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Abstract 

Rhodobacter capsulatus is a model organism for studying gene transfer agents (GTAs). 

GTAs are a unique facilitator of gene transfer in prokaryotes. The DNA binding response 

regulator CtrA plays a key role in modulating GTA activity in R. capsulatus, as well as flagellar 

biosynthesis and cell motility. CtrA is an OmpR/PhoB response regulator with an N-terminal 

receiver domain and a C-terminal transcriptional regulator domain. One unusual aspect of CtrA 

function in R. capsulatus is that it regulates gene expression in both the phosphorylated and non-

phosphorylated forms. Using overlap extension PCR, the constructs for expression of three of 

different versions of ctrA in R. capsulatus were prepared: wild type, phosphomimetic, non-

phosphorylatable. These constructs place the genes under the control of the R. capsulatus puf 

promoter for high level of expression and the encoded proteins have 6×-histidine tags for 

purification in studies aimed at determination of the DNA binding sites of the different versions 

of CtrA. Horizontal gene transfer is an interesting way that bacteria can increase their genetic 

diversity. In this work, the distribution of ctrA in the Alphaproteobacteria was examined and 

evidence of horizontal gene transfer of this gene was found. Using phylogenetic analyses, several 

instances of apparent misclassification of alphaproteobacteria to the wrong orders were found 

and one candidate ctrA horizontal gene transfer event that may have occurred in an ancestral 

bacterium that subsequently evolved into one lineage within the order Sphingomonadales was 

found. 

 

 

 

 

 



 ii 

Acknowledgements 

I thank my lab members, especially Dr. Marta Canuti, for their support, guidance, and 

comradery. Of course, I thank my supervisor Dr. Andrew Lang for his encouragement, patience, 

and guidance. His support throughout my degree truly made a positive impact. This thesis is an 

accomplishment not only for me but also for my husband Evan, and I thank him for his relentless 

encouragement and belief. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 iii 

Co-Authorship Statement 

I am the primary author of all chapters in this thesis, for which I performed the associated 

laboratory work, data analysis, and bioinformatic analysis. I authored, in completeness, all text 

for the presented thesis, which then received editorial input from my supervisor Dr. Andrew 

Lang. In Chapter 3, I collected the sequence data and conducted the bioinformatic analysis. The 

results were interpreted by Dr. Lang, Dr. Marta Canuti, and me. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 iv 

Table of Contents 

ABSTRACT ............................................................................................................................................................. I 
ACKNOWLEDGEMENTS ........................................................................................................................................ II 
CO-AUTHORSHIP STATEMENT ............................................................................................................................. III 
TABLE OF CONTENTS .......................................................................................................................................... IV 
LIST OF TABLES ................................................................................................................................................... VI 
LIST OF FIGURES ................................................................................................................................................ VII 
LIST OF ABBREVIATIONS ..................................................................................................................................... IX 
CHAPTER 1. INTRODUCTION AND OVERVIEW ...................................................................................................... 1 

1.1 ALPHAPROTEOBACTERIA ............................................................................................................................................ 1 
1.2 RHODOBACTER CAPSULATUS ...................................................................................................................................... 1 
1.3 HORIZONTAL GENE TRANSFER .................................................................................................................................... 2 
1.4 GENE TRANSFER AGENTS .......................................................................................................................................... 3 
1.5 REGULATION OF GENE TRANSFER AGENTS AND THE RESPONSE REGULATOR CTRA ................................................................ 5 
1.6 CONSERVATION OF CTRA .......................................................................................................................................... 7 
1.7 THESIS OVERVIEW ................................................................................................................................................... 8 

CHAPTER 2: THE RESPONSE REGULATOR CTRA IN RHODOBACTER CAPSULATUS .................................................. 9 
2.1 ABSTRACT .............................................................................................................................................................. 9 
2.2 INTRODUCTION ....................................................................................................................................................... 9 

2.2.1 The Response Regulator CtrA ...................................................................................................................... 9 
2.2.2 Phosphorylation of CtrA ............................................................................................................................ 10 

2.3 MATERIALS AND METHODS ..................................................................................................................................... 11 
2.3.1 Bacterial Strains, Plasmids, and Culturing ................................................................................................ 11 
2.3.2 Bacterial Conjugations .............................................................................................................................. 13 
2.3.3 Protein Induction and Purification ............................................................................................................ 13 
2.3.4 Antibody Testing and Western Blotting .................................................................................................... 13 
2.3.5 Site Directed Mutagenesis ........................................................................................................................ 15 
2.3.6 Ligation-Based Cloning ............................................................................................................................. 15 
2.3.6 Overlap PCR Extension Cloning ................................................................................................................. 17 

2.4 RESULTS .............................................................................................................................................................. 18 
2.4.1 Antibody Testing and Western Blotting .................................................................................................... 18 
2.4.2 Cloning ...................................................................................................................................................... 21 

2.5 DISCUSSION .......................................................................................................................................................... 25 
2.6 CONCLUSION ........................................................................................................................................................ 28 

CHAPTER 3: EVALUATION OF THE DISTRIBUTION AND POTENTIAL HORIZONTAL GENE TRANSFER OF CTRA 
WITHIN ALPHAPROTEOBACTERIA ...................................................................................................................... 29 

3.1 ABSTRACT ............................................................................................................................................................ 29 
3.2 INTRODUCTION ..................................................................................................................................................... 30 

3.2.1 Horizontal Gene Transfer .......................................................................................................................... 30 
3.2.2 Conservation of CtrA ................................................................................................................................. 30 

3.3 MATERIALS AND METHODS ..................................................................................................................................... 31 
3.3.1 Identification of CtrA Sequences ............................................................................................................... 31 
3.3.2 Phylogenetic Analyses ............................................................................................................................... 31 

3.4 RESULTS .............................................................................................................................................................. 33 
3.5 DISCUSSION .......................................................................................................................................................... 47 



 v 

3.6 CONCLUSION ........................................................................................................................................................ 50 
CHAPTER 4: CONCLUSIONS ................................................................................................................................ 52 
REFERENCES ...................................................................................................................................................... 54 
APPENDIX .......................................................................................................................................................... 67 

A.1 PRIMERS .............................................................................................................................................................. 67 
A.2 SEQUENCE ACCESSION NUMBERS ............................................................................................................................. 68 

A.2.1 RpoB Final Tree ......................................................................................................................................... 68 
A.2.2 CtrA sequences from representatives of each order in Alphaproteobacteria ........................................... 71 

A.3 OVERLAP EXTENSION PCR CLONING ......................................................................................................................... 75 
A.4 PHYLOGENETIC TREE .............................................................................................................................................. 79 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 vi 

List of Tables 

Table 1. Concentrations of antibiotics used throughout this study. 

 

Table 2. All strains and plasmids used in this study. 

 

Table 3. Ligation reaction conditions. 

 

Table 4. Optimizing PCR conditions for Part A of overlap extension PCR cloning.  

 

Table 5. Optimizing PCR components for Part B of overlap extension PCR cloning.  

 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 vii 

List of Figures 

Figure 1.1 Representation of the histidyl-aspartyl phosphorelay involving CtrA and the roles that 

the phosphorylated and non-phosphorylated versions of CtrA in R. capsulatus. 

 

Figure 2.1 Western blot of R. capsulatus strains SB1003 and DctrA. 

 

Figure 2.2 Western blot of CtrA over-expression strain pRRR4:ctrA as compared to SB1003, 

DctrA and the 6×His tagged isolated CtrA (6H CtrA). 

 

Figure 2.3 Western blot of wild-type R. capsulatus strain SB1003, knockout strain DctrA, CtrA 

over-expression strain pRRR4:ctrA, and dilutions of purified 6×His tagged CtrA. 

 

Figure 2.4 Nucleotide alignment of ctrA constructs made using overlap extension PCR. 

 

Figure 3.1. Unrooted maximum-likelihood phylogenetic tree of putative CtrA amino acid 

sequences with representatives from each order. 

 

Figure 3.2 Unrooted maximum-likelihood phylogenetic tree of RNA polymerase subunit β 

(RpoB) amino acid sequences with representatives from every order within the class 

Alphaproteobacteria. 

 

Figure 3.3. Section of a maximum-likelihood phylogenetic tree of CtrA amino acid sequences 

focusing on the outgroup. 

 



 viii 

Figure 3.4. Unrooted maximum-likelihood phylogenetic tree of CtrA amino acid sequences with 

the non-CtrA out-group removed. 

 

Figure 3.5. Unrooted maximum-likelihood phylogenetic tree of CtrA amino acid sequences with 

a larger subset of representatives from each order within the Alphaproteobacteria. 

 

Figure 3.6. Section of a maximum-likelihood phylogenetic tree of CtrA amino acid sequences 

focusing on specific clades of Sphingomonadales and Rhodospirillales. 

 

Figure 3.7. A stylized phylogenetic tree representing the general relatedness of orders within 

Alphaproteobacteria. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 ix 

List of Abbreviations 

16S rRNA 16S (Svedburg) ribosomal RNA 

6×His tag Six-histidine tagged protein 

AA Amino acid 

AcOH Glacial acetic aid 

APS Ammonium persulfate 

bis N,N'-Methylenebisacrylamide 

BLAST Basic local alignment search tool 

BLASTn Basic local alignment search tool for nucleotides 

BLASTp Basic local alignment search tool for proteins 

bp basepair 

bs bootstraps 

ChIP-Seq Chromatin immunoprecipitation sequencing 

ClustalW Computer program for multiple sequence alignment 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

EDTA Ethylene diamine tetraacetic acid 

FASTA Fast-all (file containing nucleotide or protein sequence) 

GTA Gene transfer agent 

HGT Horizontal gene transfer 

IPTG Isopropyl β-D-1-thiogalactopyranoside 

kb Kilo bases 

kDa kilodalton 

LB Luria Bertani medium 



 x 

MeOH Methanol 

NCBI National center for biotechnology information 

Ni-NTA Nickel-nitrilotriacetic acid resin 

nr Non-redundant 

ORF Open reading frame 

ORI Origin of replication 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

RBS Ribosome binding site 

RcGTA Rhodobacter capsulatus gene transfer agent 

RCV Rhodobacter capsulatus medium five 

RNA Ribonucleic acid 

rpm Revolutions per minute 

RpoB RNA polymerase subunit-beta 

s seconds 

SDS Sodium dodecyl sulfate 

SDS-

PAGE 

Sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis 

TAE Tris-acetate EDTA buffer 

TBST Tris buffered saline-tween 20 

TE Tris-EDTA buffer 

TEMED N,N,N',N'-tetramethylethane-1,2-diamine 

TrimAl Tool for cleanup of multiple sequence alignment 

Tris tris(hydroxymethyl)aminomethane 



 xi 

TSS Transcription start site 

TTS Transcription termination site 

YPS Yeast extract/peptone/salts medium 



 1 

Chapter 1. Introduction and Overview 

1.1 Alphaproteobacteria 

Alphaproteobacteria is a class of Gram-negative bacteria within the phylum 

Proteobacteria. It contains ten orders and a large number of described species. They are found in 

most environments, some are clinically relevant, and many are agriculturally important (1). 

Several species form symbioses with eukaryotic organisms (2). The majority of phototrophic 

proteobacteria are in the class Alphaproteobacteria (3). Some notable members include 

Rhodobacter capsulatus, a model anoxygenic phototroph and the first organism in which gene 

transfer agents (GTAs) were discovered, Caulobacter crescentus, an organism continues to be 

thoroughly studied for its cell-cycle due to its interesting dual-cell life cycle, Pelagibacter 

ubique, possibly the most abundant bacterium in the ocean, and Bartonella henselae, the 

pathogen responsible for cat scratch fever. 

 

1.2 Rhodobacter capsulatus 

Rhodobacter capsulatus a purple nonsulfur alphaproteobacterium that is a facultative 

photosynthetic anaerobe. It is commonly found in aquatic environments such as sewage and 

waste water lagoons (4), and was first reported in 1907 by Molisch, renamed to 

Rhodopseudomonas capsulata by van Niel in 1944, and renamed again to its current name in 

1984 (5, 6). Purple bacteria were originally named due to a slight purple pigmentation observed 

in the colonies of the first species discovered (1). Purple bacteria are divided into purple sulfur 

and purple nonsulfur bacteria as some species do not produce sulfur by-products (1). R. 

capsulatus is able to grow in both aerobic and anaerobic conditions, but it is worth noting that 

culture density is significantly higher under photosynthetic anaerobic conditions. 
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 R. capsulatus was originally studied due to its very versatile metabolic capabilities as it 

can grow in five different situations: photoautotrophically, anaerobically with light as its energy 

source and CO2 as the carbon source; photoheterotrophically, anaerobically with light as its 

energy source and using organic compounds as the carbon source; chemoorganotrophically, 

aerobically in the dark with organic compounds for energy and carbon sources; 

chemoautotrophically, aerobically in the dark with inorganic compounds for energy and CO2 as 

the carbon source; and fermentatively, anaerobically in the dark with organic compounds as the 

energy and carbon sources (3, 7). In 1974 GTAs were discovered in R. capsulatus, introducing a 

new process of horizontal gene transfer (8). 

 

1.3 Horizontal Gene Transfer 

The primary transfer of genetic information occurs between a parent and an offspring, 

which can be considered “vertical” when looking at generational relatedness. Horizontal gene 

transfer (HGT) is when genetic material is transferred from one organism to another, where the 

organisms are not in a parent-offspring relationship (9). HGT is a fascinating process of genetic 

exchange that has mostly been observed among prokaryotes but there is also evidence of gene 

transfer between prokaryotes and eukaryotes (10). As detailed by Soucy and colleagues, HGT 

can help us understand phylogenies and evolution by conceptualizing a “web of life” instead of 

the traditional tree paradigm (9). An additional benefit to understanding HGT in prokaryotes is 

due to the importance of the transfer of genes that affect pathogenicity such as those that confer 

antibiotic resistance. 

The method of HGT that most wet lab scientists are familiar with is transformation. 

Transformation is the uptake of external free DNA into a bacterial or archaeal cell (9), which can 

be forced in the lab with heat, electrical, or chemical shocks. Another important horizontal gene 
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transfer process that has been adopted by scientists is conjugation. A donor bacterium, most 

commonly E. coli, uses a pilus to draw itself and another bacterium together so that they have 

wall-to-wall contact, and DNA in the form of a plasmid (usually) is passed through a protein 

channel through the cell walls (11–13). Conjugation requires physical contact and therefore 

proximity is a major consideration in conjugation events. Interestingly, Agrobacterium spp. have 

been observed to transfer genetic material to plants via conjugation (14). 

Two methods of HGT that are somewhat similar are transduction and DNA transfer by 

GTAs. Transduction can be understood as phage infection gone awry: when packaging DNA into 

assembling virions, a phage accidentally packages some of the host genome and transfers it to 

another cell. If the host DNA that is accidentally packaged is random, it is called generalized 

transduction, or if the host DNA that is packaged only originates from adjacent to the specific 

site where the phage was integrated as a prophage, it is called specialized transduction (9). GTAs 

are virus-like particles, believed to have evolved from prophages, which some prokaryotes 

produce (15). GTAs produced by R. capsulatus randomly package genomic DNA and transfer it 

to recipient cells, usually of the same species (16). A key point to distinguish between 

transduction and GTAs is that transduction is an artifact of a phage trying to propagate its own 

genome, whereas it seems some GTAs are biased against packaging the genes that encode their 

proteins (17). 

 

1.4 Gene Transfer Agents 

First observed in 1974 in the alphaproteobacterium R. capsulatus, GTAs are structures 

that are released from bacterial cells and facilitate horizontal gene transfer between cells of the 

same species (8, 16). Cross-species GTA activity has not yet been observed but the evidence of 

cross-species horizontal gene transfer suggests that it is not impossible (9). GTAs have been 
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observed in both prokaryotic domains, Bacteria and Archaea (15, 16). The structure of a GTA 

particle is similar to a tailed bacteriophage and the DNA is contained within the head (18). 

Similar to a virus or bacteriophage, DNA is packaged into the particles and then delivered to 

another bacterium after the GTAs are released from the host cell (8). Production of GTAs is 

culture density-dependent, as transcription of GTA-related genes is increased through a quorum-

sensing system (19). There are no proven evolutionary benefits to GTAs, as a simulation showed 

that the conditions in which populations producing GTAs were more fit than populations that did 

not produce GTAs could only happen if the efficiency of GTA production and recombination 

were improbably high (20). Additionally, the cells that produce GTAs must die in order to 

release them, yet GTAs have been maintained in some lineages of bacteria for long evolutionary 

periods (21). Modelling studies have been conducted to determine the aspects of fitness related 

to GTAs that showed the cost of cell-lysis is difficult to counteract, and most simulations that 

showed an increase in fitness only in non-natural conditions such as strong synergistic epistasis 

(20).  

GTAs are similar to bacteriophages in terms of morphology and activities, though there 

are some key differences. The major difference is that GTAs do not appear to act as selfish 

genetic elements (15). This is because they do not act towards the propagation of their own 

genome. Bacteriophages on the other hand replicate, package, and transfer their own DNA, and 

in some cases only accidentally package their host cell’s DNA. Though GTAs have been 

detected in other Alphaproteobacteria such as Dinoroseobacter shibae and Bartonella grahamii, 

R. capsulatus is the model for GTA studies (22, 23). The GTA in R. capsulatus (RcGTA) has 

been shown to be biased against packaging the GTA genome (17). In addition, a single RcGTA 

particle is only capable of holding 4 kb, whereas its gene cluster is about 14 kb, and therefore it 

is not only a bias that prevents RcGTA from transferring its own genome, but also a packaging 
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limitation (15). Another significant difference between GTAs and bacteriophages is that GTAs 

are regulated by bacterial regulatory systems (24, 25). 

 

1.5 Regulation of Gene Transfer Agents and the Response Regulator CtrA 

 In addition to regulation by quorum sensing, GTA gene transcription is regulated by the 

DNA binding protein CtrA (24). This is a response regulator protein found to be widely 

conserved within alphaproteobacteria (26). A member of the OmpR/PhoB family of response 

regulators, CtrA has an N-terminal receiver domain and a C-terminal transcriptional regulator 

domain (27). CtrA has been thoroughly studied in the Caulobacterales Caulobacter crescentus, 

also known as C. vibrioides (28). In C. crescentus, CtrA is part of a multi-component histidyl-

aspartyl-phosphorelay system (29, 30) that appears to be unique to alphaproteobacteria (31). In 

the CtrA phosphorelay, an unknown signal causes the membrane-bound histidine kinase CckA to 

autophosphorylate, with subsequent phosphorylation of the phosphotransferase ChpT, which 

then transfers the phosphate to an aspartic acid residue in CtrA (D51) (32, 33). This 

phosphorelay exists in R. capsulatus, though the role of CtrA appears to be somewhat different 

than found for C. crescentus (32, 34). 

The orders Caulobacterales and Rhodobacterales have a different scheme for cell cycle 

regulation (31), and interestingly these two orders also differ in the roles of their CtrA. In C. 

crescentus, CtrA is a cell cycle regulator and is necessary for survival (35), with the essential 

roles of coordinating DNA replication, cell division, and polar morphogenesis (31, 35). It has 

been observed in C. crescentus that phosphorylated CtrA autoregulates itself (36). 

Although the CtrA proteins in the different species have some different functions, the 

model for the regulation of CtrA in C. crescentus can be extended to R. capsulatus (37). 

Unexpectedly, CtrA does not have as essential a role in R. capsulatus though it has been shown 
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to directly and indirectly regulate over 200 genes (38), including genes involved in incorporation 

of DNA from GTAs by recipient cells (39), flagellar motility (24), and GTA production (24). 

While it is the phosphorylated form of CtrA induces gene transcription in C. crescentus (40), 

there is evidence that the phosphorylated and unphosphorylated forms of CtrA affect the 

transcription of different genes in R. capsulatus (32) (Figure 1.1). This is an interesting 

observation because it is generally thought that only the phosphorylated form of a DNA-binding 

response regulator is active for transcriptional regulation (33), though there are some exceptions 

that have been reported in the literature (41). 

 

 

Figure 1.1 Representation of the histidyl-aspartyl phosphorelay involving CtrA and the roles that 

the phosphorylated and non-phosphorylated versions of CtrA in R. capsulatus. 

 

In the R. capsulatus GTA system, GTAs are regulated by the producing cells (9, 16). In 

R. capsulatus it has been shown that GTA gene expression is regulated by quorum sensing via 

acyl-homoserine lactones, a partner-switching phosphorelay, and the CckA-ChpT-CtrA histidyl-
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aspartyl phosphorelay (16) and there is evidence to suggest that these aspects of GTA function 

are also regulated within additional species such as Dinoroseobacter shibae (22, 42). Production 

of GTAs in R. capsulatus is highest when a culture is stationary phase, wherein a subpopulation 

of cells (<3%) produce GTAs and the remaining ~97% act as recipients (43). The capability of 

cells to receive DNA from GTAs is regulated by some of the same systems that control GTA 

production (43). The CckA-ChpT-CtrA phosphorelay is very important for GTA activity in R. 

capsulatus, and loss of the different components of this regulatory system leads to major 

disruptions in GTA production (32) (Figure 1.1). 

 

1.6 Conservation of CtrA 

CtrA is a highly conserved response regulator in Alphaproteobacteria. Phylogenetic 

studies as of 2012 found no evidence of horizontal gene transfer of ctrA homologs within the 

Alphaproteobacteria (44). This is surprising as ctrA is not an essential gene in many 

alphaproteobacteria and non-essential genes are more likely to be associated with horizontal gene 

transfer events as compared to essential genes (9). Interestingly, it seems that CtrA was involved 

in regulation of motility in an ancestral alphaproteobacterium but not for essential functions (44). 

There is evidence that a divergence event occurred wherein the CtrA in one lineage of 

alphaproteobacteria (containing the orders Rhizobiales and Caulobacterales) acquired an 

essential role (44). This idea is somewhat supported by comparative genome analysis that found 

two main schemes of cell cycle regulation: one that was shared between Caulobacterales and 

Rhizobiales, and a simpler scheme found in the order Rhodobacterales (31). 

CtrA has been extensively studied in C. crescentus, where it has the essential roles of 

coordinating DNA replication, cell division, and polar morphogenesis (31). The two 

alphaproteobacteria Brucella abortus (a Rhizobiales) and C. crescentus (a Caulobacterales) have 
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some conserved targets of CtrA (45), and the B. abortus phosphorylated CtrA autoregulates 

itself, similar to the C. crescentus CtrA (36). Magnetospirillum magneticum strain AMB-1 has a 

CtrA that is not essential but is required for motility, similar to R. capsulatus (44). 

 

1.7 Thesis Overview 

 The details of how GTA production in R. capsulatus is regulated are becoming clearer 

but there is still much to discover. The response regulator CtrA has many interesting roles and 

understanding its behaviour can yield interesting insights into not only GTA regulation, but also 

bacterial regulatory systems as a whole. Understanding the prevalence of horizontal gene transfer 

of ctrA can lead to interesting information about the importance and evolution of ctrA, as well as 

the horizontal gene transfer as a whole. 

In this thesis I present steps taken to create ctrA constructs for further investigation of 

CtrA binding sites and I identify horizontal gene transfer of ctrA within Alphaproteobacteria. 

The goal of my thesis work was to increase the overall understanding of ctrA within R. 

capsulatus and to evaluate the presence or absence of horizontal gene transfer events for this 

gene. In Chapter 2, I detail the creation of constructs of ctrA that can be expressed in R. 

capsulatus with the photosynthetic promoter pufP and with a 6×-histidine tag for protein 

detection and purification steps. In addition, I created two mutant versions of ctrA: a 

phosphomimetic version and a non-phosphorylatable version in order to study the activity of 

both phosphorylated and non-phosphorylated CtrA. In Chapter 3, I used phylogenetic analysis to 

discover horizontal gene transfer events of ctrA within Alphaproteobacteria. I found evidence of 

horizontal gene transfer between an ancestral bacterium of Sandarakinorhabdus and 

Polymorphobacter from a member of Rhodospirillales, as well as evidence of possible 

misclassification of several bacteria.  
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Chapter 2: The Response Regulator CtrA in Rhodobacter capsulatus 

2.1 Abstract 

Gene transfer agents (GTAs) are fascinating mediators of horizontal gene transfer that are 

produced by the bacterium Rhodobacter capsulatus. The DNA binding response regulator CtrA 

is responsible for regulating GTA activity in R. capsulatus. There are still gaps in understanding 

how CtrA is regulated and how it regulates GTA activity. Both phosphorylated and non-

phosphorylated CtrA have important roles in GTA production in R. capsulatus. A loss in 

phosphorylation of CtrA leads to increased transcription of the GTA cluster, however CtrA 

phosphorylation is essential to the production of some GTA structural proteins. To further study 

CtrA and how its phosphorylation affects regulation of different genes, we aimed to study the 

DNA binding activity of CtrA. Mutants of ctrA, encoding proteins that act as the 

nonphosphorylated and phosphorylated forms, were prepared by site-directed mutagenesis. 

Using overlap extension PCR, three versions of ctrA were prepared in an expression vector for R. 

capsulatus, each with a 6×His tag: wild type ctrA, a version encoding a D51E substitution 

mutant (phosphomimetic), and a version encoding a D51A substitution mutant (non-

phosphorylatable). These constructs will be useful for downstream investigations using ChIP-

Seq. 

 

2.2 Introduction 

2.2.1 The Response Regulator CtrA 

CtrA is an interesting DNA-binding response regulator found in many 

Alphaproteobacteria. In the purple non-sulfur bacterium R. capsulatus, CtrA has a non-essential 

role as a regulator of motility and GTA production. CtrA activity is regulated through a 

phosphorelay involving the histidine kinase CckA and the phosphotransferase ChpT. Both 
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phosphorylated and non-phosphorylated CtrA show evidence of regulating the expression of 

GTA related genes. Understanding the important role of phosphorylation in CtrA regulation can 

help us understand the greater system of GTA expression. 

2.2.2 Phosphorylation of CtrA 

In R. capsulatus, the non-phosphorylated form of CtrA promotes capsid protein 

production but is not sufficient for full RcGTA activity. This was shown when capsid protein 

production was rescued by the introduction of ctrA-D51A into a ctrA null mutant strain but this 

was not accompanied by a return of normal levels of gene transfer activity (32). Introduction of a 

gene encoding the phosphomimetic version, ctrA-D51E, into the ctrA null mutant strain restored 

both capsid protein production and gene transfer functionality. Therefore, the non-

phosphorylated form of the protein can stimulate transcription of the RcGTA structural gene 

cluster but the phosphorylated form is required to produce fully mature and functional GTA 

particles and for their release from cells (32, 34). 

Unexpectedly, it seems that CtrA in R. capsulatus contributes to regulation in both 

phosphorylated and non-phosphorylated forms. In C. crescentus, CtrA has the vital roles of 

coordinating DNA replication, cell division, and polar morphogenesis (31). In R. capsulatus, 

phosphorylation of CtrA is essential for motility, but both phosphorylated and non-

phosphorylated CtrA induces expression of the RcGTA major structural gene cluster (32). The 

head spikes found on mature RcGTA particles are made of the proteins GhsA and GhsB (37, 46), 

and phosphorylation of CtrA is important for production of these head spike proteins (37). 

Phosphorylation of CtrA is necessary for capsid release through cell lysis, as this function was 

rescued by introduction of a phosphomimetic CtrA to a mutant that lacked cckA, the histidine 

kinase upstream of CtrA in the phosphorelay (32) and cell lysis was increased by the 

phosphomimetic CtrA (37). 
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There is still much to discover regarding how CtrA regulates the different aspects of 

RcGTA production. The aim of this work was to prepare different versions of the R. capsulatus 

ctrA that can be used to determine DNA binding sites of phosphorylated and unphosphorylated 

versions of the CtrA protein. This will allow a genome-wide evaluation of the activities of the 

two versions of the protein whereas previous studies have only evaluated specific genes of 

interest. 

 

2.3 Materials and Methods 

2.3.1 Bacterial Strains, Plasmids, and Culturing  

R. capsulatus liquid cultures were grown at 35 °C with shaking at 200-250 rpm for 16-18 

hours in RCV medium (47). R. capsulatus strains were maintained short-term on RCV agar and 

supplemented with appropriate antibiotics as needed (Table 1). Escherichia coli liquid cultures 

were grown at 37 °C with shaking at 200-250 rpm for 16-18 hours in LB medium. E. coli strains 

were maintained short-term on LB agar and supplemented with appropriate antibiotics (Table 1). 

Long-term storage of strains was achieved through use of freezer stocks (-80 °C), prepared by 

resuspending 8 mL of centrifuged (8,000 rpm, 10 min, 10 °C) culture in 1 mL 20% glycerol in 

LB medium for E. coli and RCV medium for R. capsulatus. All strains and plasmids used in this 

study are detailed in Table 2. 

Table 1. Concentrations of antibiotics used throughout this study.  

*some strains required higher concentrations in order to ensure maintenance of a plasmid 

Antibiotic Stock concentration 
(mg/mL, in water) 

Working concentration (µg/mL) 

  E. coli R. capsulatus 
Ampicillin 100 100 Not used 
Kanamycin 10 50 10 
Gentamicin 100 10 or 50* 3 
Tetracycline 100 or 10 10 0.5 
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Table 2. Strains and plasmids used in this study. 

Strains and plasmids Description Reference or source 

R. capsulatus strains   

SB1003 Genome-sequenced strain (48, 49) 

SBRM1 SB1003 with disruption in ctrA gene (38) 

SB1003 (pRRR4:ctrA) SB1003 with additional copy of ctrA in 

plasmid in pRR4 

This study 

E. coli strains   

BL21(DE3) Strain for expression of 6×His tagged 

proteins 

New England Biolabs  

S17-1 Plasmid-mobilizing strain  (50) 

NEB5a Used for cloning New England Biolabs 

Plasmids   

pRRR4:ctrA Expression of CtrA driven by the puf 

promoter 

 

pET28a:ctrA Expression of CtrA with 6×His tag driven 

by T7 promoter  

Mercer and Lang, 

unpublished 

pET28a:D51A ctrA Expression of non-phosphorylatable ctrA 

with 6×His tag driven by T7 promoter 

This study 

pET28a:D51E ctrA Expression of phosphomimetic CtrA with 

6×His tag driven by T7 promoter 

This study 

pGEM-T Easy TA PCR product cloning vector Promega 

pGEM: WT ctrA Indirect clothing vector for wild-type CtrA This study 

pGEM: D51A ctrA Indirect clothing vector for non-

phosphorylatable CtrA 

This study 

pGEM: D51E ctrA Indirect clothing vector for 

phosphomimetic CtrA 

This study 

pRR5C Expression of genes in R. capsulatus 

driven by puf promoter 

(51) 

pRR5C:D51A ctrA Expression of non-phosphorylatable CtrA 

in R. capsulatus driven by puf promoter 

This study  
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pCM62:tetC Broad host range vector; expression of 

genes in E. coli driven by lac promoter, 

tetracycline resistance 

(52) 

pCM62:pufP puf promoter inserted into pCM62:tetC for 

expression of genes in R. capsulatus 

Gift from J.T. Beatty; 

unpublished 

pCM62:tetC:WT ctrA Expression of CtrA in R. capsulatus driven 

by puf promoter 

This study 

pCM62:tetC:D51A ctrA Expression of non-phosphorylatable CtrA 

in R. capsulatus driven by puf promoter 

This study 

pCM62:tetC:D51E ctrA Expression of phosphomimetic CtrA in R. 

capsulatus driven by puf promoter 

This study 

 

2.3.2 Bacterial Conjugations 

Using bacterial conjugation (12), the plasmid pRRR4:ctrA was inserted into the 

laboratory wild-type R. capsulatus strain SB1003, thereby creating a new strain which 

overproduces CtrA. This new strain, SB1003 (pRRR4:ctrA), was subjected to Western blot 

visualization. 

2.3.3 Protein Induction and Purification 

 Expression of CtrA that had an N-terminus 6×His tag was induced in E. coli strain 

BL21(DE3). A 10-mL culture at stationary phase was added to 200 mL of LB broth with 

kanamycin, and IPTG was added to a final concentration of 1 mM after one hour. The culture 

was grown for 4 hours and then the cells were pelleted by centrifugation at 5000 × g for 10 min 

at 10 °C. The cells were then lysed and the protein isolated with Ni-NTA agarose (Qiagen) 

gravity-flow chromatography, as per the manufacturer’s instructions. 

2.3.4 Antibody Testing and Western Blotting 

Antibodies for the immunodetection of CtrA were produced by Pacific Immunology 

Corp. (California). White rabbits were injected four times with the peptide sequence 
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CHAIIRRSKGHSQSIIRTGK (CtrA residues 113-131) and the antibodies were purified using 

affinity purification. This sequence was chosen because it was predicted to be immunogenic and 

is located on the outside of the folded CtrA protein. 

Evaluation of antibody efficiency and specificity was conducted using Western blots. 

Both R. capsulatus and E. coli bacterial cultures were grown and once they reached the log phase 

of their growth curve 500 µL of the culture was centrifuged at 12,000 rpm for one minute at 

room temperature. The cell pellet was resuspended in 500 µL TE buffer and cells were mixed 

(2:1) with 3X SDS-PAGE Sample Loading Buffer (NEB). All samples and a protein molecular 

weight ladder were boiled at 95-100 °C for 5 minutes prior to loading on the gel. A 12% 

separating gel was made by combining 938 µL 1.5 M Tris pH 8.8, 35 µL 10% w/v SDS, 35 µL 

10% w/v ammonium persulfate, 1400 µL 30% acrylamide-bis (29:1) with 1090.25 µL sterile 

distilled water and cross-linked with 1.75 µL of the polymerising agent TEMED for 20-30 

minutes. A 5% stacking gel was made by combining 180 µL 0.5 M Tris pH 6.8, 15 µL 10% w/v 

SDS, 15 µL 10% w/v APS, 250 µL 30% acrylamide-bis (29:1) with 1038.2 µL water and then 

cross-linking with 1.8 µL TEMED for 15 minutes. Electrophoresis was performed using an SDS-

PAGE chamber (CBS Scientific) at 110 V for 80 minutes at room temperature in SDS-PAGE 

running buffer (25 mM tris base, 0.2 M glycine, and 3.5 mM SDS). Transfer of proteins from the 

gel to a nitrocellulose membrane was completed using the BioRad Mini Trans-Blot cell in 

transfer buffer (38 mM glycine, 50 mM tris base, 20% methanol), performed at 70 V for 70 

minutes. The cell was chilled using ice packs during transfer. The membrane subsequently 

underwent three washes with TBST (150 mM NaCl, 20 mM tris base, 450 uM tween-20), each 

15 minutes long. Approximately 7 mL of blocking buffer (10% w/v non-fat milk powder in 

TBST) was incubated with the membrane for 1 hour. Antibodies against CtrA were diluted in 
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TBST and incubated with the membrane for 1 hour with gentle rocking using a 2D shaker. The 

membrane was washed with TBST (3 x 15 minutes) and the secondary antibody, peroxidase-

conjugated anti-rabbit IgG (Santa Cruz Biotechnology), was added (diluted 1:10000 in TBST). 

After one hour with gentle rocking, the membrane was subsequently washed three more times 

with TBST before being developed using the WestPico chemiluminescence kit (Thermo Fisher 

Scientific) and visualized with a GE ImageQuant LAS 4000 Digital Imaging System (GE 

Healthcare). The resulting images were analyzed using the ImageQuant TL software. 

Various parameters were altered in order to optimize CtrA binding by the antibodies, 

including the concentrations of antibodies against CtrA (1:100, 1:500, 1:1000, 1:5000, 1:10000 

in TBST), acrylamide/bis-acrylamide concentration of the gel, culture density of the samples, 

culture conditions, and amount of cells used for the blots. Immunoprecipitation of the cell 

samples using the Dynabeads™ Protein-A Immunoprecipitation Kit (Invitrogen) was also 

attempted as a pre-concentration step in some tests. 

2.3.5 Site Directed Mutagenesis 

Using the QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies 

Inc.), phosphomimetic and non-phosphorylatable mutants of CtrA were created using primers 

listed in Appendix A.1. The protocol was followed exactly as written by the manufacturer. 

Constructs were verified by Sanger sequencing at The Centre for Applied Genomics (TCAG) 

DNA Sequencing Facility in Toronto, ON. Sequences were analysed using Geneious R11 

(Biomatters). 

2.3.6 Ligation-Based Cloning 

Cloning was used to create plasmids that had both an R. capsulatus promoter and ctrA so 

that, ultimately, strains of R. capsulatus that produce 6×His tagged CtrA mutants could be used 

for ChIP-Seq experiments. Direct cloning was attempted using the restriction enzymes EcoRI 
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and SalI, and then attempted with only EcoRI. The plasmid containing R. capsulatus gene ctrA, 

pET28a:ctrA was isolated from NEB 5-alpha using the GeneJet Miniprep kit (Fisher Scientific). 

The R. capsulatus ctrA gene was excised out of pET28a using EcoRI, and then ligated with the 

plasmid pRR5C which was also cut with EcoRI. This method yielded low concentrations of the 

gene fragment, leading me to adopt an indirect cloning method. PCR was used to produce the 

ctrA fragment using pET28a:ctrA as the template (Phusion polymerase with High GC Buffer, 5% 

v/v DMSO), under the following conditions: 98°C 30 s, (98°C 7 s, 50-60°C 20 s, 72 °C 30 s) × 

35, 72 °C 7 min. The PCR product was then A-tailed using Taq polymerase and ligated to pGEM 

T-Easy as per the manufacturer’s instructions (Promega), cut with EcoRI and ligated with 

pRR5C or pCM62:pufP, which were also cut with EcoRI. The various concentrations of insert 

and vector that were tested, as well as the time and temperatures of ligations are detailed in Table 

3. 

Table 3. Ligation reaction conditions. 

 pRR5C pCM62:pufP 

 SalI & EcoRI 
overhang 

EcoRI overhang T-A overhang EcoRI overhang 

Molar ratios 1:3, 1:5, 1:8 1:1, 1:3, 1:5, 1:7, 
1:8, 1:10 
 

1:3, 1:12 1:3, 1:8, 1:12 

Temperatures 
and times 

16C 1h – 4C 
O/N 
4C O/N 
16C O/N 
25C 1h 

16C O/N 
4C O/N 
25C 15 min 
25C 1h 
25C O/N 
100C 30s – 20C 
O/N 
 

25C 1h – 4C 
O/N 

16C O/N 
25C 15 min 
25C 1h 
25C O/N 

Mass of 
vector 

~33 ng 35 ng, 50 ng, 70 
ng, 100 ng 

30 ng, 50 ng 10ng, 35ng, 50ng, 
70 ng, 170ng 
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2.3.6 Overlap PCR Extension Cloning 

The method described by Bryskin and Matsumura in 2013 was used to design primers for 

overlap PCR extension (53). Two sequential PCRs were completed to form a final product of 

pCM62:pufP:ctrA. Primers were designed based on the ctrA insert sequence, with a 25-40 bp tail 

complimentary to the recipient vector pCM62:pufP. The primers were used with DreamTaq 

Green PCR Master Mix (Fisher Scientific) to amplify ctrA using pGEM:ctrA as the template 

using the PCR conditions: 98 °C 30 s, (98 °C 7 s, 60 °C 15 s, 72 °C 30 s) × 35, 72 °C 7 min. The 

PCR product was cleaned with AMPure XP magnetic beads (Beckman-Coulter) and eluted in a 

1/20 equivalent volume of water. This clean PCR product was then incubated with T4 DNA 

polymerase (New England Biolabs Ltd.) for 15 minutes at 12 °C in order to remove the A 

overhangs left by Taq polymerase. After a second cleaning with AMPure XP and elution with a 

1/4 equivalent volume of water, the product was used as “megaprimers” in the second PCR, 

where pCM62:pufP was the template. In a 30-µL reaction, 6 µL 5× HF Buffer, 0.6 µL 10 mM 

dNTPs, 0.9 µL DMSO, 250 ng megaprimers, 3.25 ng template, and 0.6 µL of Phusion were 

added and subjected to the following PCR conditions: 98 °C 1 min, (98 °C 7 s, 60 °C 20 s, 72 °C 

1 min 20 s) × 25, 72 °C 7 min. A user-friendly protocol can be found in the appendix (Appendix 

A.3). 

 The reactions were visualized using gel electrophoresis (0.8% w/v agarose in TAE, v/v 

0.005% GelGreen) and those that showed a final product at the expected size were treated with 

the enzyme DpnI for 1 hour at 37 °C to remove the template DNA. Two microliters of the 

reaction were then transformed into NEB 5-alpha as per the supplier’s instructions and plated on 

LB agar with tetracycline. After 18-24 hours, colonies were picked and screened using colony 

PCR. A colony was resuspended in 50 µL of LB media, and 2.5 µL added to a 30-µL PCR with 



 18 

DreamTaq Green with the following reaction conditions: 98 °C 30 s, (98 °C 7 s, 60 °C 15 s, 72 

°C 30 s) × 35, 72 °C 7 min. After confirmation using gel electrophoresis, positive colonies were 

used to inoculate 10 mL of LB broth with tetracycline. Plasmids were isolated and sequenced at 

The Centre for Applied Genomics (TCAG) DNA Sequencing Facility in Toronto, ON. 

Sequences were analysed using Geneious R11 (Biomatters).  

 
 
2.4 Results 

2.4.1 Antibody Testing and Western Blotting 

The antibodies designed against CtrA amino acid residues 113-131 were assayed through 

western blotting with samples from R. capsulatus cultures grown under a number of conditions. 

Different concentrations of primary antibody were used to detect a band with the expected 

molecular weight of CtrA (26.74 kDa). The R. capsulatus strain SBRM1 has a ctrA knockout and 

therefore was used as a negative control (Figure 2.1). 

 

 

Figure 2.1 Western blot of R. capsulatus strains SB1003 and DctrA. Ladder (LD) range is 10-100 

kDa. 
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 Despite varying the concentrations of primary antibody used, a band at the expected size 

of CtrA was not visualized in the R. capsulatus cells. This led to a number of optimization steps: 

increasing the volume of cell lysate loaded on the gel, longer culturing time, and adjustments to 

the visualization protocol. None of these steps yielded visualization of the expected band so a 

CtrA-overproducing strain was created by conjugation of pRRR4:ctrA from E. coli S17-1 into R. 

capsulatus SB1003 (Figure 2.2). As the positive control, 6×His tagged CtrA was induced and 

purified from E. coli and was expected to be visualized at a slightly greater size than the native 

CtrA. 

 

 

Figure 2.2 Western blot of CtrA over-expression strain pRRR4:ctrA as compared to SB1003, 

DctrA and the 6×His tagged isolated CtrA (6H CtrA). Ladder (LD) range is 15-240 kDa. 

 

 



 20 

 Even with what should have been an overproduction of CtrA, visualization of a band at 

the expected size of approximately 26 kDa was difficult to detect. By increasing the exposure 

time when taking an image, I was able to see a faint band at the expected size in the sample of 

the culture of SB1003 (pRRR4:ctrA) (Figure 2.3), however the sensitivity was clearly very poor. 

 

 

Figure 2.3 Western blot of wild-type R. capsulatus strain SB1003, ctrA knockout strain DctrA, 

CtrA over-expression strain pRRR4:ctrA, and dilutions of purified 6×His tagged CtrA. Ladder 

(LD) range is 15-240 kDa. 

 

 
 Although CtrA was visualized in the overproducing strain, further consideration of the 

planned use of these antibodies for ChIP-Seq indicated that the non-specific binding exhibited 

was too high to be considered for these experiments. 
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2.4.2 Cloning 

With the goal of ChIP-Seq experiments in mind, we opted to use a commonly available 

antibody against a 6×His tag. To do this, I needed strains of R. capsulatus that expressed a 

6×His tag version of CtrA. In addition, in order to study how phosphorylation affects the role of 

CtrA, point mutations were introduced to produce two mutants of CtrA that mimic different 

phosphorylation states. Using SDM mutants of R. capsulatus ctrA in pET28a as well as the wild-

type ctrA in pET28a, direct and indirect directional cloning was attempted using restriction 

enzymes. Out of the numerous ligation reactions conducted, the only one to work was with 6.9 

ng of vector (pRR5C), 36 ng of insert (ctrA D51A), in a 25 µL reaction, subjected to a 1-hour 

incubation at 16 °C, followed by incubation at 4 °C overnight. Subsequent reactions under the 

same conditions (n=3) did not yield a positive cloning result. After exhausting possible variables 

to adjust with no success, I decided to opt for a different approach. 

Overlap extension PCR uses two consecutive PCRs to amplify a vector with the desired 

insert as the primer. When using the procedure outlined in the paper describing this method (53), 

I found successful PCR conditions were difficult to reproduce. Due to irreproducibility of the 

reaction I wanted to optimize the protocol and so I conducted a reaction volume study (Table 4). 

Other parameters tested were annealing temperature through a gradient method and the DNA 

polymerase used. 
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Table 4. Optimizing PCR conditions for Part A of overlap extension PCR cloning. 

 Annealing Temperature (°C) 
57 57.9 58.8 59.7 60.6 61.5 62.5 63.4 64.3 65.2 66.1 67 

Reaction 
Volume 

(µL) 

10 +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ 
20 ++ +++ ++ ++ ++ ++ ++ ++ ++ ++ ++ +++ 
20† +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ 
30 + +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ 
40 + ++ ++ ++ ++ ++ ++ ++ ++ +++ +++ +++ 
50 + ++ ++ + ++ ++ ++ ++ ++ +++ +++ +++ 

(+) Product detected, (++) product clearly visible, (+++) optimal conditions, (-) no product 

detected, (†) DreamTaqGreen used as polymerase instead of Phusion HF. 

 

The suggested reaction volume in the literature was 50 µL, however my results showed 

that smaller reaction volumes yield more concentrated products. The 10-µL and 30-µL reaction 

volumes had the greatest yield, though the intensity of the PCR products on the agarose gels 

were greater in the 30-µL reactions. In addition, a reaction volume of 10 µL would not provide a 

sufficient amount of megaprimer to continue to Part B of the overlap extension method. It was 

also shown that DreamTaq Green performed better than Phusion HF in the same reaction 

volume, but primer dimers formed at lower annealing temperatures. For ease and reduction of 

user error, DreamTaq Green was chosen for Part A of the overlap extension. Though a reaction 

volume of only 20 µL was considered for DreamTaq Green, 30-µL reactions were conducted so 

as to produce ample material for the following steps. This PCR method was relatively consistent 

across annealing temperatures as compared to reaction volumes. Every annealing temperature 

produced some product, and in optimal reaction volumes all annealing temperatures yielded 

equal results. All subsequent Part A reactions were conducted with an annealing temperature of 

60 °C. 

One issue with using DreamTaq Green is that it leaves a 3’ overhanging A on the PCR 

product which could affect the binding of the megaprimers to the plasmid template in part B and 
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the sequence of the final produced plasmid. In order to overcome this drawback, the concentrated 

and cleaned product from part A was incubated with T4 DNA polymerase to remove the A 

overhang. 

Part B of overlap extension requires an unfavourable reaction with megaprimers that 

were 881 bp long.  The exonuclease activity of Phusion is essential to Part B of overlap 

extension, therefore only Phusion and not DreamTaq Green was used in the optimization steps 

for Part B. The masses of vector and megaprimers in the reaction had to be optimized, as well as 

the amount of Phusion polymerase (Table 5). 

Table 5. Optimizing PCR components for Part B of overlap extension PCR cloning. 

 Mass of megaprimers (ng)  
  10 50 100 250   

Mass of vector 
(ng) 

0.1 - - - - 0.15 

Volume of 
Phusion (µL) 

1 - - + ++ 0.15 
3.25 - - + ++ 0.15 
10 + + ++ ++ 0.15 
3.25 - - + ++ 0.225 
3.25 + + ++ +++ 0.30 
3.25 + ++ +++ +++ 0.90 

(+) Product detected, (++) product clearly visible, (+++) optimal conditions, (-) no product 

detected. 

 

 Eighty-eight clones in total were sequenced with Sanger sequencing. Many of the clones 

had point mutations, but I obtained at least one clone for each version of CtrA (wild-type, 

phosphomimetic, and non-phosphorylatable) that did not have any mutations resulting in amino 

acid substitutions (discussed further below). Some of these undesired mutations probably arose 

from the use of DreamTaq Green to amplify the original fragment in part A of the overlap 

extension PCR because the enzyme is non-proofreading. The Phusion enzyme used in part B of 

the overlap extension has high fidelity. 
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Figure 2.4 Nucleotide alignment of ctrA constructs made using overlap extension PCR. “D51E 

consensus” is the sequence for the phosphomimetic ctrA construct. “WT consensus” is the 

sequence for the wild-type ctrA construct. “D51A consensus” is the sequence for the non-

phosphorylatable ctrA construct. Finally, “expected ctrA insert” is the expected wild type 

sequence after overlap extension PCR. 

 

 The wild-type ctrA construct was created without any point mutations (Figure 2.4). The 

phosphomimetic ctrA construct, D51E, has a point mutation before the 6×-Histidine tag leading 

to a codon change from AGC to CGC and the adenine at position 25 was replaced with a 

cytosine (Figure 2.4), and an amino acid change from serine to arginine. Though this substitution 

is before the 6×-histidine tag and is not in the part of the sequence that codes for CtrA, this 
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construct may exhibit a different protein behaviour and therefore needs to be further studied or 

cannot be used. The non-phosphorylatable ctrA construct, D51A, has a silent point mutation 

within the coding region for ctrA where the cytosine at position 144 in Figure 2.4 was replaced 

with a thymine, leading to a codon change from GCC to GCT. Fortunately, both codons code for 

the amino acid alanine. The D51A mutant also has one base noted as “N” that was not resolved 

in the sequencing data (position 434 in Figure 2.4). Unfortunately, due to the pandemic the 

sample was not able to be sequenced again before this thesis was submitted. 

 

2.5 Discussion 

 The original experimental plan for this chapter was to determine the DNA binding sites 

of CtrA in R. capsulatus, using a wild-type version, a phosphomimetic version, and a non-

phosphorylatable version. The proposed methodology for determining the DNA binding sites 

was ChIP-Seq. As a culture of bacteria grows, the DNA and DNA binding proteins are naturally 

“incubated together”. For this method a DNA-protein complex is made by cross-linking the two 

biomolecules with formaldehyde. The DNA is sheared to form small fragments of 300-500 bp, 

some of which are bound to the protein of interest. Using an antibody specific for the protein, 

one can precipitate the protein and the DNA fragment to which it is bound along with it. The 

protein can subsequently be detached from the DNA using heat, and the remaining DNA can be 

sequenced using a next generation sequencing technology. The resulting sequences represent the 

fragments of DNA that the protein was bound to. These sequences can be aligned with the 

genome of the organism in order to find the locations of DNA binding sites (54–56). 

The unexpected activity observed in non-phosphorylated CtrA requires more 

investigation to understand how CtrA regulates GTA production and activity. The aspartic acid 

residue at position 51 in the R. capsulatus CtrA is the phosphorylation site for the protein. I 
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created a point mutation in which the aspartic acid was substituted for glutamic acid, thereby 

creating a phosphomimetic protein (57, 58). Likewise, I effected a point mutation that caused the 

aspartic acid to become an alanine residue, ensuring the protein cannot be phosphorylated at this 

position (27). Using ChIP-Seq, we can determine the DNA-binding sites of CtrA and compare 

the sites of the phosphorylated and non-phosphorylated versions. This can lead to insight into the 

regulatory roles of CtrA. 

The immunoprecipitation aspect of ChIP-Seq was expected to be completed with the 

antibodies created against the peptide sequence from CtrA (residues 113-131) , which was 

chosen because it was predicted to be immunogenic and located on the outside of the folded 

protein. This sequence was also compared to all R. capsulatus proteins and observed to have 

small regions of similarity with other proteins such as a branched-chain amino acid ABC 

transporter permease and a putative insertion element, with 7 and 6 amino acids conserved 

respectively. These small conserved regions were not expected to impact immunoprecipitation, 

however, these antibodies performed poorly and demonstrated nonspecific binding through 

Western blotting. By comparing BLASTp results of the immunogenic peptide to Western blots 

(Figures 2.2 and 2.3), it is possible the strong species at approximately 60 kDa is encoded by the 

genes rcc01774 and rcc02621, as their estimated sizes are 59.5 and 60.5 kDa respectively. 

Additional proteins identified on the BLASTp result as having 5 and 6 amino acid matches to the 

peptide are estimated to be around 40 kDa and therefore could be responsible for the bands seen 

around 39 kDa on the Westerns. If any of these unwanted proteins were also DNA-binding this 

would lead to nonspecific and difficult to interpret ChIP-Seq data. This is what lead to the need 

to devise an alternative strategy to use different antibodies to immunoprecipitate CtrA. 

Antibodies targeting histidine tags are well vetted and available commercially, which lead us to 

this approach. 
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The plasmid pET28a is a low-copy plasmid, which is the reason why an indirect cloning 

method was chosen. The numerous ligations conducted were seldom successful in creating a 

recombinant plasmid. The potential reasons for this are numerous. For example, the size of the 

vector and the size of the insert were quite large, making it unfavourable for the ligation reaction 

to occur. Related to the size of the DNA fragments, the concentration and reaction volume are 

also important variables. Long DNA fragments need space to move in order for the ends to find 

each other and close to a circle. I was able to successfully clone one version of the ctrA gene but 

could not duplicate this success with the other versions. Spatial conformation is also likely the 

reason why the overlap extension PCR with a volume of 50 µL did not yield as much product as 

volumes of 10-30 µL. 

The constructs created using overlap extension PCR are within NEB 5α E. coli cells and 

will need to be transformed into S17-1 E. coli cells, so that they can be conjugated into R. 

capsulatus. The R. capsulatus strain SBRM1 is an ideal recipient for these constructs as its own 

ctrA is disrupted, therefore it will only produce 6× His-tagged CtrA. Once there are three R. 

capsulatus strains that each hold a different ctrA construct, the phenotype of these mutants needs 

to be tested. Experiments need to be conducted to ensure that the 6× His-tag does not interfere 

with CtrA function and that the modified CtrA is not toxic to the cell. It is expected that the 

strain producing wild-type CtrA will have a wild-type level of motility and GTA production. The 

strain that produces phosphomimetic CtrA is expected to have normal to increased motility and 

GTA production, and the strain that produces non-phosphorylated CtrA is expected to have no 

motility and reduced GTA production. Once the activity of the modified CtrAs has been 

established, a prokaryotic ChIP-Seq protocol can be followed.  
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2.6 Conclusion 

 Several cloning methods were attempted to generate the three constructs desired for the 

planned ChIP-Seq experiment. Ligation-based cloning methods did not yield successful clones. 

With optimization, overlap extension PCR cloning yielded three plasmids that carried the desired 

versions of ctrA. The construct containing phosphomimetic ctrA has a substitution and needs to 

be further studied or created once more. These constructs will aid in further work in investigating 

the DNA binding sites of CtrA in R. capsulatus. 
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Chapter 3: Evaluation of the Distribution and Potential Horizontal Gene 

Transfer of ctrA within Alphaproteobacteria 

3.1 Abstract 

The DNA binding response regulator CtrA is a highly conserved protein in the class 

Alphaproteobacteria. In many species it serves an essential role as a cell cycle regulator. In 

others, such as Rhodobacter capsulatus, it is not essential, but does have the important role of 

regulating flagellar biosynthesis, cell motility, and gene transfer agent production. Gene transfer 

agents are a vehicle for horizontal gene transfer and genes for their production are encoded in 

many alphaproteobacterial genomes. In this work, I looked at the distribution of ctrA within 

alphaproteobacteria and for evidence of horizontal gene transfer of this gene. Phylogenetic trees 

were constructed using a large dataset consisting of about 700 sequences and 13 potential cases 

of HGT were identified using phylogenetic conflict analyses. Several of these were inferred to 

represent species misclassifications, and these were mostly species from the order Rhizobiales 

that were misclassified as belonging to the order Rhodobacterales. One species, 

Sandarakinorhabdus cyanobacteriorum, seems to have a ctrA gene that was acquired by 

horizontal gene transfer in an ancestral species. S. cyanobateriorum is classified as a member of 

the order Sphingomonodales, which was supported by my analysis of RpoB sequences, but its 

CtrA groups closely with those from the order Rhodospirillales in the phylogenetic analyses. 

Additionally, I found that the orders Magnetococcales, Holosporales, and Pelagibacterales within 

alphaproteobacteria do not have a ctrA homolog. 
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3.2 Introduction 

3.2.1 Horizontal Gene Transfer 

 Horizontal gene transfer (HGT) occurs when genetic material is transferred between 

organisms that in a manner different from reproduction. Common examples of HGT that have 

been co-opted by laboratory scientists are transformation and conjugation (9, 12, 13). Another 

commonly known example of HGT is transduction (9), which is similar to gene transfer agent 

(GTA) mediated HGT (15). HGT has been most frequently observed between bacteria, though it 

has also been observed between a bacterium and a eukaryote (14). Alphaproteobacteria are an 

interesting class in which to study HGT as there are several species which produce GTAs and 

most Alphaproteobacteria have a homolog of the response regulator CtrA. By understanding 

more about the evolutionary history of CtrA and the influence of HGT, we can understand more 

about HGT and its impact on evolution as a whole. 

3.2.2 Conservation of CtrA 

 CtrA is a highly conserved DNA-binding response regulator in Alphaproteobacteria. 

Most orders in Alphaproteobacteria have a ctrA homolog, with only the order Pelagibacterales 

lacking a CtrA as of previous analyses. Greene et al. found no evidence of HGT of ctrA in 

Alphaproteobacteria as of 2012. A major change that has happened since the conservation of 

CtrA in alphaproteobacteria was previously studied is the massive increase in sequenced 

genomes in the NCBI database. As of 2009, there were more than 500 complete or in progress 

proteobacterial genomes available in NCBI (3), with alphaproteobacterial sequences being a 

subset within the 500. At the time of this thesis in 2020, there are thousands of genomes 

available to study. In addition, there has been recent reclassification and new orders created 

within the Alphaproteobacteria, which may lead to different conclusions from phylogenetic 

analyses presented in literature. 
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3.3 Materials and Methods 

3.3.1 Identification of CtrA Sequences 

CtrA amino acid sequences were identified using the BLASTp online tool (59) with the 

default parameters. Searches were performed within the “Non-redundant protein sequences (nr)” 

database with the R. capsulatus CtrA (accession number: AAF13177) as the query. Search 

results were filtered for a ³89% query coverage and a percent identity ³30% as compared to the 

R. capsulatus CtrA sequence. 

Sequence alignments were produced using CLUSTAL W (60) in Geneious R11 

(Biomatters) and alignments with small datasets (<400 sequences) were polished using TrimAl 

(61) through the online platform Phylemon 2.0 (62). Large datasets (>400 sequences) were 

polished manually using Geneious. 

3.3.2 Phylogenetic Analyses 

The modeltest function in MEGA X (63) was used to determine the best model for 

distance estimation. The best distance model was selected to perform subsequent phylogenetic 

analyses. Phylogenetic trees were built using MEGA X with the maximum-likelihood method 

(64) and bootstrap analyses were performed to evaluate cluster robustness (65). 

At first, all of the CtrA BLASTp hits within the percent query coverage and percent 

identity limits were considered. This dataset consisted of over 3000 sequences and was narrowed 

down to approximately 700 sequences by removing duplicates and visually inspecting sequences 

from the same species (sequences were removed if they had less than 5 amino acids different 

from another sequence). Sequences that were annotated as specific proteins other than CtrA were 

also removed. Furthermore, this dataset was reduced by removing entries from multispecies and 

undetermined species through the use of phylogenetic analyses as well as the online tool NCBI 

Conserved Domain Search (66). 
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Using the CtrA phylogenetic tree and a literature search, a smaller representative dataset 

was made with CtrA sequences from 3-10 species from each order in the Alphaproteobacteria. 

Phylogenetic analyses were also performed using RNA polymerase subunit beta (RpoB) 

sequences obtained using the BLASTp online tool with default parameters, using the R. 

capsulatus sequence as the query. Accession numbers of sequences used in this study are 

available in the appendix (Appendix A.4). 

Possible HGT events were identified through phylogenetic conflicts within the tree of 

over 700 CtrA sequences in comparison to the expected taxonomic order for the originating 

species, excluding those in the outgroup. The expected positions of sequences were determined 

based on details provided in the NCBI Taxonomy Browser (67, 68). Due to the nature of NCBI-

BLAST multiple proteins from the same species will appear in search results if they are closely 

related. The non-target proteins must be manually filtered out of the dataset as they can interfere 

with tests for phylogenetic conflict. In this work, proteins that are not CtrA grouped 

unexpectedly and result in erroneous conclusions about the potential phylogenetic conflict. 

Within the CtrA search results there were sequences that were the single entry from a species, 

and there were sequences that were part of multiple entries for a single species, as described 

above. Sequences that were the single entry from a species were considered to be HGT 

candidates and underwent further phylogenetic analysis. HGT candidates that continued to show 

phylogenetic conflict were further investigated for conservation in gene neighbourhoods by 

using the online tool BLASTn (69) to find ctrA in each species. 
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3.4 Results 

 Phylogenetic analysis of CtrA sequences that met the criteria of ³89% query coverage 

and ³30% identity indicated that some of the sequences initially included were not in fact CtrA 

but were a different DNA-binding response regulator (Appendix A4). After assigning every 

species to an order and determining which clades represented each order, 50 CtrA sequences 

were found to have potential phylogenetic conflict. However, some of these sequences clustered 

in an outgroup and were determined to not be genuine CtrA sequences. This was done by adding 

a known non-CtrA protein from R. capsulatus (the highest blast match to the R. capsulatus CtrA) 

to the phylogenetic tree and observing which of the sequences with potential conflict grouped 

with this non-CtrA sequence. The sequences that did were determined to not be genuine CtrA 

and therefore removed, paring the list of potential HGT candidates down to 13. 

The large number of total sequences yielded trees that were difficult to visually inspect. 

Therefore, I selected 3-5 CtrA sequences from each order to create a representative subset that 

was easier to interpret. Phylogenetic analysis of this dataset with the remaining 13 HGT 

candidate sequences allowed for more manageable phylogenetic trees (Figure 3.1). 
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Figure 3.1. Unrooted maximum-likelihood phylogenetic tree of putative CtrA amino acid 

sequences, with representatives from each order found in the original dataset. Species exhibiting 

phylogenetic conflict based on the NCBI Taxonomy Browser are shown in bold. The tree was 

constructed with the Le Gascuel 2008 model and 1000 bootstraps. Branch lengths are 

proportional to genetic distance as indicated by the scale bar. The labels on the right indicate the 

order in which most or all species in a clade are classified within. 
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The CtrA sequences for Bradyrhizobium liaoningense, Phreatobacter oligotrophus, and 

Phreatobacter stygius did not exhibit phylogenetic conflict in this reduced dataset as they were 

most closely related to sequences from the order Rhizobiales (Figure 3.1), which is also their 

classification as supported by the RpoB tree (Figure 3.2). Similarly, the CtrA and RpoB 

sequences for Acuticoccus yangtzensis, Ahrensia marina, Labrenzia alba, Nesiotobacter 

exalbescens, Polymorphum gilvum, Pseudovibrio hongkongensis, and Pseudovibrio stylochi all 

grouped with others from the Rhizobiales. This was interesting and unexpected as all the 

aforementioned species are classified as belonging to the order Rhodobacterales, except for P. 

gilvum that is classified as a novel genus Polymorphum within “unclassified 

alphaproteobacteria” (70). Terasakiella pusilla also grouped unexpectedly as it is classified 

within the order Rhizobiales but its sequences clustered with those from the Rhodospirillales in 

both the CtrA and RpoB phylogenetic analyses. 
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Figure 3.2 Unrooted maximum-likelihood phylogenetic tree of RNA polymerase subunit β 

(RpoB) amino acid sequences with representatives from every order within the class 

alphaproteobacteria. Species with candidate ctrA horizontal gene transfer events are noted with a 

coloured circle. A blue circle represents phylogenetic conflict between this tree and a maximum-

likelihood phylogenetic tree made with CtrA amino acid sequences. A pink circle represents no 

phylogenetic conflict, but the results contradict in which order the species is classified. Finally, a 

green circle represents no phylogenetic conflict, in contrast to the previous phylogenetic analysis 

with 55 RpoB sequences. The tree was constructed with the Le Gascuel 2008 model, +G and 

1000 bootstraps. Branch lengths are proportional to genetic distance as indicated by the scale bar. 

The labels on the right indicate the order in which most or all species in a clade are classified 

within. 
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This left only 2 candidates for HGT with phylogenetic conflict between their CtrA and 

RpoB sequences. Aestuariisphingobium litorale and Sandarakinorhabdus cyanobacteriorum are 

classified within the order Sphingomonadales. The CtrA sequence of A. litorale was closely 

related to those from the order Caulobacterales, with a bootstrap value of 99 separating the 

Caulobacter clade from the Rhizobiales (Figure 3.1). The CtrA sequence of S. cyanobacteriorum 

was individually branched, away from the Sphingomonadales clade (Figure 3.1). 

Based on previous analyses of the alphaproteobacterial phylogeny and the expected 

distribution of ctrA in this phylum, the members of the order Rickettsiales should have the most 

basal ctrA and be the most distantly related to the Rhodobacterales (71). The genetic distances 

among the orders in the produced trees were not supported by this previous literature, and so the 

dataset was expanded to include 3-10 representative sequences from each order to further resolve 

relationships and hopefully provide more statistical confidence (Figure 3.3). Due to the 

placement of the bottommost clade containing sequences from members of the orders 

Kiloniellales and Kordiimonadales, we suspected that these sequences were not truly CtrA. To 

determine the identity of these sequences, phylogenetic analysis was completed with an 

additional sequence of an R. capsulatus DNA-binding response regulator, selected by searching 

the R. capsulatus CtrA sequence on BLAST against R. capsulatus, and selecting the non-CtrA 

sequence with the highest identity. The identified R. capsulatus DNA-binding response regulator 

was closely related to the putative CtrA sequences from the Kiloniellales and Kordiimonadales 

members in the bottommost clade (Figure 3.3). The putative CtrA sequences from the 

Kiloniellales and Kordiimonadales members were selected based on percent identity to the R. 

capsulatus CtrA sequence. Since the proteins in Kiloniellales and Kordiimonadales that were 

most similar to R. capsulatus CtrA were not true CtrAs, we expected that these bacteria do not 

contain a true ctrA homolog and these sequences were removed from the phylogenetic analysis 
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(Figure 3.4). However, further literature search found some identified CtrA sequences from 

members of Kiloniellales and Kordiimonadales and these new sequences were added to 

subsequent phylogenetic analyses (Figure 3.5). 

 

 

Figure 3.3. Section of a maximum-likelihood phylogenetic tree of CtrA amino acid sequences 

focusing on the outgroup. Phylogenetic analysis was performed with inclusion of an additional 

protein sequence of a non-CtrA response regulator from R. capsulatus, shown in bold. The 

clustering of this non-CtrA protein with the putative CtrAs from the other species suggests that 

these other sequences in the same clade are also not CtrA but another response regulator. The 

additional clades of true CtrAs have been cropped and are represented by “True CtrAs” and are 

separated from the clade shown by a bootstrap value of 100. The tree was constructed with the 

Le Gascuel 2008 model, +G and 100 bootstraps. 
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Figure 3.4. Unrooted maximum-likelihood phylogenetic tree of CtrA amino acid sequences with 

the non-CtrA out-group removed. Species exhibiting phylogenetic conflict are marked with a 

blue circle. The tree was constructed with the Le Gascuel 2008 model, +G and 1000 bootstraps. 

Branch lengths are proportional to genetic distance as indicated by the scale bar. The labels on 

the right indicate the order in which most or all species in a clade are classified within. 
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Removal of the sequences suspected of not being CtrA yielded a phylogenetic tree 

(Figure 3.4) that more closely matched the expectations based on alphaproteobacterial phylogeny 

from the literature. A. litorale and S. cyanobacteriorum still exhibited phylogenetic conflict and 

so the gene neighbourhoods of the ctrA sequences were investigated within the whole genome 

shotgun contigs. This investigation lead to the discovery that the A. litorale ctrA gene in the 

NCBI database is 100% identical to that from the genome sequence of Brevundimonas 

aventiformis. In addition, the A. litorale contig which contains ctrA has high percent identities to 

sequences from several Brevundimonas species. The discovery of A. litorale and the subsequent 

shotgun sequencing was obtained by culturing a water sample from the Pearl River estuary (72), 

and it is possible that one or more Brevundimonas species were contaminants in the A. litorale 

culture used for genomic sequence determination. 

 The remaining candidate for HGT, S. cyanobacteriorum, was on its own branch in the 

CtrA phylogenetic tree, without a high bootstrap confidence (Figure 3.4). In order to better 

elucidate the relationships among these sequences, additional phylogenetic analyses were 

conducted with an additional species from the Sandarakinorhabdus genus, S. limnophila, and 

two members of the order Sphingomonadales that showed high percent identities to the ctrA 

from S. cyanobacteriorum on a BLASTn search, Polymorphobacter fuscus and P. arshaanensis. 
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Figure 3.5. Unrooted maximum-likelihood phylogenetic tree of CtrA amino acid sequences with 

a larger subset of representatives from each order within the Alphaproteobacteria. (A) Total tree. 

Species exhibiting phylogenetic conflict are marked with a blue circle. The second clades of 

Sphingomonadales and Rhodospirillales are marked by an asterisk (*). The tree was constructed 

with the Le Gascuel 2008 model, +G and 1000 bootstraps. Branch lengths are proportional to 

genetic distance as indicated by the scale bar. The labels on the right indicate the order in which 

most or all species in a clade are classified within. (B) A section of the larger tree shown in (A), 

focusing on the Caulobacterales clade. A. litorale is marked with a blue circle on both trees. 
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Figure 3.6. Section of a maximum-likelihood phylogenetic tree of CtrA amino acid sequences 

focusing on the clades of Sphingomonadales and Rhodospirillales. The focal clades are those 

marked by asterisks in Figure 3.5. S. cyanobacteriorum is marked with a blue circle and shows 

phylogenetic conflict with its placement on the RpoB phylogenetic tree (Figure 3.2). The tree 

was constructed with the Le Gascuel 2008 model, +G and 1000 bootstraps. 

 

 The sequences from S. limnophila, P. fuscus, and P. arshaanensis clustered in the same 

clade as S. cyanobacteriorum on the CtrA (Figure 3.5) and RpoB (Figure 3.2) trees. In Figure 3.2 

the four species clustered with the other Sphingomonadales, albeit in their own subclade. This 

subclade was within a larger clade containing sequences from the Rhodospirillales (Figures 3.5 

and 3.6) and this showed phylogenetic conflict. This indicates that the CtrAs of these four 

species are more closely related to each other and to those from the Rhodospirillales than to 

those from the other members of the Sphingomonadales. This phylogenetic conflict may indicate 

there has been a past horizontal gene transfer event. 
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3.5 Discussion 

It is unlikely that genes that are essential for survival are transferred through horizontal 

gene transfer (9). This likely explains minimal horizontal gene transfer of the DNA-binding 

response regulator CtrA within alphaproteobacteria. Of the 13 candidates initially identified as 

potential HGT events, it was subsequently determined that the majority were results of 

misclassification, rather than a true HGT event. Phreatobacter oligotrophus and Phreatobacter 

stygius are part of the genus Phreatobacter in the order Rhizobiales. This genus has a distinct 

lineage based on the 16S rRNA gene (73) that is related to, but distinctly separate from, other 

members of the order Rhizobiales (74), and this is also supported by my CtrA phylogenetic 

analysis. Ahrensia marina is classified as a member of the Rhizobiales (75) although it is listed 

as a member of the Rhodobacterales on the NCBI taxonomy browser. It is unclear which 

classification is correct based on the previous literature, but my phylogenetic analyses of CtrA 

and RpoB suggest A. marina belongs within the order Rhizobiales, supporting the classification 

by Liu and coworkers (75). We selected RpoB as the protein to compare to the analysis of CtrA 

sequences as it is an essential gene found in all alphaproteobacteria and a common bacterial 

marker gene for phylogenies (76). 

Additional HGT candidates show strong evidence of being misclassified in the literature. 

Acuticoccus yangtzensis is classified as a member of the family Rhodobacteraceae within the 

order Rhodobacterales (77), Labrenzia alba is indicated as a member of the Rhodobacterales on 

NCBI and in the literature (78, 79), and Nesiotobacter exalbescens is classified as a member of 

the Rhodobacterales because it is closely related to, but distinct from, Stappia (now Labrenzia) 

and Roseibium (80). Polymorphum gilvum is classified as a member of the Rhodobacterales but 

shares many gene homologs with the Rhizobiales (81, 82), and Pseudovibrio hongkongensis and 

Pseudovibrio stylochi are said to belong to the order Rhodobacterales (83). Therefore, all of 
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these species have been classified as Rhodobacterales but in my phylogenetic analyses of CtrA 

and RpoB sequences, they belong within the Rhizobiales. 

Terasakiella pusilla, previously Oceanospirillum pusillum (84), is classified as a 

Rhizobiales. Similar to the above examples, it has likely been misclassified. The RpoB sequence 

of T. pusilla is most closely related to those from the Rhodospirillales. Phylogenetic analysis of 

the CtrA sequences shows that the T. pusilla CtrA also clusters in a clade with members of the 

Rhodospirillales and not in the Rhizobiales clade, which has a bootstrap confidence of 100. In 

order to support a reclassification of the aforementioned species, further genetic and biochemical 

tests should be conducted. The classification of these species mostly occurred before high-

throughput sequencing technologies became readily accessible and revisiting the classification 

could lead to further insight into the relationships among Alphaproteobacteria.  

Aestuariisphingobium litorale seemed to be a strong candidate for ctrA HGT. Its CtrA 

clustered within the clade of Caulobacterales with a bootstrap value of 100 whereas its RpoB 

clusters within the Sphingomonadales. Upon further investigation, the entire contig in which the 

A. litorale ctrA was from is highly similar to Brevundimonas spp. from the Caulobacterales and 

the CtrA sequence was identical to that found in Brevundimonas diminuta. The sample from 

which the A. litorale sequence was obtained was a freshwater sample from a river (72), and since 

Brevunidmonas species also live in freshwater (85) it is possible that there was contamination in 

the bacterial culture used for sequencing. Due to these findings, A. litorale was subsequently 

disqualified from being an HGT candidate. 

Sandarakinorhabdus cyanobacteriorum is classified as a Sphingomonadales based on its 

16S rRNA sequence (86), and this classification is also supported by my RpoB analysis (Figure 

3.2). In the phylogenetic analysis of CtrA sequences however, the CtrA of S. cyanobacteriorum 

appears in the same clade as those from the Rhodospirillales. In the 16S rRNA phylogenetic tree 
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in the literature (86) and as seen in the RpoB analysis in this chapter (Figure 7), 

Sphingomonadales have two main branches, one of which includes the genera 

Sandarakinorhabdus and Polymorphobacter. Interestingly, this branch in the CtrA-based 

phylogenetic tree does not fall as expected, i.e. next to the corresponding Sphingomonadales 

branch, but instead is joined to the Rhodospirillales clade with a bootstrap confidence of 68 

(Figure 3.6). This indicates that there could have been horizontal gene transfer in the past from a 

member of Rhodospirillales to an ancestor of Sandarakinorhabdus and Polymorphobacter. 

Using Rhodospirillum centenum as a model for CtrA function in the order Rhodospirillales, it 

seems that CtrA does not have an essential role in these organisms. An R. centenum ctrA null 

mutant is viable, although it is less motile (87). Likewise, using Sphingomonas melonis as a 

model for CtrA function in Sphingomonadales, CtrA does not seem to be essential as ctrA 

mutants of S. melonis are viable, although they may have some disruptions to cell division (88). 

These two examples of ctrA not being an essential gene in members of the Sphingomonadales 

and Rhodospirillales fit with the notion that HGT is much more likely to occur with genes that 

are not essential. 

It was previously noted that members of the order Pelagibacterales do not have a ctrA 

homolog. In this study, there were no ctrA homologs found in the additional orders Holosporales 

and Magnetococcales. This could be due to the evolutionary history of ctrA within 

Alphaproteobacteria, where it is suspected that the orders Magnetococcales, Holosporales, and 

Pelagibacterales were the first to diverge from the ancestral Alphaproteobacteria (Figure 3.7). 
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Figure 3.7. A stylized phylogenetic tree representing the general relatedness of orders within 

Alphaproteobacteria. Branch lengths do not represent evolutionary distance. The tree is based on 

published phylogenetic analyses (71). 

 

3.6 Conclusion 

Using phylogenetic analyses of the CtrA and RpoB protein sequences, the possibility of 

ctrA HGT was investigated within the class Alphaproteobacteria. Phylogenetic conflict between 

these two analyses was used as an indication of a possible ctrA HGT event. Of the 13 HGT 

candidate sequences initially identified, 3 did not display phylogenetic conflict when a smaller 

dataset was analyzed, 7 appeared to be mis-classified taxa, and 2 seemed to be true candidate 

HGT events. A. litorale was subsequently disqualified from having an HGT event due to 

discrepancies in the literature and likely contamination in the genomic sequencing data. 

However, an ancestor of S. cyanobacteriorum seems to have experienced a ctrA HGT event as 
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the phylogenetic conflict exhibited by this species is also found for its closest relatives, 

Polymorphum spp. HGT was only observed between the orders Rhodospirillales and 

Sphingomonadales, both of which appear to have CtrA with non-essential roles, supporting the 

notion that HGT generally occurs with non-essential genes. Additionally, the orders 

Magnetococcales, Holosporales, and Pelagibacterales were found to not have a CtrA homolog. 
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Chapter 4: Conclusions 

 Response regulators have very important roles in the functioning of a bacterium. 

Everything within a cell is regulated either by a pathway or regulatory proteins. Within the class 

Alphaproteobacteria, the DNA binding response regulator CtrA is highly conserved and is often 

involved in regulating motility. In some species, CtrA also has an essential role as a cell cycle 

regulator. In R. capsulatus, a model organism for studying gene transfer agents (GTAs), CtrA 

has the important role of regulating GTA production. GTAs are mediators of gene transfer, in 

which one bacterium can give genetic information to another bacterium. CtrA regulates and 

induces expression of various genes depending on its phosphorylation state, and it is clear that 

both phosphorylated and non-phosphorylated CtrA contribute to functions of the cell in R. 

capsulatus as modification of the phosphorylation states of CtrA has been observed to lead to a 

loss of a phenotype. For example, a loss of GTA capsid protein production can be observed if 

there is a lack of non-phosphorylated CtrA in R. capsulatus cells (32). 

In this work, I used overlap extension PCR to create three constructs of ctrA, all with a 

6×-histidine tag. In the constructs, three versions of CtrA were created, one is the wild type with 

aspartic acid as the 51st residue, which is the site of phosphorylation for its regulation in the cell. 

The second encodes a non-phosphorylatable version of CtrA with alanine in the 51st residue. 

Finally, a phosphomimetic version was generated that has glutamic acid at the 51st position. CtrA 

plays a role in the regulation of gene expression in both phosphorylated and non-phosphorylated 

forms. The purpose of these constructs is to generate strains which will be used for further 

studies to determine the DNA binding sites of CtrA as well as if the binding sites change 

depending on phosphorylation state. With this information we can better understand the role 

CtrA plays in the regulation of GTA expression and production. 
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 GTAs are one of many modes of horizontal gene transfer that can be observed in bacteria. 

In recent years, there has been a substantial increase in the number of alphaproteobacterial 

genomes sequenced. This advance has allowed for larger and more comprehensive datasets in 

which to study horizontal gene transfer. There were CtrA homologs found in all orders of 

Alphaproteobacteria except Magnetococcales, Holosporales, and Pelagibacterales. Using the 

principle of phylogenetic conflict, I looked for evidence of horizontal gene transfer of ctrA 

within the Alphaproteobacteria. This analysis revealed multiple species misclassifications and 

one potential ctrA horizontal gene transfer event. Sandarakinorhabdus cyanobacteriorum is 

classified as a Sphingomonadales, as supported by phylogenetic analysis of RpoB, but its CtrA is 

more similar to those of the order Rhodospirillales. The same is true of the related species 

Sandarakinorhabdus limnophila, Polymorphobacter fuscus and Polymorphobacter arshaanensis, 

suggesting that a horizontal gene transfer occurred in a bacterium ancestral to this lineage. 

Horizontal gene transfer occurs more frequently with non-essential genes and since CtrA has an 

essential role in many species, this may be why we do not see more horizontal gene transfer 

events. 

 This work has laid the foundation for further work on investigating the roles of CtrA and 

the effects of phosphorylation on its activity. Three constructs producing three versions of CtrA 

were prepared for further investigation of the DNA binding sites of each version of the protein. 

A bioinformatics approach was employed to conduct phylogenetic analysis on a large dataset 

from the Alphaproteobacteria, looking for ctrA horizontal gene transfer events. 
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Appendix 

A.1 Primers 

Primer 
name 

Use Primer sequence Reference 

SDM D51A 
ctrA F 

Create non-
phosphorylatable 
point mutation 

CTGATCCTTCTCGCTCTGAACCTTCCCG
AC  

(32) 

SDM D51A 
ctrA R 

Create non-
phosphorylatable 
point mutation 

GTCGGGAAGGTTCAGAGCGAGAAGGA
TCAG 

(32) 

SDM D51E 
ctrA F 

Create 
phosphomimetic 
point mutation 

CTGATCCTTCTCGAACTGAACCTTCCC
GAC 

(32) 

SDM D51E 
ctrA R 

Create 
phosphomimetic 
point mutation 

GTCGGGAAGGTTCAGTTCGAGAAGGA
TCAG 

(32) 

ctrA F Amplify insert for 
ligation 

AAAGTCGACCTTTAAGAAGGAGAATG
G 

This study 

ctrA R Amplify insert for 
ligation 

ACGGAGCTCGAATTCTCAGGC This study 

OverFctrA Overlap extension 
part A 

GGCTGCAGGTCGACTCTAGAGGATCCC
CGGGGACCTTTAAGAAGGAGATATAC
CATGGGCAGC 

This study 

OverRctrA Overlap extension 
part A 

CCTCTTCGCTATTACGCCAGCTGGCGA
AAGCGAATTCTCAGAGAAGCGGAGAC
TCAGG 

This study 

ctrA middle 
F 

Sequencing CATCGCGAAGAGCTGGTGG This study 

T7 Sequencing TAATACGACTCACTATAGGG Invitrogen 
T7term Sequencing GCTAGTTATTGCTCAGCGG Invitrogen 
M13F (-20) 
Invitrogen 

Sequencing GTAAAACGACGGCCAGT Invitrogen 

M13 Rev (-
27) – 
Invitrogen 

Sequencing CAGGAAACAGCTATGAC Invitrogen 

pRR5C F Sequencing AATTGCCTACTGAGCGCTGC Invitrogen 
pRR5C R Sequencing GGGGGCTGAAAGAGTGGTTC Invitrogen 
pRR5C 
EcoRI F 

Sequencing TTCGCGCTGGTCGGCTGG 
 

This study 

pRR5C 
EcoRI R 

Sequencing ATGCCGACGGATTTGCACTG 
 

This study 

pGEM 
EcoRI R 

Sequencing ATGCATCCAACGCGTTGG 
 

This study 
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A.2 Sequence Accession Numbers 

A.2.1 RpoB Final Tree 

WP_010666061.1_Acetobacter aceti 

WP_048838093.1_Acetobacter cibinongensis 

WP_048860015.1_Acidisphaera rubrifaciens 

WP_075221078.1_Acuticoccus yangtzensis 

RJT22700.1_Aestuariisphingobium litorale 

WP_034486688.1_Agrobacterium rhizogenes 

WP_054000503.1_Ahrensia marina 

WP_047806934.1_Altererythrobacter marensis 

WP_044143222.1_Anaplasma phagocytophilum 

WP_018080321.1_Asticcacaulis benevestitus 

WP_090642704.1_Asticcacaulis taihuensis 

WP_163044881.1_Aurantimonas aggregata 

WP_041843526.1_Bartonella bacilliformis 

WP_082250848.1_Bartonella henselae 

WP_014924148.1_Bartonella quintana 

WP_061876887.1_Bradyrhizobium liaoningense 

WP_057843569.1_Bradyrhizobium retamae 

WP_029087435.1_Brevundimonas aveniformis 

CUW50851.1_Brucella vulpis 

WP_006996805.1_Candidatus Pelagibacter ubique 

WP_035049873.1_Caulobacter henricii 

WP_099620733.1_Caulobacter mirabilis 

AVQ01060.1_Caulobacter segnis 

WP_058350135.1_Caulobacter vibrioides 

WP_012176950.1_Dinoroseobacter shibae 

WP_011304298.1_Ehrlichia canis 

WP_045170818.1_Ehrlichia minasensis 

WP_011415806.1_Erythrobacter litoralis 

WP_114727485.1_Gluconacetobacter liquefaciens 

WP_008852414.1_Gluconobacter morbifer 
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WP_041242769.1_Gluconobacter oxydans 

WP_092647930.1_Jannaschia faecimaris 

WP_046510127.1_Kiloniella litopenaei 

WP_085900485.1_Kiloniella majae 

WP_047766118.1_Kiloniella spongiae 

WP_110555357.1_Komagataeibacter swingsii 

WP_025439071.1_Komagataeibacter xylinus 

WP_020401500.1_Kordiimonas gwangyangensis 

WP_068307855.1_Kordiimonas lacus 

WP_068148674.1_Kordiimonas lipolytica 

WP_055678485.1_Labrenzia alba 

WP_141891412.1_Leisingera aquaemixtae 

WP_089905567.1_Loktanella fryxellensis 

MAF31044.1_Magnetococcales bacterium 

WP_011712519.1_Magnetococcus marinus 

WP_008620992.1_Magnetospirillum caucaseum 

WP_041039820.1_Magnetospirillum magnetotacticum 

WP_068503590.1_Magnetospirillum moscoviense 

WP_069958751.1_Magnetovibrio blakemorei 

WP_167636870.1_Marivivens donghaensis 

PZO75651.1_Mesorhizobium amorphae 

WP_106722469.1_Mesorhizobium soli 

WP_102866716.1_Nesiotobacter exalbescens 

WP_011510042.1_Nitrobacter hamburgensis 

WP_067734696.1_Novosphingobium naphthalenivorans 

WP_008069407.1_Novosphingobium nitrogenifigens 

WP_085883568.1_Oceanibacterium hippocampi 

WP_007255242.1_Oceanicola granulosus 

WP_011747092.1_Paracoccus denitrificans 

WP_116234607.1_Parasphingopyxis lamellibrachiae 

WP_013300906.1_Parvularcula bermudensis 

WP_127071683.1_Pelagibacterium lentulum 
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WP_090600311.1_Pelagibacterium luteolum 

WP_111516535.1_Phenylobacterium deserti 

WP_091738971.1_Phenylobacterium immobile 

WP_108174373.1_Phreatobacter oligotrophus 

WP_136964110.1_Phreatobacter stygius 

WP_135244427.1_Polymorphobacter arshaanensis 

WP_152578190.1_Polymorphobacter fuscus 

WP_013652475.1_Polymorphum gilvum 

WP_068314117.1_Pseudovibrio hongkongensis 

WP_068082285.1_Pseudovibrio stylochi 

WP_120703913.1_Rhizobium jaguaris 

WP_085423131.1_Rhizobium oryzae 

WP_136906555.1_Rhodobacter capsulatus 

WP_119004049.1_Rhodobacter sphaeroides 

WP_011158811.1_Rhodopseudomonas palustris 

WP_012565924.1_Rhodospirillum centenum 

WP_014626434.1_Rhodospirillum rubrum 

WP_027289410.1_Rhodovibrio salinarum 

WP_045798722.1_Rickettsia bellii 

WP_014120533.1_Rickettsia japonica 

WP_012150397.1_Rickettsia rickettsii 

WP_004996628.1_Rickettsia sibirica 

WP_013960393.1_Roseobacter litoralis 

WP_099097358.1_Roseomonas rhizosphaerae 

WP_009812405.1_Roseovarius nubinhibens 

WP_094474600.1_Sandarakinorhabdus cyanobacteriorum 

WP_156874416.1_Sandarakinorhabdus limnophila 

WP_169562178.1_Sneathiella chinensis 

WP_161339460.1_Sneathiella chungangensis 

WP_149680933.1_Sphingomonas carotinifaciens 

WP_088367960.1_Sphingomonas dokdonensis 

WP_163958602.1_Sphingomonas insulae 
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WP_089215018.1_Sphingopyxis indica 

WP_037911444.1_Sulfitobacter mediterraneus 

WP_028880764.1_Terasakiella pusilla 

WP_014848589.1_Zymomonas mobilis 

 

A.2.2 CtrA sequences from representatives of each order in Alphaproteobacteria 

WP_169568121.1_Sneathiella limimaris 

WP_169559802.1_Sneathiella chinensis 

WP_167638795.1_Marivivens donghaensis 

WP_163959263.1_Sphingomonas insulae 

WP_163045434.1_Aurantimonas aggregata 

WP_161339525.1_Sneathiella chungangensis 

WP_152576298.1_Polymorphobacter fuscus 

WP_141920062.1_Zymomonas mobilis 

WP_141890204.1_Leisingera aquaemixtae 

WP_136958952_Phreatobacter stygius 

WP_135245133.1_Polymorphobacter arshaanensis 

WP_127073694.1_Pelagibacterium lentulum 

WP_123155058_Aestuariisphingobium litorale 

WP_121937372.1_Eilatimonas milleporae 

WP_120705148.1_Rhizobium jaguaris 

WP_117125908.1_Komagataeibacter xylinus 

WP_116235910.1_Parasphingopyxis lamellibrachiae 

WP_114726701.1_Gluconacetobacter liquefaciens 

WP_112383408.1_Sphingomonas carotinifaciens 

WP_111512978.1_Phenylobacterium deserti 

WP_110557183.1_Komagataeibacter swingsii 

WP_106727286.1_Mesorhizobium soli 

WP_099621086.1_Caulobacter mirabilis 

WP_099095590.1_Roseomonas rhizosphaerae 

WP_096372719.1_Rickettsia japonica 

WP_094473039_Sandarakinorhabdus cyanobacteriorum 
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WP_092644234.1_Jannaschia faecimaris 

WP_091741635.1_Phenylobacterium immobile 

WP_090647334.1_Asticcacaulis taihuensis 

WP_090594763.1_Pelagibacterium luteolum 

WP_089897464.1_Loktanella fryxellensis 

WP_089215420.1_Sphingopyxis indica 

WP_088365599.1_Sphingomonas dokdonensis 

WP_085900876.1_Kiloniella majae 

WP_075625826.1_Rhizobium oryzae 

WP_075222955_Acuticoccus yangtzensis 

WP_069957282.1_Magnetovibrio blakemorei 

WP_068498488.1_Magnetospirillum moscoviense 

WP_068313551_Pseudovibrio hongkongensis 

WP_068150049.1_Kordiimonas lipolytica 

WP_068087222_Pseudovibrio stylochi 

WP_067732289.1_Novosphingobium naphthalenivorans 

WP_057842910.1_Bradyrhizobium retamae 

WP_055677578_Labrenzia alba 

WP_055208583.1_Rhodobacter capsulatus 

WP_053999890_Ahrensia marina 

WP_050994895_Bradyrhizobium liaoningense 

WP_048862760.1_Acidisphaera rubrifaciens 

WP_048838918.1_Acetobacter cibinongensis 

WP_047765977.1_Kiloniella spongiae 

WP_046507927.1_Kiloniella litopenaei 

WP_045895782.1_Anaplasma phagocytophilum 

WP_045799065.1_Rickettsia bellii 

WP_045170889.1_Ehrlichia minasensis 

WP_041375382_Polymorphum gilvum 

WP_041041883.1_Magnetospirillum magnetotacticum 

WP_035042898.1_Caulobacter henricii 

WP_034906536.1_Erythrobacter litoralis 
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WP_034476386.1_Agrobacterium rhizogenes 

WP_029087941.1_Brevundimonas aveniformis 

WP_028879163_Terasakiella pusilla 

WP_028481094_Nesiotobacter exalbescens 

WP_027289079.1_Rhodovibrio salinarum 

WP_025898305.1_Sneathiella glossodoripedis 

WP_025048148.1_Sulfitobacter mediterraneus 

WP_023447480.1_Asticcacaulis benevestitus 

WP_022679779.1_Sandarakinorhabdus limnophila 

WP_020592224.1_Kiloniella laminariae 

WP_020399773.1_Kordiimonas gwangyangensis 

WP_016769841.1_Rickettsia sibirica 

WP_014362718.1_Rickettsia rickettsii 

WP_013961871.1_Roseobacter litoralis 

WP_013300833.1_Parvularcula bermudensis 

WP_012178180.1_Dinoroseobacter shibae 

WP_011511754.1_Nitrobacter hamburgensis 

WP_011388283.1_Rhodospirillum rubrum 

WP_011304925.1_Ehrlichia canis 

WP_011253215.1_Gluconobacter oxydans 

WP_011181041.1_Bartonella henselae 

WP_010667799.1_Acetobacter aceti 

WP_008850534.1_Gluconobacter morbifer 

WP_008616069.1_Magnetospirillum caucaseum 

WP_008070048.1_Novosphingobium nitrogenifigens 

WP_007254149.1_Oceanicola granulosus 

WP_004622056.1_Caulobacter vibrioides 

SLN69662.1_Oceanibacterium hippocampi 

SDD94010.1_Kordiimonas lacus 

PZR31394.1_Caulobacter segnis 

PZQ99575.1_Rhodobacter sphaeroides 

PZO77913.1_Mesorhizobium amorphae 
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PZO68350.1_Altererythrobacter marensis 

PZO65986.1_Paracoccus denitrificans 

PTM53524_Phreatobacter oligotrophus 

HAR52580.1_Roseovarius nubinhibens 

EYS89622.1_Bartonella bacilliformis San Pedro600-02 

CUW43955.1_Brucella vulpis 

CAE27073.1_Rhodopseudomonas palustris CGA009 

AFR26609.1_Bartonella quintana RM-11 

ACI99149.1_Rhodospirillum centenum SW 
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A.3 Overlap Extension PCR Cloning 

BASED ON BRYSKIN & MATSUMURA (2013), CHAPTER 4, SYNTHETIC BIOLOGY, METHODS IN 

MOLECULAR BIOLOGY, VOL. 1073 AND BRYSKIN & MATSUMURA (2010), OVERLAP 

EXTENSION PCR CLONING: A SIMPLE AND RELIABLE WAY TO CREATE RECOMBINANT 

PLASMIDS, BIOTECHNIQUES 48:463-465 
PROTOCOL BY ROSHNI KOLLIPARA 

Basic Methodology 

First, we amplify the insert using normal PCR. The primers we use to amplify the insert have 

tails that match your recipient plasmid. 

Next, we use this PCR product (the amplified insert) as megaprimers for a second PCR in which 

we amplify the recipient plasmid. 

The final product is the recipient plasmid containing the insert.  
Figure 1. From Bryskin 
& Matsumura 2013. 
(Step A) The insert is 
PCR amplified with the 
chimeric primers. The 
ends of final PCR 
product overlap regions 
of the vector. (Step B) 
Vector and insert are 
mixed, denatured, and 
annealed. The 
hybridized insert is then 
extended by Phusion® 
polymerase using the 
vector as a template 
until polymerase 
reaches the 50-end of 
the insert. After several 
PCR cycles, the new 
plasmid with two nicks 
(one on each strand) 
accumulates as a 
product. (Step C) The 
parental plasmid is 
destroyed by DpnI 
digest, and new plasmid 
is used to transform E. 
coli. 
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Designing Primers 

This method uses two primers, each one matches a section of the insert and a section of the 

recipient vector. Designing them in four parts is easiest – primers A and B will be on the insert, 

and primers C and D will be on the recipient plasmid. 

1. Design appropriate primers A and B to PCR amplify the insert (like normal). A will be 

forward and B will be reverse, aim for a Tm of 65°C. Note that the Tm of both A and B should 

be as close as possible. 

2. Select where you want your insert to be on your recipient plasmid. The two points of insertion 

should preferably be 50 to several hundred base pairs apart. The sequence between the two 

points of insertion will be lost. 

3. Then select 30–40 bp upstream of the left point of insertion on the top strand of the plasmid. 

Copy this sequence and estimate its Tm using an online tool. If the Tm is 65-68°C or higher, 

save the sequence as primer C. 

4. Next, select 30–40 bp downstream of the right point of insertion on the bottom strand of the 

plasmid. Copy the reverse sequence and analyze its Tm using an online tool (Oligo Analyzer); if 

the Tm is 65-68°C or higher, save the sequence as primer D. Note that the Tm of both C and D 

should be as close as possible. 

5. Attach the sequence of primer C to the 5’ end of primer A. Attach the sequence of primer D to 

the 5’ end of primer B. 

 

PCR Part A 

Set-up multiple (at least 10) PCR reactions per insert. These must be pooled in order to have 

enough material for Part B. 

 

Water    up to 20 uL* 

Forward primer (2uM) 3 uL 

Reverse primer (2uM)  3 uL 

DreamTaq Green 2X   10 uL 

Template    10 ng 

*the best yield occurred with 20 uL reaction volume, do not exceed 40 uL/reaction 
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98°C 30s 

98°C 7s 

60°C* 15s     35 cycles 

72°C 30s 

72°C 7 min 

*this method did not seem to be temperature sensitive over a 10°C range 

 

Run 2 uL of the PCR reaction on a 0.8% agarose gel. If a single product is confirmed with faint 

primer dimers, pool the reactions and clean with AmPure beads (elute ~50 uL). DreamTaq adds 

an A to the end of the PCR product so a digestion with T4 DNA Polymerase is necessary before 

proceeding to the next step. 

 

Water   up to 40 uL 

DNA   3 ug 

dNTPs (10mM) 10 uL 

NEBuffer 2.1  4 uL 

T4 DNA polymerase 1 uL 

 

12°C for 15 min, add EDTA to a final concentration of 10mM, 75°C for 20 min. 

Clean with AmPure beads, elute in 10 uL. 

 

PCR Part B 

Some optimization may be required regarding the amount of megaprimers and Phusion added as 

well as the PCR method itself. 

For an insert size of 0.9 kb and a recipient plasmid size of 7.3 kb, the following method worked. 

 

Water   up to 30 uL 

5X HF Buffer  6 uL 

dNTPs (10 mM) 0.6 uL 

DMSO   0.9 uL 

megaprimers  250 ng 
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template  3.25 ng 

Phusion  0.6 uL 

 

98°C 1 min 

98°C 7s   25 cycles 

60°C 20s                

72°C 1 min 20s 

72°C 7 min 

 

Add 1 uL DpnI to each reaction, incubate at 37°C for 1 hour. Transform 1 uL of the reaction into 

NEB5alpha competent cells. 

Screen and sequence many colonies. Efficiency of recombination is quite high however only 

some will not have mutations. 
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A.4 Phylogenetic tree 
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