdA-cmdD operon mutants that restore 

resistance to membrane disruptive agents but do not restore growth on TY media (data 

not shown). Future work is planned to characterize these suppressors and by comparing 

and contrasting the two families of suppressors we hope to gain further insight into 

branches within the complex genetic networks. Lastly, the increased expression of ttpA 

was exclusive to the 38cmdB-S suppressor strain, and given there was no sequence 

difference for ttpA, the actual suppressor locus could be involved in ttpA regulation, 

therefore further experimentation was required to provide insight on the interaction. 

 In conclusion, the suppressor isolation approach has not only provided 

experimental evidence in support of a putative interaction between two relatively 

uncharacterized genes, but has also provided phenotypic data to suggest that ttpA, 

previously annotated as coding for an uncharacterized hypothetical conserved protein is 

involved in cell envelope related physiology. 

  



 141 

6.0 RNA-SEQ ANALYSIS OF RHIZOBIUM LEGUMINOSARUM MUTANT 

STRAINS 38CMDB AND 38CMDB-S GROWN IN THE PRESENCE OF 

TRYPTONE  

 

6.1 Introduction 

The functional role of the cmdA-cmdD operon still requires more experimental 

attention. Previous studies have revealed the operon is part of a regulatory network. For 

example, the outer membrane protein gene ropB, is down-regulated in cmd operon 

mutants (Vanderlinde et al., 2011). Furthermore, expression of the cmd operon was 

found to be reduced in a chvG mutant indicating that the histidine kinase also plays a 

regulatory role with respect to this operon (Vanderlinde et al., 2011). Mutations that 

suppress the phenotypes of cmdA-cmdD operon mutants may be the result of changes to 

gene regulation. An understanding of these expression changes observed in suppressors 

of cmd operon mutant phenotypes could help to define the overall function of the cmd 

operon with respect to the cell envelope, as well as providing a more indepth view of the 

gene networks involved in a complex media phenotype.  

To achieve a precise measurement of cmdA-cmdD mutant transcriptome 

profiling, RNA-Seq can be used with the deep-sequencing capacity of the Illumina Mi-

Seq instrument available at the University of Regina. The transcriptome is a complete set 

of transcripts present in a cell under a given growth condition and sampling time point.  

RNA-Seq allows us to quantify these transcripts (Wang et al., 2009). By comparing 

transcriptomes of various mutants we can identify genes with an altered expression and 
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from this identify changes in specific regulatory pathways or wider gene networks that 

can explain the observed phenotypic changes. 

RNA-Seq can provide more precision for measuring transcript levels than other 

available methods (Wang et al., 2009). Transcriptional analyses in the past have focused 

on microarrays which used microscopic spots of DNA oligonucleotide probes attached to 

a solid surface to hybridize cDNA (Van Vliet, 2010). These methods produced high 

background levels due to non-specific DNA probe hybridization and had a limited 

detection range. RNA-Seq varies from these past methods, in that data are matched to 

genes by sequence alignment, meaning that all transcription is studied with less bias, 

providing more precise data. The pre-requisite to using this method is the availability of 

a sequenced genome for the bacterium of study. This method can be used to identify 

novel genetic features such as defining the boundaries of gene operons and identifying 

transcribed but untranslated regions, such as small regulatory RNA molecules (Croucher 

& Thomson, 2010; Wang et al., 2009). The data obtained using this method should 

provide a better understanding of the suppressor mutation’s impact on gene regulation in 

a cmdA-D mutant. 

6.2 Objective of the study 

The objectives of this experiment were to compare the 38cmdB and 38cmdB-S 

transcriptomes to identify changes in gene regulation that may be associated with the 

suppressor phenotype and to provide more insight into the biological function of the cmd 

operon. 

6.3 Materials and methods  

6.3.1 Growth conditions and RNA extraction 
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Cells were grown overnight at 30°C on VMM containing 0.5% tryptone and 

0.005% calcium chloride. As discussed in Chapter 5, the divalent cation calcium has 

been found to stabilize the cell envelope, and was used to culture the strains in the 

presence of tryptone. Vanderlinde et al. (2011) found that calcium helped the complex 

media defective mutants grow in the presence of peptides, such as tryptone. A dense cell 

suspension was used to inoculate the plate. VMM containing tryptone was used instead 

of TY as the cmdB mutant is unable to grow on TY. Cells were then scraped off the plate 

and total cellular RNA was extracted using the method described in Chapter 4. DNase 

treatment was conducted using Turbo DNase (Life Technologies). RNASeq processing 

requires high RNA quality, therefore samples with an RNA quality yield (RIN) ≥ 8 were 

used according to the manufacturer’s instructions. Samples were run on an agarose gel to 

check for degradation and the RIN value was obtained using an Agilent 2100 

bioanalyzer and an Agilent RNA 6000 Nano kit. PCR was used on all DNase treated 

RNA to check for DNA contamination (Figure 6.1a).  

6.3.2 mRNA purification  

Once total RNA was extracted, the mRNA was enriched using a 

MICROBExpress bacterial mRNA enrichment kit (Life Technologies), which enriches 

bacterial mRNA through the removal of >95% of 16S and 23S rRNA molecules. The 

procedure was in accordance with the manufacturer’s specifications. Total RNA was 

measured on the Agilent 2100 bioanalyzer using an Agilent RNA 6000 Nano kit to 

observe the reduction of rRNA in the sample (Figure 6.1b). RNA concentrations were 

also measured on the Qubit fluorometer using an RNA high sensitivity kit (Life 

Technologies). 
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6.3.3 RNA-Seq library preparation 

 The RNA-Seq library was constructed using the NEBNext Ultra Directional 

RNA Library Prep Kit for Illumina (New England Biolabs). An overview of the 

workflow can be found in Figure 6.1. 

6.3.3.1 mRNA fragmentation and priming 

Since the current sequencing platforms are only capable of generating relatively 

short sequence reads, the RNA needed to be fragmented to improve sequence coverage 

over the transcriptome. The NEBNext kit uses a heat step at 94°C and an RNA 

fragmentation reaction buffer prior to priming using random primers. Random primers 

were used as they are ideal for synthesizing large DNA pools, and are good for bacterial 

RNA because they anneal throughout the target molecule (Figure 6.1c).  

6.3.3.2 First and second strand cDNA synthesis 

Illumina sequencing requires a DNA template, therefore the RNA had to be 

converted to double-stranded complementary (cDNA). The first strand of cDNA is 

generated from the mRNA template using a reverse transcriptase (RT). The mRNA 

template was then removed and a second strand was synthesized to generate double-

stranded cDNA with the incorporation of dUTP in the second strand to maintain the 

directional information for gene transcription. AMPure XP beads (Beckman Coulter, 

Inc) were used to isolate the double stranded cDNA from the reaction mix (Figure 

6.1d,e,f).  

6.3.3.3 End-repair and adaptor ligation 

Fragmentation prior to the cDNA synthesis results in overhangs, which needed to 

be to be converted into blunt ends. This was done after cDNA synthesis (according to 
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manufacturers instructions) using an end repair mix (NEBNext End Repair). The 3’ to 5’ 

exonuclease activity in the mix removed the 3’ overhangs and a polymerase filled in the 

5’ overhangs. To prevent self-ligation during the adaptor ligations, a single ‘A’ 

nucleotide was be added to the 3’ ends of the blunt fragments, with a corresponding ‘T’ 

nucleotide added to the 3’ end of the adaptor (figure 6.1h). The ligation reaction was 

purified using AMPure XP beads (Beckman Coultre, Inc; Figure 6.1i). USER excision 

was done (Figure 6.1j), followed by the ligation of multiple indexing adaptors to the ends 

of the double stranded cDNA to prepare for hybridization onto a flow cell (Figure 6.1g).  

The DNA fragments that had adaptor molecules on both ends were enriched 

using PCR and a PCR primer cocktail (Figure 6.1k). Index primer 2 (CGATGT) was 

used for 38cmdB and index primer 4 (TGACCA) was used for 38cmdB-S. Multiplex 

primers were used to process both samples on the same MiSeq instrument flow cell. The 

PCR product was then purified using AMPure XP beads (Beckman Coulter, Inc; Figure 

6.1l), and was checked for DNA concentration using the Qubit dsDNA HS assay kit 

(Life Technologies). The library quality was assessed using the Agilent Bioanalyzer and 

a high sensitivity DNA analysis kit (Agilent). The library was then run on the MiSeq 

using a 150 cycle v3 cartridge. A biological replicate was also constructed using index 

primers 6 (38cmdB) and 12 (38cmdB-S), and was processed on the MiSeq using a 

different flow cell on a different day, but using the same protocol. 
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Figure 6.1: Workflow for NEBNext Ultra Directional RNA Library Prep Kit for Illumina 

(New England Biolabs). (a) RNA extraction and bioanalyzer measurement; (b) RNA 
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enrichment using MICROBExpress and bioanalyzer measurement; (c) RNA 

fragmentation and random priming; (d) First strand cDNA synthesis; (e) Second strand 

cDNA synthesis; (f) Purification of ds cDNA using AMPure XP beads; (g) End-repair of 

cDNA library; (h) NEBNext adaptor ligation; (i) Purification using AMPure XP beads; 

(j) USER excision; (k) PCR library enrichment; (l) PCR reaction purification using 

AMPure XP beads and library was measured on the bioanalyzer. 
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6.3.4 RNA-Seq data analysis 

 As graciously offered by Dr. Cameron at the University of Regina, the software 

Geneious (Kearse et al., 2012; Trapnell et al., 2009) was used to compute transcript 

levels as “TPM” (transcripts per million) reads, which is often a preferred measurement 

due to the ability to normalize the data, allowing for comparison of independent trials, as 

RNA-Seq is not an absolute measurement of expression. Two biological replicates were 

performed and TPM values were averaged using a TPM cutoff of 10 to account for 

technical variance. For the most part, TPM differences between biological replicates 

were minimal and percent variance was calculated for genes of interest (average below 

12% variance). The only changes seen above a 2-fold difference between replicates were 

either non-coding small RNAs or had a low TPM (i.e. just above 10). Differences in 

expression between strains were presented as fold changes (suppressor/mutant), with a 

fold change above 1 reflecting an increase of gene expression in the suppressor strain, 

and below 1 reflecting a decrease in gene expression. An open source software system 

called Rockhopper was also used to analyze the 38cmdB and 38cmdB-S RNA-Seq data. 

The software uses algorithms that can align sequences to a reference genome, produce 

transcriptome maps, determine operon structures, and allows for the quantification of 

transcripts to test for differential gene expression (McClure, et al., 2013). In addition to 

the text files generated using Geneious and Rockhopper, results were viewed using 

Integrative Genome Viewer (IGV) genome browser (Robinson et al., 2011).  

6.4 Results 

6.4.1 Identifying differentially expressed genes 
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RNA-Seq data identified expression of 4,346 genes out of the 7,342 predicted 

open reading frames (ORFs) in the Rhizobium leguminosarum 3841 genome, and this 

result was consistent for both biological trials. Given the large dataset, only genes that 

exhibited a fold-increase of greater than 2.7 or bellow 2.4 fold-decrease were 

investigated further. These cut-off values were chosen due to the large number of genes 

(n >100) exhibiting a slight change in expression, and which could be due to 

experimental variance. Genes exhibiting substantial expression changes are also likely to 

be more technically robust, not suffering from technical variation and therefore are more 

correlated to the suppressor phenotype. The top 20 fold increases were primarily the 

focus as these genes were the most plausible candidates. A table summarizing the 20 top 

increases and 20 top decreases in fold changes in gene expression between the two 

strains can be viewed in Table 6.1. Putative operon structures were also identified and 

matched for both transcriptomes, with 776 operon structures predicted in the 

chromosome, and 463 operon structures predicted throughout the 6 plasmids (data not 

included). Riley classifications for the up- and down-regulated genes of interest can be 

viewed in Figure 6.2, presenting a broad outline of their predicted functions (Young et 

al., 2006). Up-regulated genes were primarily of unknown function, consisting mainly of 

predicted membrane proteins (Figure 6.2a). Down-regulated genes were primarily 

predicted to be involved in cell processes, with all but one predicted to be transport or 

binding proteins (Figure 6.2b). 
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Table 6.1: RNA-Seq analysis. Summary of the genes with the highest ranked fold 

changes in gene expression between the 38cmdB-S suppressor strain and the 38cmdB 

mutant. *Fold change was calculated by dividing the 38cmdB TPM average by the 

38cmdB-S TPM average. 

Locus Tag 

38cmdB 

TPM 

38cmdB-S 

TPM 

Fold 

change*  Description or conserved domain Operon? 

RL3319 56, 86 367, 450 5.74 putative transglycosylase No 

RL1651 45, 48 226, 273 5.40 

putative 3-demethylubiquinone-9 3-

methyltransferase No 

RL3085 43, 53 236, 232 4.87 hypothetical protein; DUF4168 No 

RL1631 11, 14 52, 49 3.98 

hypothetical protein; Cytochrome 

NNT super family No 

RL0441 15, 19 59, 74 3.89 

putative vitamin B12 binding 

methyltransferase No 

RL3318 10, 13 40, 48 3.88 

putative N-methyl-L-tryptophan 

oxidase No 

RL1034 44, 68 210, 223 3.86 

hypothetical protein; Uncharacterized 

protein conserved in bacteria [Function 

unknown] No 

RL3445 12, 16 43, 53 3.46 

putative transmembrane sortase-like 

protein No 

RL3489 32, 36 104, 125 3.37 

hypothetical protein; RHH_1 super 

family, protein repressor No 

RL0324 132, 216 509, 655 3.35 

hypothetical protein; Rare lipoprotein 

A (RlpA)-like double-psi beta-barrel No 

RL3573A 18, 11 39, 57 3.34 

Conserved hypothetical protein; no 

conserved domain No 

RL3444 16, 23 58, 65 3.21 

transmembrane protein; von 

Willebrand factor A domain No 

RL3186 16, 18 59, 47 3.13 

putative transmembrane protein; no 

conserved domain No 

RL4643 29, 41 103, 110 3.05 

putative transmembrane protein; OpgC 

domain, acyltransferase enzyme No 

RL4380 227, 266 724, 695 2.88 hypothetical protein; no conserved No 
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domain 

pRL100081 11, 12 31, 36 2.88 

putative substrate binding glycine 

betaine/L-proline ABC transporter No 

RL0185 19, 24 55, 70 2.86 

putative solute-binding component of 

ABC transporter No 

RL3151 1413, 1795 4332, 4797 2.85 

hypothetical protein; Uncharacterized 

protein with a bacterial SH3 domain 

homologue [Function unknown] No 

RL1966 29, 45 100, 107 2.78 putative alanine dehydrogenase No 

RL0231 246, 233 706, 885 2.74 

hypothetical protein; no conserved 

domain No 

RL0748 50, 48 40, 43 0.88 putative alpha-glucosidase 

Yes: aglF, 

aglG, aglA, 

aglK 

RL4216 87, 52 36, 30 0.47 

putative mannitol transmembrane 

permease component of ABC 

transporter 

Yes: 

RL4215, 

mtlG, mtlF 

RL3558 36, 26 13, 13 0.42 

putative transmembrane MFS 

permease protein No 

RL3884 79, 51 25, 29 0.42 

iron ABC transporter substrate binding 

protein 

Yes: sitA, 

sitB, sitC, 

RL3887 

RL4218 391, 248 141, 125 0.42 

iron ABC transporter substrate binding 

protein No 

RL0852 1230, 1027 455, 484 0.42 hypothetical protein; DUF1127 No 

RL3095 36, 24 12, 13 0.41 ornithine cyclodeaminase No 

RL0746 76, 57 27, 28 0.41 

putative alpha-glucoside transport 

system transmembrane component of 

ABC transporter  

Yes: aglF, 

aglG, aglA, 

aglK 

RL0747 80, 58 29, 28 0.41 

putative alpha-glucoside transport 

system transmembrane component of 

ABC transporter 

Yes: aglF, 

aglG, aglA, 

aglK 

RL0261 54, 35 20, 16 0.40 

putative transmembrane protein; 

EamA-like transporter family No 

RL4217 81, 48 26, 25 0.39 

putative mannitol transmembrane 

permease component of ABC 

Yes: 

RL4215, 
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transporter mtlG, mtlF 

RL0322 57, 37 20, 17 0.39 putative iron-regulated protein No 

RL4215 124, 70 42, 28 0.36 

putative ATP-binding component of 

mannitol ABC transport protein 

Yes: 

RL4215, 

mtlG, mtlF 

pRL100405 98, 57 25, 26 0.33 

putative transmembrane protein; 

DUF3311 

Yes: 

pRL100404, 

pRL100405 

RL3885 62, 37 16, 16 0.32 iron ABC transporter  

Yes: sitA, 

sitB, sitC, 

RL3887 

RL1865 65, 34 18, 14 0.32 putative hydrolase 

Yes: 

RL1865, 

RL1866 

RL1864 97, 60 24, 21 0.28 homogentisate 1,2-dioxygenase No 

pRL90081 68, 42 17, 14 0.28 

putative glycerol kinase; Key enzyme 

in the regulation of glycerol uptake and 

metabolism No 

RL4066 67, 70 17, 18 0.25 

hypothetical protein; Peptidase M15 

superfamily No 

RL4564 92, 56 12, 11 0.16 

putative transmembrane ammonium 

transporter No 
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(b) 
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Figure 6.2: Riley classification of RNA-Seq genes of interest (Table 6.1). (a) Up-

regulated genes with majority predicted as genes of unknown function. The majority of 

these were predicted to be membrane proteins. (b) Down-regulated genes with majority 

predicted to be involved in cell processes, partucularily as transport or binding proteins. 
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6.4.2 Validation of RNA-Seq data 

 There were expected and unexpected results observed in the RNA-Seq dataset. 

One validation that worked well with this experiment was the observed RL0936 (ttpA) 

expression increase in 38cmdB-S, which was of similar magnitude to the transcriptional 

fusion data discussed in Chapter 5. The expression levels from the transcriptional fusion 

data indicated a 2.3-fold increase of RL0936 (ttpA) expression in 38cmdB-S compared to 

38cmdB, while the RNA-Seq data reported a 1.6-fold increase in expression. Examining 

the transcript region using Integrative Genome Viewer (IGV; Robinson et al., 2011; 

Thorvaldsdóttir et al., 2013) provided visual support to the expression values (Figure 

6.3). The expression of ropB was expected to be low in the RNA-Seq dataset and was 

intended to provide another internal data validation. This was based upon the premise 

that earlier studies with cmd mutants and a ropB-gusA transcriptional fusion indicated 

low ropB promoter activity (Vanderlinde et al., 2011). However, a high level of mRNA 

of ropB was observed in the RNA-Seq datasets for both strains, which was in contrast to 

the previous transcriptional fusion data. GusA assays were repeated following the RNA-

Seq results and ropB promoter activity was still found to be down-regulated in both 

38cmdB and 38cmdB-S relative to the wild type. Transcript results for the ropB region 

can be visualized in Figure 6.4. However, since the wild type was not included in this 

RNA-Seq experiment, there is no data to compare the ropB transcript levels between 

mutants and wild type (i.e. perhaps expression of ropB in the wild type is much higher 

when expressed in TPM). There is no readily apparent explanation to reconcile the 

difference between the gusA transcriptional fusion data and the RNA-Seq data. RT qPCR 

should be done in the immediate future using strains carrying the ropB-gusA fusion to 
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measure both ropB and gusA transcript levels in the wild type and mutants to provide 

further insights. 

 Another gene that showed conflicting gene expression results between gusA 

transcriptional fusions and RNA-Seq data was the locus RL4066, which was discussed in 

Chapter 4. This gene was found to have a SNP in the promoter region for 2 different 

suppressor strains, 38cmdA-S and 38cmdB-S. As discussed in Chapter 4, there was no 

change in expression between wild type, mutant or suppressor in RL4066 when using a 

transcriptional fusion, however the RNA-Seq data identified differences in expression 

between the cmdB mutant and its suppressor strain. Transcript results can be seen in 

Figure 6.5.  
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Figure 6.3: IGV view of RL0936 (ttpA) demonstrating two biological trials of RNA-Seq 

transcript levels in 38cmdB and 38cmdB-S. A fold change of 1.64 was seen in 38cmdB-

S when compared to 38cmdB. Y-axis scale is set as 0-14000 reads. 
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Figure 6.4: IGV view of ropB (RL1589) demonstrating two biological trials of RNA-Seq 

transcript levels in 38cmdB and 38cmdB-S. A fold change of 2.33 was seen in 38cmdB-

S when compared to 38cmdB. Y-axis scale is set as 0-460000 reads. 
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Figure 6.5: IGV view of RL4066 demonstrating two biological trials of RNA-Seq 

transcript levels in 38cmdB and 38cmdB-S. A fold change of 0.25 was seen in 38cmdB-

S when compared to 38cmdB. Y-axis scale is set as 0-7000 reads. 
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Figure 6.6: IGV view of RL3319 demonstrating two biological trials of RNA-Seq 

transcript levels in 38cmdB and 38cmdB-S. A fold change of 5.74 was seen in 38cmdB-

S when compared to 38cmdB. Y-axis scale is set as 0-40000 reads. 
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Figure 6.7: IGV view of RL1651 (ubiG) demonstrating two biological trials of RNA-Seq 

transcript levels in 38cmdB and 38cmdB-S. A fold change of 5.40 was seen in 38cmdB-

S when compared to 38cmdB. Y-axis scale is set as 0-40000 reads. 
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Figure 6.8: IGV view of RL3085 demonstrating two biological trials of RNA-Seq 

transcript levels in 38cmdB and 38cmdB-S. A fold change of 4.87 was seen in 38cmdB-

S when compared to 38cmdB. Y-axis scale is set as 0-20000 reads. 
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6.4.3 Bioinformatic analysis 

Given the high number of genes encoding for hypothetical proteins found in the 

dataset, bioinformatical tools were used to identify predicted functions. A few genes of 

unknown function that showed relatively high increases in expression were defined by 

loci RL3319, RL1651, and RL3085 and transcript views for these are shown in Figures 

6.6, 6.7, and 6.8, respectively. The peptide sequences from the translated ORFs for the 

genes of unknown function were screened using SignalP (Petersen et al., 2011) to 

determine if they contain a putative secretion signal peptide, and if they are localized to 

the periplasm or cell membrane. The peptide sequences were also input into TMpred, 

which predicts transmembrane regions (Hofmann & Stoffel, 1993). From the seven 

genes coding for hypothetical proteins of unknown function, five contained a signal 

peptide (RL1631, RL3085 RL3151, RL0324, and RL4380). RL1631, RL3085 and 

RL3151 were also predicted to have one transmembrane domain with the N-terminus 

located in the periplasm (Table 6.2); RL0324 had two transmembrane domains, with a 

strong transmembrane prediction; RL4380 had three transmembrane domain predictions, 

with the N-terminus inside (Table 6.2). A CDD search done on RL3085 provided a hit to 

the conserved domain pfam04632 (FUSC). Members from this domain have been 

studied in Burkholderia cepaci and Klebsiella oxytoca and are considered membrane 

bound transporter proteins (Marchler-Bauer et al., 2013; Utsumi et al., 1991). 

 Given that RL4066 was found to have a decreased expression in the suppressor 

strain RNA-Seq data, as well as containing a SNP in the promoter region (discussed in 

Chapter 4), further bioinformatic investigation was warrented. Since RL3627 was 

suggested to be involved in suppression of the 38cmdB-S/ttpA::Tn5 growth defective 
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phenotype (Chapter 4) and changes in the promoter region of RL4066 was correlated to 

suppression of both 38cmdA and 38cmdB mutant phenotypes, a clustal alignment was 

generated using their nucleotide sequences to determine any similarities. From nt 123 to 

nt 769 in the open reading frame, both sequences seemed to align quite well with no gaps 

being introduced (Figure 6.9). Due to the large sequence alignment, this region was 

chosen for another clustal alignment. There was a lot of identity between the two genes 

within this 646 bp region, and a string analysis shows the two genes sharing similar 

predicted functional links (Figure 6.10).  

6.4.4 Promoter analysis of identified genes of interest 

The promoter regions (150 bp upstream of the start codon) from the 20 genes 

demonstrating the highest fold-increases in gene expression were used in a clustal 

alignment (Figure 6.11) to identify putative DNA motifs common to the genes (Figure 

6.12; Crooks et al., 2004; Schneider et al., 1990). There were no clear motifs identified 

among the genes’ promoter region sequences. However, there seemed to be some 

promoter sequences that aligned better than others, therefore a neighbor joining 

phylogeny of the sequences was created using Mega6 (Figure 6.13; Tamura et al., 2013). 

From this phylogeny, it appeared that the promoter regions clustered into four main 

groups and motif logos were generated for each group (Figures 6.14, 6.15, 6.16, and 

6.17). The motif logos contained more similarities when the promoter sequences were 

split into the four groups, however there did not seem to be a strong motif within the 150 

bp upstream region to suggest evidence of shared transcriptional regulators.  
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Figure 6.9: Clustal alignment RL3627 and RL4066. Query sequences were taken from nt 

123 to nt 769 in the open reading frames. 
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Figure 6.10: String protein alignment (using BlastP) of RL4066 and RL3627. 
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Figure 6.11: Clustal alignment of promoter sequences from top 20 fold changes in RNA-

Seq dataset. 
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Figure 6.12: Motif logo of promoter sequences from top 20 fold changes in RNA-Seq 

dataset. Motif was generated from non-aligned sequences. 

 



 170 

 
 

 

Figure 6.13: Neighbour-Joining (NJ) phylogeny from promoter sequences of top 20 fold 

changes in RNA-Seq dataset. Promoter sequences were split into 4 main groups based of 

sequence similarities, and used for further analysis. Bootstrap values are indicated at 

branch points. 
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Figure 6.14: Motif logo of 1st promoter group. Motif was generated from non-aligned 

sequences. 
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Figure 6.15: Motif logo of 2nd promoter group. Motif was generated from non-aligned 

sequences. 
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Figure 6.16: Motif logo of 3rd promoter group. Motif was generated from non-aligned 

sequences.  
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Figure 6.17: Motif logo of 4th promoter group. Motif was generated from non-aligned 

sequences.  
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Table 6.2: Signal peptide and transmembrane predictions for various hypothetical 

proteins from RNA-Seq dataset. 

 

Locus 

Tag 

Fold change 

(supp/mut) Description 

Signal Peptide; 

probability 

score (out of 1) 

Transmembrane 

prediction; confidence 

score (significant if >500) 

RL3085 4.87 

Hypothetical protein; 

DUF4168 YES; 0.825 

1 domain: N-terminus 

inside; 1713 

RL1631 3.98 

Hypothetical protein; 

Cytochrome NNT super 

family YES; 0.689 

1 domain: N-terminus 

inside; 1719 

RL1034 3.86 

Hypothetical protein; 

Uncharacterized protein 

conserved in bacteria NO None 

RL3489 3.37 

Hypothetical protein; 

RHH_1 super family, 

protein repressor NO None 

RL0324 3.35 

Hypothetical protein; 

Rare lipoprotein A 

(RlpA)-like double-psi 

beta-barrel YES; 0.530 

2 domains: 

transmembrane prediction; 

1553, 195 

RL4380 2.88 

Hypothetical protein; no 

conserved domain YES; 0.447 

3 domains: N-terminus 

inside; 1241, 1519 

RL3151 2.85 

Hypothetical protein; 

Uncharacterized protein 

with a bacterial SH3 

domain homologue YES; 0.969 

1 domain: N-terminus 

inside; 1869 
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6.5 Discussion  

RNA-Seq is a next-generation sequencing technology that allows for a complete 

analysis of the entire transcriptome measured under varying environmental conditions. 

This study used RNA-Seq to quantify the transcriptomes of the complex media growth 

defective mutant 38cmdB and the suppressor strain 38cmdB-S, when grown on VMM 

containing tryptone and calcium. Even though RNA-Seq has been labeled as the future 

of transcriptome research due to an increased dynamic range and increased sensitivity, 

very few studies have reported highly reproducible results with little technical variance 

(Marioni et al., Mortazavi et al., Shendure, 2008). There are many steps throughout the 

RNA-Seq process that can introduce errors and biases (Auer & Doerge, 2010; Shendure, 

2008). Therefore, two biological replicates were conducted for this study to measure 

biological and experimental variability, ultimately leading to a more robust dataset. 

Using the average of the TPM values to calculate fold-differences in gene expression 

between the two strains did help to reduce the inherent variance between biological 

replicates, but there still remain samples with a high percent variance between biological 

replicates. Auer and Doerger (2010) suggest a statistical approach that may help to 

incorporate within-group variability using a generalized linear model (GLM), such as the 

per-gene Poisson GLM. This model may help provide more support to the changes seen 

between the two strains, as to what is biologically relevant, and not just experimental 

variance, and should be considered in future analysis. For the purpose of this study, fold-

differences between the two strains should be viewed objectively and as a tool to 

generate new hypotheses to investigate cell envelope regulatory networks. Although 

there was minimal variance between the replicates, the percent variance was higher in 
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genes with low TPM (i.e. under 100 TPM). Even though genes with a TPM lower than 

10 was not included, you could see a percent variance of 50% if one strain had a TPM of 

10 and the other replicate had a TPM of 20. Both values are relatively low in expression, 

and one can argue whether or not such a change is important, or whether the cell 

physiology would be impacted by such a small change. It is for this reason that only the 

top changes were chosen for further analysis.  

As discussed in Chapter 4, the suppressor strains used in this study will have 

extragenic suppressors, which can include both informational and functional suppressors. 

Informational suppressors act to improve the expression of the original mutated gene and 

are often tRNA genes or involved in the ribosome components. There were some 

expression changes in potential informational suppressor components, but only 2 were 

seen in Table 6.1, both having a down-regulation in expression. According to the 

flowchart in Figure 4.2 (Chapter 4), informational suppressors could affect the 

expression of the original gene, or suppress known nonsense alleles. Since the original 

mutation was due to an in-frame deletion, it’s unlikely that the former occurred, but there 

is potential that they could be involved in suppression of nonsense alleles. The rest of the 

genes were investigated as functional suppressors due to their potential involvement in 

compensating for the lost genetic function in the original mutant, and were thus the focus 

for further analysis. 

Clustal alignments of the initial promoter dataset did not show any strong 

alignments between the investigated sequences, nor was there a clear motif observed. A 

phylogenetic tree helped to group the promoter sequences into genes that were 

potentially regulated by a common regulator, which did strengthen the alignments and 
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motif signatures. However, there was still no strong trend in the newly grouped promoter 

sequences. One limitation to this approach was that only 150 bp were screened, which 

may have not been enough to capture binding locations for transcriptional regulators, 

although there were multiple queries for which the 150 bp region covered the entire 

intergenic space. Another similar experiment was conducted using the first 100 bp  

downstream of the predicted start codon to investigate possible repressor motifs, 

however similar results were seen (data not shown).  

There were multiple proteins with predicted transmembrane domains found to 

have either increased or decreased expression in the suppressor mutant. This result is 

encouraging given that current data suggests the CmdA-D proteins are involved in cell 

envelope development/function. It further suggests existence of a complex, dynamic 

gene network involved in compensating for the loss of a functional cmdA-D operon and 

growth on complex media. One interesting feature found in these genes was the von 

Willebrand factor A (vWFA) domain found in the up-regulated RL3444. As discussed in 

Chapter 5, cmdB contains a vWFA domain, and they are often involved in DNA repair 

and transcription. Proteins that are present in these domains are often active in many 

cellular functions and notably they are often associated with MoxR ATPases, such as the 

case with cmdB and cmdA. The possibility that over-expression of the vWFA containing 

RL3444 may compensate for the deletion of the vWFA containing cmdB merits further 

investigation. Based on the RNA-Seq dataset, RL3444 is not predicted to be apart of an 

operon, however it is interesting that the adjacent gene RL3445 is also observed to be 

up-regulated in 38cmdB-S. RL3445 is a putative transmembrane sortase-like protein, 

which can be involved in the formation of peptidoglycan. These two genes provide 
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examples on how RNA-Seq results can be used to prioritize genes of interest that may 

have a potential role in suppression of the 38cmdB complex media deficient phenotype.  

The 5.40 fold increase in gene expression for RL1651 in 38cmdB-S suggests a 

strong correlation to the suppression of the complex media defective growth phenotype. 

RL1651 (ubiG) is predicted to be a putative 3-demethylubiquinone-9 3-

methyltransferase (Young et al., 2006). In E. coli, ubiG is an O-methyltransferase from 

the ubiquinone-biosynthesis pathway, which is involved in catalyzing two O-methyl 

transfer steps (Xing et al., 2011). In prokaryotes, ubiquinone (coenzyme Q) is a 

lipophilic substituted benzoquinone found in plasma membranes, and acts as a key 

component in transferring electrons from complex I to complex II in a respiratory chain 

(Mitchell, 1976). The exact role of ubiG in the R. leguminosarum genome remains 

unknown, but a logical next step would be to mutate RL1651 in the suppressor strain and 

observe its affect on the strains ability to maintain growth on TY media and glycine 

supplemented VMM. It is also worth noting that another up-regulated gene RL1631 

contains a cytochrome C domain, which may also be implicated in the electron transport 

chain. 

A 5.74 fold increase in RL3319 gene expression was seen in the 38cmdB-S 

suppressor strain when compared to the 38cmdB mutant, this gene is annotated as a 

putative transglycosylase. The strength and shape of a bacterial cell comes from the cell 

wall, whose peptidoglycan cross-linking is constructed by transglycosylase enzymes and 

transpeptidase enzymes. Peptidoglycan transglycosylase are highly conserved, 

membrane-bound enzymes that catalyze the polymerization step of cell-wall biosynthesis 

(Lovering et al., 2007). A conserved domain search of RL3319 reveals a hit to a 
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lysozyme-like superfamily and a Blastn search implies conservation within the 

Rhizobiziae (data not shown). This is to be expected given the role of lytic 

transglycosylases in cleavage of the glycosidic linkage between N-actetylmuramoyl and 

N-acetylglucosaminyl residues, creating space within the peptidoglycan for biosynthesis 

during growth and recycling (Scheurwater et al., 2008). It is interesting to find another 

lytic transglycosylase protein involved in the TY growth defective phenotype, as the 

mutation of RL4716 (lytic transglycosylase discussed in Chapter 7) lead to a growth 

defective phenotype on complex media. However in this case, RL3319 may be involved 

in the restoration of growth in the presence of another complex media defective 

phenotype (i.e. cmdB), given the relatively high change in expression in the suppressor 

strain. It would be interesting to investigate whether the increase in expression is directly 

linked to the suppressor phenotype, or whether it’s involved through the up-regulation of 

multiple genes (e.g. the suppressor locus is a global regulator). One way to test this 

would be to artificially increase the expression level of RL3319 (e.g. broad host range 

plasmid containing strong promoter and the gene) in the mutant 38cmdB background and 

see if TY growth is restored. 

According to the RL0936 (ttpA) expression data using the transcriptional gusA 

fusion (discussed in Chapter 5), 38cmdB-S has a 2.3 fold increase of ttpA from 38cmdB 

and the RNA-Seq data supports this finding. There was a 3.5 fold increase from wild 

type (discussed in Chapter 5), which I was unable to confirm using this dataset due to the 

lack of an RNA-Seq dataset of wild type. The 12-fold difference in ttpA gene expression 

that was seen in the RT-qPCR (discussed in Chapter 5) was done using wild type, with 

and without the ttpA complement plasmid, to show that the complementing plasmid does 
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create an increase in gene expression. Therefore, the wild-type RT-qPCR data can not be 

directly compared to our RNA-Seq data. It is worth mentioning that the 2.3-fold increase 

observed in the RNA-Seq datasets would not be pioritized for further investigation when 

using the defined cut-off of >2.5 fold expression increase, therefore it is important to use 

complementary approaches to investigate complex phenotypic observations and not rely 

on a single approach. This study gives new insight into the global response of the R. 

leguminosarum cell envelope defective mutant 38cmdB in the presence of tryptone. 

Furthermore, it suggests novel genes may be correlated with the suppression of the cmdB 

mutant phenotype. 

It was very interesting to observe a change in RL4066 expression whereby there 

was a 4-fold decrease in gene expression within the suppressor strain 38cmdB-S. Given 

that a different SNP appeared in the promoter region for RL4066 in both mutants 

38cmdA-S and 38cmdB-S, as discussed in Chapter 4, it is encouraging to observe 

changes in gene expression associated with this gene. As outlined in Chapter 4, a 

transcriptional gusA fusion was constructed using the upstream region of RL4066, but no 

GusA activity was observed when the fusion plasmids were mobilized into wild type or 

cmdB mutant strains. Given the change in expression, and transcript levels viewed in 

IGV (Figure 6.8), it’s obvious that RL4066 is being expressed, and there is a decrease in 

expression in the suppressor. These data implies a greater complexity involved in 

regulation of RL4066, that the traditional transcriptional fusion approach did not detect. 

It is important to note that the transcript abundance of RL4066 in the RNA-Seq datasets 

was relatively low compared to other genes, which could explain why no GusA activity 

from the RL4066 promoter fusion was observed. Since the GusA assay measures protein 
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levels through an enzymatic reaction, the abundance of protein may not have been high 

enough to cause a detectable colour change, highlighting the increased sensitivity and 

dynamic range when using RNA-Seq to study gene expression. The repeated changes to 

the RL4066 upstream region in different suppressor lineages (i.e. 38cmdA-S, 38cmdB-S) 

suggest a possible connection to the suppressor mechanism of the complex media 

defective phenotype. Given that the cmd mutant suppressors were isolated on glycine 

medium, which is thought to interfere with the peptidoglycan crosslinks, it might suggest 

that RL4066 is involved with that particular component of the cell envelope. Since the 

change in the suppressor reflects a decrease in expression, it might suggest that RL4066 

could be acting as a repressor for other genes and the SNP causes the decreased 

expression in the suppressor strain, allowing the up-regulation of other genes. 

Alternatively, RL4066 could be involved in activation and the SNP upstream of RL4066 

results in the decreased expression of other genes. One follow-up experiment to this 

would be to analyze the promoter regions of the bottom 20 genes exhibiting fold-change 

decreases and see if a particular motif emerges. Although it is not clear how a peptidase 

might be involved in gene regulation, perhaps the mechanism is more straight forward in 

that when RL4066 is expressed and glycine is present, the glycine interferes with cross 

linking, but when RL4066 is not expressed, the effect of glycine is diminished. As 

suggested before, a straightforward way to tease apart the role of RL4066 in suppression 

of the complex media phenotype would be to mutate RL4066 in the cmdB mutant strain, 

or to re-create the SNP in the non-polar mutant, and then observe the growth phenotypes. 

It’s interesting to see the sequence similarities between RL4066 and RL3627 (i.e. both 

contain a peptidase M15 superfamily domain), which could provide support to the 
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involvement of RL4066 in suppression of the complex media defective phenotype. The 

fact that M15 family peptidases are typically involved in bacterial cell wall synthesis and 

metabolism, it provides support that RL3627 and RL4066 could be involved under  in 

remodeling the cell wall during conditions of cell envelope stress. It would be interesting 

to see in the future if other suppressor genes share sequence similarities, along with 

functional similarities (i.e. changes to RL4066 involved in restoring TY and glycine 

growth deficiencies). Furthermore, it’s worth exploring what changes may occur in the 

cell wall due to the decreased RL4066 expression and whether they are sensed by cell 

wall specific stressors. These changes could cause a transcriptional response seen in 

certain up-regulated and down-regulated genes. 

 Lastly, the ropB expression levels were unexpected given the past data 

suggesting down-regulation of the gene in 38cmdB and 38cmdB-S compared to the wild 

type when using gusA transcriptional fusions. Viewing of the transcript region in IGV 

further supported the relatively high expression values, and these were consistent across 

both biological replicates. Further experiments should focus on RNA sequencing of the 

wild type strain to compare expression levels, as there may still be a down-regulation 

when compared to wild type. Since past experiments used GusA assays to measure 

expression, RT-qPCR could also be used to observe the ropB expression in the wild type, 

mutant and suppressor strains. Furthermore, since the GusA assay measures functional 

protein, perhaps the mutation resulted in disruption of the GusA protein. To test this 

hypothesis, future experiments could use a promoter region known to be functional in the 

gusA construct, to determine if we get a functional GusA protein. Hopefully with these 

data, we can begin to formulate some conclusions with respect to ropB expression. 
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7.0 CHARACTERIZATION OF RL4716, a hypothetical protein containing a lytic 

transglycosylase domain required for proper cell envelope function in Rhizobium 

leguminosarum. 

 

7.1 Introduction 

Bacterial genome sequencing is rapidly progressing, depositing a large pool of 

sequence databases full of genes with unknown functions. Despite the expanding source 

of genomic data, functional characterization of these genes is occurring at a 

comparatively slow rate (Galperin & Koonin, 2011). This leaves quite a challenge for 

experimental microbiologists to undertake the task of identifying and assigning 

biological function to this increasing set of genes in the database. Many universally 

conserved genes are usually involved in transcription, translation, or ribosome 

biogenesis, but widespread genes can also be involved in related processes (Koonin & 

Wolf, 2008). The field of bioinformatics combines computer science with other 

disciplines to develop software tools for processing biological data, which has helped to 

provide some understanding in these biological data sets.  

Proteins often contain one or more functional domains, and can be categorized 

based on conserved structural and functional domains (Kessel & Ben-Tal, 2011; Sigrist 

et al., 2010). The availability of a large database of bacterial genomes has resulted in the 

identification of thousands of conserved encoded domains, with many having no known 

function (termed as domains of unknown function or DUFs). Currently more than 20% 

of all protein domains are annotated as DUFs, with about 2,700 individual DUFs 

identified in bacteria. Despite many of these DUFs being found in essential proteins, 
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they are often ignored or understudied. Evolutionary conservation suggests that many of 

these DUFs are important to cell function in a wide range of organisms, and 

consequently it is valuable to assign biological function to proteins containing these 

conserved and sometimes essential DUFs (Bateman et al., 2010; Goodacre et al., 2013).  

The gene network required for cell envelope development is not fully described 

in rhizobia, despite its function being fundamental for a proper plant symbiosis to occur 

and its divergence from the cell envelope of model organisms like E. coli. Bacteria are 

grown on chemically defined media in the lab that can be classified as minimal or 

complex. Complex media, such as TY, contain hydrolyzed yeast extract and high levels 

of tryptone, while minimal media is more controllable containing simply a carbon 

source, nitrogen sources, vitamins, and salts (Sambrook et al., 1989). Rhizobial strains 

containing mutations in genes required for proper cell envelope development have been 

identified based on an inability to grow on peptide rich media, such as TY (Beck et al., 

2008; Beringer 1974; Gibson et al., 2007; Nogales et al., 2006; Soto et al., 2009; 

Vanderlinde et al., 2009).  A major limitation of using the TY defective phenotype to 

study cell envelope function, is that it is a non-specific phenotype resulting in a 

pleiotropic effect on the physiology of the cell, with any number of possible 

mechanisms. Since the complex media defective phenotype has been linked to proper 

structure and function of the cell envelope (discussed in Chapters 3 and 5), it is valuable 

to functionally annotate proteins of unknown function to achieve a better understanding 

of both the cell envelope and overall physiology of R. leguminosarum. 

The transposon screen designed to identify the suppressor locus for 38cmdA-S 

(described in Chapter 4), also isolated mutants that were unable to grow on TY media 
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but were not associated with the suppressor locus. RL4716 was identified as one of these 

genes whose mutation by Tn insertion resulted in a TY growth defective phenotype.  

Given that RL4716 and its homologs have not been previously described, and the link to 

the Yost lab's program to characterize genes required for TY growth, a preliminary 

description of the gene was warranted.  

7.2 Objectives of this study 

 RL4716 was identified as essential for growth on TY during the transposon 

suppressor identification described in Chapter 4, therefore the objective was to further 

characterize the role of RL4716 in proper cell envelope function. 

7.3 Materials and Methods 

7.3.1 Strains and growth requirements 

Rhizobium leguminosarum strains were grown using either Vincent’s minimal 

media (VMM) supplemented with 10 mM mannitol as the energy and carbon source 

(Vincent, 1970), or tryptone-yeast (TY) media (Beringer, 1974). Culture conditions are 

found in Chapter 2. 

7.3.2 Insertional mutagenesis of RL4716 

Insertional mutagenesis via allelic exchange using the suicide vector pJQ200SK 

was performed using a method described by Quandt & Hynes (1993). A 502-bp internal 

fragment of RL4716 was amplified using primers RL4716IF (5’-

CTCTCCTTCGACGCTTTCAT-3’) with an added SstI linker and RL4716IR (5’- 

CGACGAAATTAGGCTCTCCA-3’) with an XbaI linker. PCR reactions used 1U of 

Taq DNA polymerase (UBI, Calgary, AB) and the following reaction conditions: 2 mM 

MgSO4, 0.2 mM dNTPs, 1x reaction buffer and 0.2 µM of each primer. Using a Biorad 
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thermocycler, the sample was run at 94°C for 5 mins, followed by 30 cycles of: 95°C for 

30 s, 68°C for 30 s and 72°C for 45 s, with a final extension of 72°C for 5 mins. The 

PCR fragment was cloned into the pGem-T Easy Vector (Promega) as per the supplier’s 

instructions. Restriction enzymes BamHI and SacI were used to excise the RL4716 

fragment from the pGem-T Easy Vector and were ligated into the same sites of the 

pJQ200SK vector to create pJQRL4716. The new construct was first transformed into 

DH5α competent cells to confirm proper insertion, then transformed into the mobilizer 

strain S17-1. Conjugation was performed over 48 hrs with the wild type strain on VMM 

containing 1 mM proline. Single crossover mutants were selected for by plating onto 

VMM containing streptomycin and gentamycin to select for the pJQ200SK vector. PCR 

was used to confirm the disruption of RL4716. 

7.3.3 RL4716 complementation in a single crossover mutant 

 A 1051 bp fragment containing RL4716 and promoter region was PCR amplified 

using the primers RL4716Fcomp (5’-GGTGAGCGTGACAAGATCG-3’), with a BamHI 

linker, and RL4716Rcomp (5’-CATATGAAAAACGCCGCATA-3’), with a SacI linker. 

PCR reactions used 1U of Taq DNA polymerase (UBI, Calgary, AB) and the following 

reaction conditions: 2 mM MgSO4, 0.2 mM dNTPs, 1x reaction buffer and 0.2 µM of 

each primer. Using a Biorad thermocycler, incubation temperatures and times were: 94°C 

for 5 mins, followed by 30 cycles of: 95°C for 30 s, 68°C for 30 s and 72°C for 1 min and 

45 s, with a final extension of 72°C for 5 mins. The PCR fragment was cloned into the 

pGem-T Easy Vector (Promega) as per the supplier’s instructions. Restriction enzymes 

BamHI and SacI were used to excise the RL4716 fragment from the pGem-T Easy 

Vector and the DNA fragment was ligated into the same sites of the pHC41 broad-host 
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range plasmid. The ligation was first transformed into DH5α competent cells, then 

plasmid isolation and restriction digest was performed to confirm proper cloning. 

Subsequently, the plasmid (pRL4716comp) was transformed into the mobilizer strain 

S17-1 and was conjugated into the single crossover mutant strain with selection on VMM 

containing Sm and Tc. Recipient colonies were tested for growth on TY. 

7.4 Results 

7.4.1 Mutation of RL4716 results in a complex media growth deficient phenotype 

 Insertional disruption of RL4716 due to a single crossover recombination event 

results in the loss of the strain’s ability to grow in both TY media and glycine 

supplemented VMM (Figure 7.1). Complementation of RL4716 in the single crossover 

mutant 3841pJQ4716 with a plasmid expressing the RL4716 gene restored growth for 

the mutant on TY and glycine supplemented VMM (Figure 7.1). This result illustrates 

that the mutation to RL4716 is directly involved in the loss of growth on TY. 

7.4.2 Mutation of RL4716 affects cell morphology 

Previous studies have observed alterations in cell morphology of R. 

leguminosarum when grown in the presence of glycine and yeast extract (Sherwood, 

1972; Skinner et al., 1977; Vanderlinde et al., 2011). The cell morphologies of the 

3841pJQ4716 mutant and the wild type were examined using light microscopy. Mutant 

cells that were incubated on solid TY media were circular, enlarged, and distorted 

compared to the rod-shaped wild-type cells, when observed using oil immersion (Figure 

7.2). Similar cell shapes were observed for 3841pJQ4716 when incubated on VMM 

containing 3mM glycine. Similar cell shapes to wild type were observed upon 

complementation of RL4716 in 3841pJQ4716. 
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Figure 7.1: Growth phenotype of 3841pJQ4716 grown on VMM (A), VMM containing 3 

mM glycine (B), and TY (C). Wild type is able to grow well on all types of media, as 

shown in Chapter 3. Growth phenotype of 3841pJQ4716 with RL4716 complementing 

plasmid grown on VMM (D), VMM containing 3 mM glycine (E), and TY (F). 

Complemented strain is able to grow on all three types of media.  
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Figure 7.2: Cell morphology of 3841 (A) and 3841pJQ4716 (B) grown on TY media. 

3841pJQ4716 cell are fewer in abundance, enlarged, and distorted when compared to the 

wild type strain. Similar results are obtained when both strains are grown on glycine 

supplemented VMM (data not shown). 
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7.4.3 The 3841pJQ4716 mutant displayed reduced biofilm formation and 

desiccation tolerance 

Biofilm formation of both the wild type and mutant were compared using the 

biofilm quantification assay described in the general methods (Chapter 2). Figure 7.3 

demonstrates that the 3841pJQ4716 mutant produced 1.5-fold less biofilm material than 

the wild type (P=0.023). Desiccation sensitivity was also investigated and 3841pJQ4716 

mutant cells were reduced in desiccation tolerance by a 3.8-fold decrease when 

compared to the wild type strain (P=0.001; Figure 7.4). Complementation restored 

biofilm formation and desiccation tolerance to wild-type levels. 

7.4.4 NPN Assay 

To determine the effect of a mutation to RL4716 to outer membrane integrity, 

NPN uptake into the outer membrane was examined. The 3841pJQ4716 mutant had a 

1.7-fold increase in NPN uptake when compared to the wild type (P=0.0002; Figure 7.5). 

Complementation restores fluorescence to wild-type levels. 
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Figure 7.3: Biofilm assay using crystal violet staining. Results displayed as the average 

absorbance at 550 nm. 3841pJQ4716 had a decreased ability to form biofilms when 

compared to the wild type strain (P=0.023). 
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Figure 7.4: Desiccation assay results displayed as a percent survival of cells grown under 

desiccated conditions. The pJQ4716 mutant was less able to withstand desiccation when 

compared to the wild type strain (P=0.001). 
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Figure 7.5: NPN assay results displayed as a %Increase of NPN fluorescence from the 

wild type 3841. The RL4716pJQ4716 mutant was more permeable to the NPN probe 

than the wild type (P=0.0002). 
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7.4.5 Bioinformatic description of RL4716, a gene coding for a hypothetical protein 

containing a transglycosylase SLT domain 

RL4716 is annotated as coding for a hypothetical protein. Pfam 

(http://pfam.sanger.ac.uk/) and CDD 

(http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) databases identify a 

transglycosylase SLT_2 domain in aa 35 to 241, a membrane-bound lytic murein 

transglycosylase B domain, and a DUF480 consisting primarily of proteins of 

uncharacterized function. Lytic transglycosylases (LTs) play an important role in 

peptidoglycan metabolism (Koraimann, 2003). Within the peptidoglycan, the lyse action 

creates space to allow for its expansion and insertion of various structures such as 

flagella, pili and secretion systems, which are systems that are too large to pass through 

the natural pores thus requiring a peptidoglycan cleaving enzyme to remodel the layer 

and form a sufficiently large space (Koraimann, 2003). LTs are also used for recycling 

1,6-anhydromuropeptides (involved in β-lactamase induction) in Gram-negative bacteria, 

which are transported back into the cytoplasm for reuse, and can induce β-lactamase 

production when in higher concentrations. Due to their ability to cause complete cellular 

lysis, LTs are considered to be autolytic and are tightly controlled to ensure cell survival. 

Although not previously described in Rhizobium, an E. coli model describes most LTs as 

being peripheral membrane-bound lipoproteins associated with the inner leaflet of the 

outer membrane (Blackburn & Clark, 2002; Scheurwater et al., 2007). A Phobius 

prediction of RL4716 (Kall et al., 2004), which can predict signal peptides and 

transmembrane topology, predicts a signal peptide present in the first 24 aa (probability 

of 0.992 out of 1.0), and the remainder is predicted to be non-cytoplasmic, suggesting its 



 196 

location in the periplasm. No significant transmembrane helices were predicted using 

TMpred (Hofmann & Stoffel, 1993). 

7.5 Discussion 

Lytic transglycosylase (LT) family proteins are ubiquitous in both Gram-negative 

and Gram-positive bacteria. The movement of macromolecules, such as DNA and/ or 

proteins, requires the selective transport of a substrate macromolecule from the interior 

to the exterior of the cell, which requires the assembly of multi-protein complexes. These 

processes have to overcome the peptidoglycan permeability barrier, as well as crossing 

the two membranes in the cell envelope of Gram-negative bacteria (Dijkstra & Keck, 

1996; Koraimann, 2003). There is no information currently available regarding a 

possible role of lytic transglycosylases in biofilm formation in Rhizobium 

leguminosarum. Two papers presently provide a link, one involving two lytic 

transglycosylases (MltE and MltC) in Salmonella enterica involved in a signaling 

pathway that links cell wall turnover to biofilm formation (Monteiro et al., 2011). The 

other paper describes the release of extracellular DNA being mediated by both a lytic 

transglycosylase along with another gene, which affects the organisms’ ability to form 

biofilms (Lappann et al., 2010). As the results suggest a link between RL4716 and 

proper biofilm formation, further insight into how the two are connected would be 

valuable. The results show that the 3841pJQ4716 mutant was more sensitive to 

membrane disruptive agents, such as desiccation tolerance and NPN intake, as well a 

decreased ability to form biolfilms, which could be due to the lack of the LT activity 

protein complexes in the cell envelope required for biofilm formation and outer 

membrane assembly, and may not be functioning properly.  Furthermore, the TY growth 
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deficient phenotype also suggests a need for an LT and proper cell wall function for 

growth on TY. 

LTs have been investigated to a degree in the proteobacteria, and studies have 

shown them to play a role in conjugative DNA transfer, and have suggested a possible 

role in the type IV secretion system (Barnett, et al., 2001; Koraimann, 2003; Schneiker et 

al., 2001; Tauch et al., 2002). A follow-up to investigate this speculation, would be to 

measure conjugation efficiencies in the 3841pJQ4716 mutant. Due to the prevalence of 

the SLT_2 family in the proteobacteria, it would suggest its importance in essential 

functions. Future research could focus on investigating the role of RL4716 with respect 

to the symbiotic relationship with the legume host, since the symbiosis requires proper 

functioning of the complex membrane bound and functional cell envelopes.  

Since the Phobius prediction places RL4716 in the periplasm, it’s worth 

investigating the role of LTs in the region of the cell envelope. A study done in E. coli 

identified two LTs compartmentalized in the periplasm, which catalyzed the cleavage of 

the β-1,4-glycosidic bond between N-acetylmuramic acid and N-acetylglucosamine 

residues (comparable to various lysozymes). The study further suggested a possible role 

in the recycling of muropeptides in the periplasm during cell elongation and division 

(Engel et al., 1992). Since muropeptides are soluble peptidoglycan structures involved in 

diverse cell signalling, such as signalling that the cell wall is under stress such as when 

β-lactam antibiotics are present, it would make sense that mutating this component 

would be influential in the cells capability in responding to cell envelope stressors 

effectively (Boudreau et al., 2012). Another study in E. coli investigated seven LTs and 

found they exhibited a broad ability to perform exolytic reactions, while maintaining 
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unique distinctions, such as a preference for either a non-crosslinked or crosslinked cell 

wall (Lee et al., 2013). However, the role of periplasmic LTs has not yet been 

investigated in R. leguminosarum and more research investigating this interaction would 

be valuable in understanding cell envelope sensitivity. Furthermore, it would be 

interesting to investigate if suppressor mutant isolation is possible for this particular 

mutation, which could help identify any function partners or other genes involved in 

restoration of the complex media deficient phenotype. Identifying potential functional 

partners could help tease apart the role of LTs in the R. leguminosarum cell envelope. 
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8.0 CONCLUDING REMARKS AND SUGGESTED FUTURE RESEARCH 

8.1 Summary and significance of the study 

Regulatory networks of gene expression can be complex, particularly when 

describing genes involved in a complex function in cell physiology, such as cell 

envelope development and maintenance of functional integrity. The cell envelope is a 

crucial component in bacterial survival that is often understudied in non-model 

organisms (Chapter 1). The objective of this PhD project was to increase our 

understanding of cell envelope development in R. leguminosarum by identifying and 

characterizing novel genes and gene networks required for membrane integrity and cell 

function. 

Multiple suppressor strains were isolated from previously identified complex cell 

envelope associated mutants (ctpA, chvG, fabF2XL, cmdA-D), using growth on TY, 

glycine supplemented VMM, or VMM containing yeast extract as the selection 

approach. Given that all suppressors restored the phenotype of growth on complex media 

to the wild-type levels, they were further characterized for sensitivity to various cell 

envelope stressors, to determine if the other associated mutant phenotypes were restored 

to wild-type levels (Chapter 3). Since complex media has been used in the past to isolate 

cell envelope defective mutants, it was surprising to find that sensitivity to membrane 

stressors such as detergents were not suppressed, and therefore not correlated to the 

growth defect on complex media. In fact, it was often observed that the suppressor 

strains were more sensitive to membrane stressors then their corresponding parental 

mutant strain. Suppressor frequencies provided insight into the complexity involved in 

suppressing the complex media growth deficient phenotype; a higher frequency may 
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suggest that there are more possible pathways that can suppress the original mutation, 

while a lower frequency suggests a less complex network. RNA-Seq data (Chapter 6) 

identified multiple potential genes involved in compensating for a mutation in cmdB, 

suggesting there may be several pathways that can suppress the original mutant 

phenotype. The large RNA-Seq dataset provides a path for future experiments to help 

identify the putatively identified functional partners to the cmd operon.  

Two novel genes coding for proteins predicted to be localized to the periplasm 

but with no previous functional assignments have been linked to proper cell envelope 

function: RL0936 (ttpA, Chapter 5) and RL4716 (Chapter 7) (Figure 8.1). TtpA has been 

shown to compensate for mutation in the cmdB gene in the cmdA-D operon and restore 

growth of the mutant on complex medium and glycine supplemented minimal medium. 

It is also required for proper cell envelope function in wild-type cells. The exact 

interaction between TtpA and members of the CmdA-D operon remains unclear and 

more detailed biochemical and protein structural analysis will be required to identify 

specific mechanisms for interaction. However, up-regulation of ttpA does restore growth 

of 38cmdB on TY and glycine supplemented VMM, suggesting one consequence of the 

suppressor mutation in 38cmdB-S is changes in ttpA expression. Expression of RL4716 

was found to be important for biofilm formation, desiccation tolerance, as well as outer 

membrane integrity. RL4716 contains an lytic transglycosylase (LT) domain and is 

predicted to reside in the periplasm, thereby suggesting its function could be involved in 

cell wall development and maintenance during adaptation to stress.  

Illumina genome sequencing helped to identify SNPs introduced during isolation 

of various mutant backgrounds. The sequencing lead to the discovery of a SNP in 
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RL3627 that correlated with the suppression of the TY growth defective phenotype in 

38cmdB-S/ttpA::Tn5. The RNA-Seq transcriptome analysis identified several genes that 

are differentially regulated relative to the state of the cmdB mutant phenotype. Many of 

the identified genes are uncharacterized with predicted associations to the periplasm and 

cell membrane. Overall, the study has identified new cell envelope components involved 

in growth on complex media and has provided insight into future directions to further 

elucidate the complex nature of cell envelope physiology. Figure 8.1 provides a 

summary of previously identified membrane proteins, as well as novel envelope proteins 

identified in this study. Figure 8.2 illustrates a summary of a proposed gene network of 

potential functional partners to the cmd operon. 

8.2 Future directions 

The RNA-Seq dataset provides the most potential for immediate and near-term 

future follow-up. Suggested experiments include selected RT-qPCR to confirm the 

expression data, and targeted insertional mutagenesis to various up-regulated genes to 

screen for a loss of the suppression of the growth defective phenotype. The unexpected 

relatively high expression of ropB will need a follow-up experiment involving RNA 

sequencing of wild type grown on VMM containing tryptone and calcium. A gene worth 

prioritizing in future work would be RL4066 and its linkage to the suppressor phenotype. 

Re-creation of the upstream SNP in the non-polar cmd mutants could help determine 

whether the gene is directly involved in suppression of the complex media defective 

phenotype. Furthermore, more biochemical and enzymatic characterization would be 

useful to determine whether RL4066 and RL3627 are indeed peptidases linked to the 

peptidoglycan, and to tease apart their potential role in cell wall biosynthesis and 
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metabolism (e.g. do they activate, inactivate, or degrade periplasmic proteins associated 

with cell envelope development). Enzymes that act on proteins, such as peptidases are 

particularly hard to characterize, as the process of identification can be quite time 

consuming, but perhaps a good place to start would be identifying key physiological 

roles though biochemical characterization, or by exploring the secondary structure 

through 3D modeling. 

Pull-down assays are often used to identify unknown DNA-protein interactions 

by selectively using a DNA sequence of interest and using it as bait to capture it’s 

interacting proteins in a cell lysate and using mass spectrometry for subsequent protein 

identification. Identifying transcriptional regulatory proteins involved in regulating the 

cmdA-D operon can help to provide insight into the biological function of the cmdA-D 

operon. Pull-down assays precipitate a protein antigen using a “bait” DNA sequence that 

the protein specifically binds to, then incubates the immobilized bait sequence with the 

“prey” protein solution. Since we are interested in what regulates the cmdA-D operon, 

the bait can be the DNA upstream and promoter regions specific to the operon. Since 

there could be many possible interacting regulatory proteins, the source of the prey 

protein(s) depends on whether the experiment is designed to confirm an interaction or to 

identify new interactions. Given the increased expression of ttpA in cmdB mutants, 

another future direction could be to use the promoter region of the ttpA as bait, to isolate 

any proteins that interact with the promoter region, and function as regulatory proteins 

that are involved in the up-regulation of ttpA in the cmdB mutant. 

Overall, the presented work demonstrates the value of using multiple approaches 

that combine classical genetics with recently emerged high throughput methods, as no 
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single method provides a complex description. The cell envelope is a complex and 

dynamic structure crutial to cell survival and by using these combined methods we can 

begin to advance our understanding of the complex cell physiology of Rhizobium 

leguminosarum. 
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Figure 8.1: Schematic of cell envelope components involved in the complex media 

defective phenotype. Novel genes added in this study are the ttpA, RL4066 and RL4716 

genes, with predicted locations in the periplasm, and a transmembrane protein RL3627 

predicted to reside within the inner membrane.  
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Figure 8.2: Suggested cmd operon gene network. A schematic of the known and 

proposed networks involved in the complex media defective phenotype. Previous studies 

have identified the down-regulation of ropB in cbrA, cmd operon, and fab gene mutants. 

chvG has been shown to  regulate ropB and the cmd operon. This work has identified 

more potential networks involving RL3627, ttpA, and RL4066 through the use of a 

suppressor mutation strategy on cmd operon mutants.   
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APPENDIX: Summary of important strains. 

Strain	  
name	   Affected	  gene	  (s)	   Predicted	  function/	  

conserved	  domain	  
Chapter	  
discussed	  

Isolation	  conditions/	  
Source	  

chvG	   chvG,	  RL0035	  
regulating	  cellular	  
metabolism/	  cell	  
envelope	  structure	  

1	   Foreman	  et	  al.	  (2010)	  

chvG-‐S1	  
chvG,	  RL0035;	  
unknown	  suppressor	  
change	  

chvG	  VMM	  +	  YE	  
deficient	  suppressor	   3	   VMM	  with	  0.3%	  yeast	  

extract	  

chvG-‐S2	  
chvG,	  RL0035;	  
unknown	  suppressor	  
change	  

chvG	  VMM	  +	  YE	  
deficient	  suppressor	   3	   VMM	  with	  0.3%	  yeast	  

extract	  

FabF2XL	   fabF2,	  RL2815	   acyl	  carrier	  protein	   1	   Vanderlinde	  et	  al.	  
(2011)	  

FabF2XL-‐
S4	  

fabF2,	  RL2815;	  
unknown	  suppressor	  
change	  

FabF2XL	  TY	  deficient	  
suppressor	   3	   TY	  

FabF2XL-‐
S8	  

fabF2,	  RL2815;	  
unknown	  suppressor	  
change	  

FabF2XL	  TY	  deficient	  
suppressor	   3	   TY	  

ctpA	   ctpA,	  RL4692	   carboxyl-‐terminal	  
protease	   1	   Gilbert	  et	  al.	  (2007)	  

ctpA-‐S1	  
ctpA,	  RL4692;	  
unknown	  suppressor	  
change	  

ctpA	  TY	  deficient	  
suppressor	   3	   TY	  

ctpA-‐S2	  
ctpA,	  RL4692;	  
unknown	  suppressor	  
change	  

ctpA	  TY	  deficient	  
suppressor	   3	   TY	  

cmdA	   cmdA,	  RL3499	   MoxR	  AAA+	   1	   Vanderlinde	  et	  al.	  
(2010)	  

cmdA-‐S1	  
cmdA,	  RL3499;	  
unknown	  suppressor	  
change	  

cmdA	  TY	  deficient	  
suppressor	   3	   VMM	  with	  3	  mM	  

glycine	  

cmdA-‐S2	  
cmdA,	  RL3499;	  
unknown	  suppressor	  
change	  

cmdA	  TY	  deficient	  
suppressor	   3	   VMM	  with	  3	  mM	  

glycine	  

cmdB	   cmdB,	  RL3500	   von	  wilderbrand	  A	  
domain	   1	   Vanderlinde	  et	  al.	  

(2010)	  

cmdB-‐S1	  
cmdB,	  RL3500;	  
unknown	  suppressor	  
change	  

cmdB	  TY	  deficient	  
suppressor	   3	   VMM	  with	  3	  mM	  

glycine	  

cmdB-‐S2	  
cmdB,	  RL3500;	  
unknown	  suppressor	  
change	  

cmdB	  TY	  deficient	  
suppressor	   3	   VMM	  with	  3	  mM	  

glycine	  
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cmdC	   cmdC,	  RL3501	   transmembrane	  protein	   1	   Vanderlinde	  et	  al.	  
(2010)	  

cmdC-‐S1	  
cmdC,	  RL3501;	  
unknown	  suppressor	  
change	  

cmdC	  TY	  deficient	  
suppressor	   3	   VMM	  with	  3	  mM	  

glycine	  

cmdC-‐S2	  
cmdC,	  RL3501;	  
unknown	  suppressor	  
change	  

cmdC	  TY	  deficient	  
suppressor	   3	   VMM	  with	  3	  mM	  

glycine	  

cmdC::Tn5	   cmdC,	  RL3501;	  
cmdD,	  RL3502	  

transmembrane	  
protein/polar	  cmd	  
mutant	  

1	   Vanderlinde	  et	  al.	  
(2010)	  

cmdC::Tn5-‐
S1	  

cmdC,	  RL3501;	  
cmdD,	  RL3502;	  
unknown	  suppressor	  
change	  

cmdC::Tn5	  TY	  deficient	  
suppressor	   3	   VMM	  with	  3	  mM	  

glycine	  

cmdC::Tn5-‐
S2	  

cmdC,	  RL3501;	  
cmdD,	  RL3502;	  
unknown	  suppressor	  
change	  

cmdC::Tn5	  TY	  deficient	  
suppressor	   3	   VMM	  with	  3	  mM	  

glycine	  

RL4716	   RL4716	   Lytic	  transglycosylase	  
domain	   7	   TY	  

ttpA	   ttpA,	  RL0936	   Tetratricopeptide	  repeat	  
containing	  protein	   5	   TY	  

RL3726	   RL3726	   Peptidase	  M15	  super	  
family	   4	   TY	  

RL1308	   RL1308	   ABC	  transporter	  ATP-‐
binding	  protein	   4	   Illumina	  data	  

RL4066	   RL4066	   Peptidase	  M15	  super	  
family	   4	   Illumina	  data	  

pRL70083	   pRL70083	   Putative	  transposase	   4	   Illumina	  data	  

pRL100101	   pRL100101	   Pseudogene	   4	   Illumina	  data	  
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