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Abstract
Acinetobacter baylyi are highly competent Gram-negative bacteria that are easy to
culture in vitro, making them model organisms for studying natural transformation. Natural
transformation is a means of genetic exchange for bacteria that occurs by the uptake and
incorporation of extracellular DNA into a bacterium’s own genome to enhance fitness and
survival. It is hypothesized that hair-like appendages known as type IV pili (T4P) or homologous
structures make up the competence machine that facilitates natural transformation, and these
appendages are also associated with the bacterial form of movement known as twitching
motility. While studies have investigated the role of pilin proteins and general competence
proteins in the competence machine, little is known about how the cytoskeleton influences its
assembly and function. The cytoskeleton includes shape-determining proteins that specify cell
shape and maintain intracellular organization. These proteins might influence natural
transformation and twitching motility in A. baylyi because the assembly, extension, and
retraction of T4P requires localization of the necessary components, which is facilitated in part
by the cytoskeleton.
Specifically, I tested the importance of two shape genes, mreC and rodA, on
transformation and twitching motility by comparing knockout mutants to wild type A. baylyi
cells. The results indicate that RodA plays an important role in natural transformation and
twitching motility, as deletion of rodA decreased both processes. The mreC knockout did not
have a significant impact on transformation or twitching motility. The data suggests that
cellular organization facilitated by shape-determining proteins like RodA impacts the proper
assembly and function of the competence and locomotive machine.
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Introduction
Horizontal gene transfer
The multiplication of bacterial cells occurs primarily by binary fission. During binary
fission, a single cell divides into two genetically identical daughter cells, each of which continues
to grow and divide exponentially until nutrients become scarce or other inhibitory growth
signals are activated (Donachie, 2002). This vertical transmission of genetic material limits an
organism’s ability to adapt and survive, so bacteria utilize other mechanisms of genetic
exchange that occur independently of the gene complement passed down from parent to
offspring. These mechanisms, excluding mutation, are collectively referred to as horizontal or
lateral gene transfer, and nearly all bacteria have one of the three mechanisms of genetic
exchange. Horizontal gene transfer by way of conjugation, transduction, or transformation
confers an evolutionary advantage for bacteria, as it enables the exchange of antibiotic
resistance genes and virulence factors, ultimately enhancing durability (Davies, 2010).
Conjugation, as the most common form of horizontal gene transfer, occurs between
many species of bacteria. It involves the transfer of DNA from donor to recipient by direct cellto-cell contact. The other two mechanisms do not require cell contact. In transduction, the DNA
is transferred from donor to recipient via a virus or viral particle. This occurs by a bacteriophage
that adopts either a lysogenic or lytic cycle. In the former, the phage attaches to a surface
receptor on a bacterial cell and injects bacterial genes into the recipient to be integrated into
the genome. If the phage becomes lytic, the phage genome is excised from the chromosome
and the virus commandeers the host cell’s machinery to replicate its own viral DNA for
continued phage production. Bacterial DNA might be accidentally excised with the phage
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genome, thereby leading to transduction once another cell becomes infected. Lastly,
transformation occurs by the uptake and incorporation of free, extracellular DNA released from
a donor bacterium to a recipient that then expresses the acquired trait (McGee et al., 2001).
Together, these three processes create a gene library from which bacteria can acquire new
genes that promote their survival, while preserving the integrity of their own genome.

Natural transformation
In addition to enabling bacteria to adapt, natural transformation is thought to provide
nucleotides for DNA repair and act as a source of carbon and energy for microbial growth
(Finkel and Kolter, 2001). For natural transformation to occur, bacteria must adopt the
physiological state known as competence that enables a bacterium to actively transport
environmental DNA across its cell envelope into the cytoplasm. Only a small fraction of
bacterial species are naturally competent, including the genera Bacillus, Streptococcus,
Pseudomonas, and Acinetobacter, and not all bacteria in a single population will develop
competence (Thomas and Nielsen, 2005). However, competence can be artificially induced in
bacteria, such as Escherichia coli, by chemicals or electroporation that increase the permeability
of the cell membrane to genetic material, allowing environmental DNA to enter the bacterial
cell (McGee et al., 2001). Competence is usually transient or time-limited depending on
environmental conduciveness to growth, as determined by nutrient access, cell density, and
starvation. In general, competence is regulated by environmental and biochemical cues (Mell
and Redfield, 2011). Despite the temperamental quality of this state, the presence of natural
transformation across genera indicates that it is functionally and fundamentally important to
bacteria.
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In contrast to the other two mechanisms of horizontal gene transfer, natural
transformation does not rely on transferrable genetic elements. Rather, it is carried out by the
competence development program in the acceptor bacterium, which enables the bacterium to
take up and incorporate DNA from the environment into its chromosome (Seitz and Blokesch,
2013). Extracellular DNA is passively released into the environment from decomposing cells,
disrupted cells, or viral particles with the help of nucleases during self-induced cell lysis or in
response to contact with an immune system. Intact DNA can also be actively excreted from
living cells, though the reasons for this are not well understood (Thomas and Nielson, 2005).
While the initiating steps and duration of competence vary amongst different bacteria,
the general process is the same. Once competence has been induced by intracellular and
extracellular signaling pathways, the cell assembles the necessary machinery for recognizing,
binding, processing, and importing environmental DNA. First, DNA is transferred from the
surface of the cell where it is non-covalently bound, across the cell wall in Gram-positive
bacteria or across the outer membrane, periplasm, and inner membrane in Gram-negative
bacteria, and is delivered to the cytoplasm (Johnston et al., 2014; see Figure 1). This process
most commonly involves components of type IV pili (T4P), or homologous proteins, and type II
secretion systems (T2SS) at the cell envelope, coupled with DNA translocation complexes at the
plasma membrane (Chen and Dubnau, 2004).
DNA can be translocated as either a double strand or a single strand, which evidences
the flexibility of this initial step depending on the recipient bacterium and its preferred mode of
substrate recognition and transport (Krüger and Stingl, 2011). In the case of Acinetobacter
baylyi, DNA enters the periplasm as a double-stranded molecule, but only one strand is
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transported to the cytoplasm while the complement strand is degraded (Chen et al., 2005).
DNA uptake can be sequence-independent, or, in the case of Pasturellaceae and Neisseriaceae,
competent bacteria can select self-specific DNA, meaning they exhibit a preference for closely
related genomic DNA recognized by their DNA uptake machinery (Mell and Redfield, 2014).
The next step integrates the new DNA with the host genome by homologous
recombination. For this process to occur, the incoming DNA must contain sequences of high
similarity with the host genome that guide the integration of DNA fragments into the
chromosome (see Figure 1). Studies have shown that longer homologous regions greatly
increase the rate of DNA recombination, but similarity in sequences as short as 25 base pairs
can also initiate recombination, making natural transformation the form of horizontal gene
transfer with the greatest ability to transmit genes. In Acinetobacter baylyi and Streptococcus
pneumoniae, sequence similarities of 200 base pairs or longer can result in the integration of
heterologous DNA fragments of more than 1,000 base pairs, indicating that competent bacteria
can use genetic information from unrelated organisms (Thomas and Nielson, 2005). If the DNA
is successfully recombined with the host bacterial chromosome, then the last step is expression
of the newly acquired genetic material, which may result in enhanced fitness for the bacterium.

Acinetobacter baylyi
Acinetobacter baylyi is a highly competent Gram-negative bacterium, making it a model
organism for studying competence and natural transformation. In addition to being easy to
culture in vitro, A. baylyi take up DNA very quickly at a rate of 60 base pairs per second.
However, studies suggest that only 0.1% of internalized DNA fragments are successfully
integrated into the host genome in A. baylyi, compared to 25-50% of successfully recombined
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fragments in B. subtilis and S. pneumoniae (Palmen and Hellingwerf, 1997). This difference
might be explained by the extra barrier created by the outer membrane in Gram-negative
bacteria like A. baylyi. In Gram-negative bacteria, extracellular DNA must be translocated across
the outer membrane, cell wall, periplasm, and inner membrane before finally reaching the
cytoplasm, whereas DNA is transported across fewer membranes in Gram-positive bacteria like
B. subtilis and S. pneumoniae.
At only 3.6 Mb, A. baylyi has a relatively small genome that is susceptible to genetic
manipulation, as evidenced by the existence of a complete single-gene deletion library of A.
baylyi mutants. This library enables researchers to investigate the function of each gene by
comparing individual knockouts to wild type A. baylyi cells. In addition, the genome has been
entirely sequenced, and only 16% of the knockout mutants are not viable, which equates to 499
genes that are absolutely essential for cell survival on minimal media (de Berardinis et al.,
2008).
A. baylyi also express T4P, which suggests a mechanism for their competence, as studies
have shown a correlation between competent organisms and the presence of T4P (Stone and
Kwaik, 1999). T4P, in conjunction with secretin complexes and membrane proteins, might serve
as the “competence machine” that mediates the collection and import of exogenous DNA at
the expense of ATP. However, the details of pili-DNA interactions are poorly understood, and it
is hypothesized that a pseudopilus, similar in structure to T4P and assembled using the same
components, might facilitate DNA transport for transformation in a variety of naturally
competent bacteria including N. gonorrhoeae, Klebsiella oxytoca, and B. subtilis (Chen and
Dubnau, 2004).
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Type IV pili: Structure and function in competence and twitching motility
Type IV pili are long, flexible appendages found on the surface of a variety of Gramnegative bacteria that mediate cell-to-cell interactions, adhesion to surfaces, biofilm formation,
bacterial translocation, and phage transduction (Chen and Dubnau, 2004; Proft and Baker,
2009). Pili are used to overcome repelling forces that would prevent interactions between host
and bacterium due to negative charges. For this reason, T4P are important virulence factors
because they provide a mechanism for pathogenic bacteria to adhere to their host cells to
establish an infection (Proft and Baker, 2009). T4P may also function as the competence
machine in natural transformation, as many of the same proteins are required for both pilus
formation and DNA uptake.
The main component of T4P are type IV pilins, which are small proteins that assemble
non-covalently into the pilus filament. When fully assembled, the filament extends from the
cytoplasmic membrane, across the peptidoglycan layer of the cell wall and the periplasmic
space, and finally across the outer membrane to protrude from the cell through a channel
formed by a secretin protein (Chen and Dubnau, 2004). As part of the T2SS, secretins form
multimeric rings in the outer membrane that act as a portal to guide pili and other proteins in
and out of the cell (Averhoff, 2004). Studies with P. aeruginosa showed that T4P biogenesis
relies on at least 12 conserved proteins and requires ATP hydrolysis. These proteins include
PilA, the major pilin subunit; PilB, the ATPase that powers assembly; PilG, the inner membrane
protein that recruits the ATPase (also known as PilC); PilQ, the outer membrane secretin (also
known as ComQ); and PilT, the ATPase for depolymerization of the pilus filament during
retraction (Jarrell and McBride, 2008; Proft and Baker, 2009; see Figure 2). Homologous
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proteins are found in A. baylyi—the PilT homologs are PilT and PilU, the PilB homolog is also
called PilB, and ComQ exists in all Gram-negative bacteria that produce T4P (Averhoff and Graf,
2008; see Figure 3). It is thought that synthesis of a single pilus takes longer than the life cycle
of an entire bacterial generation and requires significant energy expenditure, yet T4P are the
most widespread class of pili, indicating that they serve a vital role in bacterial cells (Burrows,
2005; Proft and Baker, 2009).
Studies with N. gonorrhoeae demonstrated that the central cavity of T4P is too narrow,
at 1.2 nm, to carry DNA into the cell, and diminishing T4P expression did not significantly impact
natural transformation (Forest and Tainer, 1997; Long et al., 2003). This would mean that, in
this species of bacteria, another system is involved in the translocation of extracellular DNA for
transformation. It is hypothesized that a competence “pseudopilus,” similar in structure to T4P
and T2SS, serves this function. The conserved proteins across T4P, T2SS, and the pseudopilus
are the cytoplasmic ATPase of the AAA+ superfamily, a polytopic membrane protein, pre-pilin
peptidase, and several pilins or pilin-like proteins that assist in assembly of the pilus fibers
(Chen et al., 2005).
The overlap in proteins involved in pilus formation, DNA uptake, and transformation led
to the enticing assumption that T4P serve as the competence machine, but it is quite possible
that there is a distinct transformation complex, the pseudopilus, that interacts and competes
with the pilus assembly/disassembly system (Krüger et al., 2011). Involving expression of the
same genes necessary for T4P and T2SS, the pseudopilus might act as a piston to push DNA
substrate through the secretin channel, or as a placeholder occupying the secretin pore that
allows extracellular DNA to diffuse into the cell when it is disassembled or retracted (Chen et
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al., 2005; Krüger et al., 2011). In either case, secretins are the likely candidate for DNA entry to
the periplasmic space because their central cavity is large enough in diameter to accommodate
double-stranded DNA (Chen et al., 2005).
While the competence machine and the role of T4P in natural transformation,
particularly in A. baylyi, remains unclear, studies with P. aeruginosa have more definitively
implicated T4P in twitching motility, which is a jerky form of bacterial translocation across a
moist surface (Mattick, 2002). This movement occurs by the extension, attachment to a surface,
and retraction of T4P at a rate of 0.05-1 nanometers per second, and is most efficient when the
twitching cell is in close proximity to other cells (Jarrell and McBride, 2008). By enabling
movement, twitching motility is important for surface colonization that results in biofilm
formation, allowing bacteria to withstand hostile conditions like acidity, dehydration, and
exposure to antibiotics (Stoodley et al., 2004). Transformation and twitching are both made
possible by the ability of T4P (or a homologous structure) to retract, and both processes rely on
a similar set of proteins. For example, the ATPase PilT depolymerizes the pilus filament for
retraction during both DNA uptake and bacterial propulsion. Studies have shown that
mutations in pilT lead to concordant loss of both competence and twitching in N. gonorrhoeae,
which not only suggests that these processes are driven by the same molecular machinery, but
also that T4P play a role in both DNA uptake and translocation (Wolfgang et al., 1998).
Twitching motility usually involves cell-to-cell contact or occurs in cells within a certain
distance from each other based on the length of their T4P. Aggregated cells generally move
radially outward from the colony center and form a dynamic network of trails that individual
cells or smaller groups can traverse (Mattick, 2002). The movement is thought to occur by
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alternating the poles of the cell from which pili extrude, as evidenced by studies with M.
xanthus, P. aeruginosa, and N. gonorrhoeae. Pili extrusion is thought to be controlled by PilF,
which stimulates neighboring cells to twitch in a reflexive manner (Mattick, 2002). Once the
pilus is tethered to the surface by its tip, the pilin subunits are dismantled from the base,
generating forces that can overcome the friction between the cell and the surface so that the
cell can be pulled forward toward the pilus tip (Burrows, 2012). PilT and PilB work
antagonistically to disassemble and assemble the pilus filament, respectively (Mattick, 2002).
PilT also functions in pilin degradation, which is important for efficient twitching. Rapid
assembly of new pili is made possible by reusing PilA pilin subunits that are broken down when
retraction occurs, allowing the cells to avoid having to synthesize new monomers, which would
be contingent on a high rate of protein synthesis (Jarrell and McBride, 2008).
A study confirmed that A. baumannii, a closely related pathogenic cousin of A. baylyi,
produces functional T4P that are involved in both transformation and twitching, as T4Passociated phenotypes were restored when mutations in pilA, pilD, and pilT were
complemented (Harding et al., 2013). This suggests that expression of T4P in A. baylyi could
also be linked to both of these processes. In fact, twitching motility was first observed in A.
baylyi in 1975, though more recent studies have focused on P. aeruginosa as the model
organism for twitching (Henrichsen and Blom, 1975).) Despite the identification of genes
predicted to encode proteins involved in the formation of T4P, only the M2 strain of A.
baumannii has conclusively demonstrated T4P production. Other A. baumannii strains that
exhibit twitching and competence appear to lack surface expression of the PilA pilin subunit
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that makes up the T4P filament, or PilA is simply not associated with the pilin structures of the
cells (Weber et al., 2016). These findings contribute to the idea that another system is at work.

Shape Genes: Involvement in cell shape, transformation, and twitching
Organization plays an immense role in the physiological processes of bacterial cells. The
cell surface is tasked with transporting molecules into and out of the cell, sensing the
extracellular environment and interacting with other cells, and serving as a barrier to protect
the internal architecture of the cell (Weber et al., 2016). Spatial organization within bacterial
cells influences cellular processes like cell division, chromosome segregation, and motility,
specifically by localizing bacterial proteins to specific destinations (Cowles and Gitai, 2010). This
directed movement of proteins is facilitated by the cytoskeleton to ensure, for example, that
cell division proteins are localized to the division plane, polarity proteins to the cell poles, and
cell-shape-determining proteins to sites of cell growth. Protein localization and spatial
organization have also been deemed important to pathogenesis, in which secretion systems,
like T2SS, and polar motility structures that enable adhesion to host cells, like T4P, are localized
to the cell poles (Cowles and Gitai, 2010).
While cytoskeletal elements are likely involved in the temporal and spatial regulatory
systems of bacterial cells, the exact localization mechanisms are unknown. However, there is
experimental evidence for at least two different mechanisms for localizing specific proteins in
bacteria (Thanbichler and Shapiro, 2008). In the first, known as diffusion and capture,
synthesized proteins are inserted into the cytoplasmic membrane at random before becoming
localized to a specific site through interactions with an already localized membrane complex.
The other mechanism is called targeted membrane insertion, and in this case, proteins are
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directly delivered to precise locations by translocation systems (Thanbichler and Shapiro, 2008).
These translocation systems utilize the intricate architecture of the cytoskeleton to traverse the
cell and shuttle proteins.
MreB is an important cytoskeletal protein for rod-shaped bacteria that determines and
maintains the elongated cell shape. It is required to maintain the rod shape of B. subtilis, E. coli,
and Caulobacter crescentus, and is thought to do so by exerting physical force that prevents
expansions in width (Figge et al., 2004; Cabeen and Wagner, 2010). MreB proteins assemble
into actin-like helical structures that extend along the length of the cell to specify the shape for
proteins involved in cell wall synthesis and to serve as a scaffold for protein transport
(Thanbichler and Shapiro, 2008; Cowles and Gitai, 2010). MreB has also been found to direct
the polar assembly of T4P in P. aeruginosa, another Gram-negative bacterium, by initiating and
maintaining the localization of PilT, the pilus retraction ATPase. Inactivation of MreB not only
results in mislocalization of PilT, but also in mislocalization of pili expression and a subsequent
reduction in motility (Cowles and Gitai, 2010). By tagging PilT with GFP, scientists established
that PilT functions at the base of the pilus in the cytoplasmic membrane and localizes at cell
poles in the presence of MreB. Without proper localization of PilT by MreB, pili assembly occurs
but function is disabled, suggesting that T4P function depends on the correct assembly site
dictated by the cytoskeleton. They also found this role of MreB to be distinct from its role in
maintaining cell shape, as the cells remained rod-shaped when pilus localization was disrupted
(Cowles and Gitai, 2010). This finding definitively links a specific element of the cytoskeleton to
mechanisms of polar localization and pilus assembly, and suggests a cytoskeleton-based
mechanism for T4P function in P. aeruginosa.
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Localization is likely an important component of virulence that bacteria such as N.
gonorrhoeae have coopted to infect target cells, because localization ensures that the right
components are present at the right time and place for cellular processes to occur (Cowles and
Gitai, 2010). For MreB, the cage it forms within the cytoplasm is dependent on the presence of
other proteins that couple the MreB cables to the cell membrane. MreB does not have
hydrophobic residues that would enable the cables to insert into the membrane without
assistance, so it relies on interactions with MreC, MreD, and RodA, three other proteins
encoded by shape genes, that associate in a complex with MreB to maintain cell shape
(Errington, 2003). The murein genes mreB, mreC, and mreD are cotranscribed and then
localized to position peptidoglycan synthesis machinery such as penicillin-binding proteins
(PBPs). PBPs are transpeptidases that crosslink glycan strands to form the rigid layer that
dictates cell shape (van den Ent et al., 2006).
MreC is thought to serve as a bridge to convey spatial information from MreB to shapedetermining proteins like MreD and RodA (Divakaruni et al., 2007). In C. crescentus, MreB
directs the localization of RodA and PBP2, while MreC works to maintain the position of PBP2
along the length of the cell based on directions from MreB, but without any direct contact
(Osborn and Rothfield, 2007; Thanbichler and Shapiro, 2008). However, in E. coli, MreC
interacts directly with MreB and appears to be essential to its helical assembly (Thanbichler and
Shapiro, 2008). RodA is a multiple transmembrane protein homologous to FtsW that is thought
to recruit PBP2 to lateral wall and/or midcell, and recruit and transport peptidoglycan
precursors to sites of cell wall synthesis (Osborn and Rothfield, 2007; van den Ent et al., 2006).
In B. subtilis, RodA is essential to extending and maintaining the lateral walls of the cell, and is
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subsequently essential to maintaining cell viability. Without the rod shape, the cells can’t
construct the division septum that forms between the daughter cells right before separation
(Henriques et al., 1998). These interactions indicate several ways in which the bacterial
cytoskeleton communicates with shape-determining proteins to orchestrate the localization
and spatial coordination of cell wall synthesis elements.

Research Question
T4P or homologous structures are the likely link between transformation and twitching
motility in Acinetobacter baylyi, serving as both a competence and locomotive machine. It has
been determined that the pilin genes and general competence genes comM, pilF, pilC, pilU, pilT,
comA, comP, pilV, fimT, and comC are necessary for natural transformation in A. baylyi (Leong,
2016). However, little is known about how cellular organization determined by shape genes
might contribute to the proper assembly and function of the competence machine, and
subsequently, how shape genes affect transformation and twitching motility. Shape genes
might be relevant because the use of pili for these processes involves organization and
coordination of the cytoskeleton, which is in part facilitated by genes that determine and
maintain cell shape and intracellular organization. Specifically, I was studying mreC and rodA,
which are two shape genes that are involved in the determination of rod-shaped bacterial cells.
Mutations in either gene in A. baylyi result in a loss of rod shape and eventual cell lysis, likely
due to insufficient peptidoglycan synthesis in the cylindrical part of the cell (de Berardinis et al.,
2008; van den Ent et al., 2006; see Figure 4).
This question came about because, as previously mentioned, the closely related shape
gene mreB was found to direct the polar assembly and localization of T4P in P. aeruginosa, with
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mutations resulting in a loss of pili function and reduced twitching motility. Other evidence for
a connection between shape genes and bacterial appendages like T4P involved in
transformation and twitching come from C. crescentus and Myxococcus xanthus. In C.
crescentus, the extension and retraction of a polar stalk—a thin, pilus-like continuation of the
cell envelope that is used to find nutrients—involves MreB, similarly to the way that MreB
localizes PilT for retraction of T4P in P. aeruginosa (Cabeen and Jacobs-Wagner, 2010). M.
xanthus requires MreB for adventurous and social motility; the latter is the category pertinent
to twitching motility. In this species, inhibition of MreB disrupts the localization of proteins
necessary for motility, thereby preventing movement (Cabeen and Jacobs-Wagner, 2010).
The involvement of shape genes in comparable processes in other bacteria suggests that
shape genes similar to and including mreB, such as mreC and rodA, might be relevant to
transformation and twitching motility in A. baylyi. To examine the role of these genes in A.
baylyi, I measured and compared transformation efficiencies and twitching motility of wild type
A. baylyi cells to mreC and rodA mutants. Ultimately, I tested whether these shape-determining
proteins are important, and thus if cellular organization influences natural transformation and
twitching motility. I selected these particular genes based on their association with the helical
MreB cables in the cytoskeleton of several bacterial genera, though mreB would have been an
equally valid choice. Mutations in mreB can be fatal for some bacteria, but that is not the case
for A. baylyi. Ultimately, I found that rodA is important for natural transformation and twitching
motility in A. baylyi, whereas mreC is not. Additionally, the rodA knockout had a greater
detrimental impact on transformation than it did on twitching motility. This data indicates that
the shape-determining protein RodA is an important mediator of natural transformation and
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twitching motility in A. baylyi. This finding suggests that cellular organization is likely a key
component of these processes. Since it is hypothesized that transformation and twitching are
carried out by T4P or T4P-like structures, rodA and other shape genes might participate in the
assembly and function of the pilin structures by recruiting and directing localization of other
proteins or by maintaining the necessary cytoskeletal organization.

Materials and Methods
Bacteria and media
A. baylyi strain CCL2056 (BD413) was used as the wild type, and rodA::kan-tdk
(ACIAD2263) and mreC::kan-tdk (ACIAD826) strains were the mutants. These tdk-kan knockout
mutants were obtained from de Berardinis’ lab at Genoscope, which is part of the French
Alternative Energies and Atomic Energy Commission. Wild type A. baylyi cells were streaked on
minimal Davis-succinate media made using 11.6 g of minimal Davis broth in 990 mL of distilled
water, 18 g of BD Bacto Agar, and 10 mL of 1 M succinate. Luria Bertani (LB) broth was made
with 10 g of tryptone, 10 g of NaCl, and 5 g of yeast extract dissolved in 1 L of water. Kanamycin
and streptomycin antibiotic stocks at 10 µg/mL were added to the LB broth to bring
concentrations to 25 µg/mL and 20 µg/mL, respectively. To make LB plates, 7.5 g of BD Bacto
Agar were added per 500 mL of LB broth, with the exception of soft agar LB plates to which 2.5
g of BD Bacto Agar were added per 500 mL of LB broth. Dilution series were plated on plain LB
and LB-str20 plates.
Measuring competence
Wild type and mutant A. baylyi streak plates were made from freezer stock on minimal
Davis-succinate agar and incubated overnight at 30C. Overnight cultures of these cells were
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grown in triplicate using single colonies to inoculate 2 mL of plain LB broth for the wild type and
2 mL of LB-kan25 broth for the mutants. These tubes were incubated overnight at 37C with
slanted aeration.
To test the competence of the mutants against the wild type, 50 µL of each overnight
culture were placed in microfuge tubes with 15 µL of CCL1011 DNA, a spontaneous
streptomycin-resistant isolate. A pipet was used to mix and transfer 50 µL from the microfuge
tube to the center of a small plain LB plate, forming a puddle. These puddle plates were placed
in a 37C incubator with the lids off to aid in absorption, and then inverted and incubated
overnight at 37C.
To find the cells that were transformed by the streptomycin marker, the puddles were
scraped into 750 µL of sterile saline using a plastic loop and vortexed, making a scrapeate. Tenfold dilution series were performed for each puddle in a 96-well plate using 90 µL of LB salts (10
g/L NaCl) in 8 wells. 10 µL of scrapeate were added to well 1 and mixed. Then after exchanging
pipet tips, 10 µL were pipetted from well 1 to well 2. This continued from well to well up to the
108 dilution. Then 2 spots of 10 µL each from every puddle were pizza plated onto plain LB and
LB-str20 plates in the appropriate dilution wedge. 103-108 dilutions were used for all plain LB
plates, 102-107 dilutions for wild type cells on LB-str20, and 100-105 for mutant cells on LB-str20.
The plates were placed in the 37C incubator with the lids off to allow the spots to soak in, then
inverted and incubated overnight at 37C. The plain LB plates were used to determine total cells
per mL in the scrapeate, while the LB-str20 plates were used to determine transformed cells per
mL. Both values were calculated by taking the average of the two spots on the dilution wedge
with the highest number of countable colonies and dividing by 10 uL, and then multiplying by
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the dilution factor and by 1,000 µL/1 mL. The transformation efficiency was calculated by
dividing the transformed cells per mL by the total cells per mL for each sample.

Measuring twitching motility
A. baylyi mutant and wild type cells were streaked on minimal Davis-succinate agar and
incubated overnight at 37C. Overnight cultures of single colonies were grown in 2 mL of LBkan25 for the mutants and 2 mL of plain LB for the wild type, and incubated overnight at 37C
with slanted aeration. Soft agar plates were labeled with six wedges, and 5 uL spots of each
overnight culture were plated in the center of two wedges for each sample. The plates were
placed in the 37C incubator with the lids off to allow the drops to soak in. Once dry, the plates
were wrapped in parafilm and incubated at 37C with humidity for 2-8 hours, depending on
when the largest twitching zones reached 1 cm in diameter. Then two diameter measurements
were taken at right angles for every twitching zone.

Results
Natural Transformation
To test the ability of the rodA and mreC mutants to transform, DNA conferring strep
resistance (strR) was added to overnight cultures in LB-kan25 broth, and then each culture was
puddle-plated on a plain LB plate for transformation. This was done in parallel with wild type A.
baylyi cultures in plain LB broth. After overnight incubation, the puddle cells were scraped into
sterile saline and a ten-fold dilution was performed, which was then plated on plain LB to
determine total cells/mL and on LB-str20 to determine transformed cells/mL. The transformed
cells were only those that had incorporated the extracellular strR DNA and were thus able to
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grow on media containing streptomycin. This proportion of total cells to transformed cells is
known as transformation efficiency, or the measure of how effectively bacterial cells can
collect, import, and incorporate environmental DNA into their genome based on their
competency.
Both the rodA and mreC knockout mutants, in which the coding sequences of each gene
were replaced with a kanamycin-resistance gene, exhibited reduced transformation efficiency
compared to wild type A. baylyi cells. Taking the average across two trials, each with three
replicates per genotype, the rodA knockouts exhibited 10,000X reduced transformation
efficiency compared to wild type (see Figure 5). While mreC remained within the same order of
magnitude as wild type, at 1.35x10-4 and 1.81x10-4 respectively, the rodA transformation
efficiency was 4 orders of magnitude lower, at 3.82x10-8. On a log scale, mreC and wild type
cells have a log transformation efficiency of -4.17 and -4.00, respectively, compared to the log
transformation efficiency of rodA at -7.48 (see Figure 6). Since transformation efficiency is a
proportion of transformed cells to total cells, 0 on the log scale corresponds to a ratio of 1 in
which all the cells are transformed. In this case, 1 in every 10,000 wild type and mreC mutant A.
baylyi cells was transformed, and 1 in every 100,000,000 rodA cells was transformed. This can
also be visualized by the plates used for one set of the transformation efficiency calculations, in
which only two rodA colonies grew from undiluted sample plated on LB-str20 (see Figure 7).
These results suggest that rodA is important for natural transformation in A. baylyi, but
mreC is not. The transformation efficiency of the cells decreases significantly in the absence of
rodA, whereas the transformation efficiency of cells lacking mreC is nearly equivalent to that of
wild type cells. Since natural transformation is hypothesized to occur via T4P or T4P-like
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structures, this data is consistent with the hypothesis that RodA proteins might be involved in
the proper assembly or function of the T4P competence machine in A. baylyi.

Twitching motility
To assess twitching motility of rodA and mreC mutant cells, overnight cultures of mutant
cells in LB-kan25 and wild type cells in plain LB were plated on soft agar. The plates were then
incubated until the largest twitching zone reached about 1 cm in diameter. Diameter
measurements were taken of the twitching zones of all plated samples. Twitching zones are the
product of twitching motility that occurs as motile bacterial cells move radially outwards from a
center point using T4P that extend, adhere, and then retract to pull the cell in any given
direction. We would expect to see reduced twitching motility in mutant cells if the protein
products of rodA and mreC are important to this process.
Wild type cells consistently twitched the fastest, achieving approximately 1 cm diameter
twitching zones before either of the mutants. However, the difference between the average
mreC and wild type twitching zones was marginal, with wild type diameters averaging at 1.18
cm and mreC diameters averaging at 1.11 cm (see Figure 8). The rodA mutants exhibited a
roughly 25% decrease in twitching motility compared to wild type cells, as the average
twitching zone only reached 0.79 cm in diameter, compared to 1.18 cm average measurements
taken for wild type. Across all three plates used for twitching motility trials, each with two
samples per cell type, the rodA twitching zones were visually the smallest (see Figure 9). These
results suggest that rodA is important for A. baylyi cells to achieve maximal twitching motility.
Similar to the data on natural transformation, the mreC knockout does not appear to affect
twitching motility. While deletion of rodA diminished both transformation and twitching
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capabilities, the impact of the gene knockout is more severe for transformation than it is for
twitching motility. Again, this data indicates that RodA plays a role in the proper assembly
and/or function of T4P that enable twitching motility, because this ability to move is decreased
in cells that lack rodA.

Discussion
The results of this experiment suggest that the rodA gene and its protein product play
an important role in natural transformation and in achieving optimal twitching motility in A.
baylyi. In contrast, and somewhat surprisingly, the protein encoded by mreC does not appear to
be vital to either of these processes in A. baylyi. Furthermore, if natural transformation and
twitching motility are carried out by T4P or T4P-like structures, these results also suggest that
cellular organization, influenced by shape-determining proteins like RodA, influences the
proper assembly and function of the competence machine and the structures necessary for
DNA uptake and translocation. It is likely that there is a physiological connection between
natural transformation and twitching motility in A. baylyi because we see a reduction in both
processes in rodA mutants. Since we know twitching is facilitated by T4P in A. baylyi, these
results further implicate T4P as the structures responsible for DNA uptake and import into the
cell, in addition to twitching motility.
The results indicate that the activity of RodA is more essential to A. baylyi function than
MreC. RodA serves as a primary recruiter of penicillin-binding proteins that assemble the
peptidoglycan layer of the cell wall that defines the shape of the cell. Research has not yet
defined the role of RodA directly in transformation, but as a recruiter, it is possible that RodA
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acts as a scaffold to localize other proteins that assemble into the competence machine.
Another possibility is that RodA participates in the extension and retraction of T4P, which
involves coordination with the cytoskeleton. Additionally, studies have shown that cellular
concentrations of RodA might control the extent of elongation of rod-shaped cells (Henriques
et al., 1998). Perhaps there is a length threshold determined by RodA concentrations that also
influences the efficiency of transformation and twitching motility. Theoretically, a longer cell
might be able to accommodate more T4P, which might create more opportunity for DNA
uptake and generate more mechanical force for bacterial translocation. This research simply
established that RodA is involved in natural transformation and twitching motility, but further
studies would need to be done to elucidate its exact role in these processes.
It is tempting to assume that MreC is indispensable to A. baylyi cells based on its
interactions with MreB, but the results from this study suggest otherwise. It is possible that
MreB is the key cytoskeletal protein in A. baylyi, while MreC merely assists in maintaining the
structural organization dictated by MreB. Both MreB and MreC contain highly conserved
residues across bacterial genera, but in E. coli and B. subtilis, the conserved residues that form
the dipeptide of MreC are considered inessential for cell viability and maintenance of cell
shape, as the residues are not part of the active site of the protein and changing the residues
did not disrupt cell shape or viability (van den Ent et al., 2006). In contrast, MreB is required to
maintain rod shape in these bacteria as well as in C. crescentus (Figge et al., 2004). Additionally,
in B. subtilis, MreC and MreD have been deemed secondary in importance to MreB because
chromosome segregation will not occur in its absence, even if synthesis of MreC and MreD is
ongoing (Graumann, 2007).
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Since very few studies have looked at the role of MreB in A. baylyi and its interactions
with other proteins, it is entirely possible that a protein other than MreC couples the helical
MreB cables to the cell wall in A. baylyi. This would explain why knocking out mreC had little to
no effect on the activities of the cells because the intracellular organization and shape were
maintained by another protein. It is also possible that MreC is strictly a shape-determining
protein that is not involved in the assembly and function of the competence machine, such that
only cell shape is disrupted when mreC is not expressed. Another possible explanation pertains
to the surface on which the mutant cells are grown. Studies with P. aeruginosa have shown that
MreB mediates both the initiation and preservation of PilT localization only when cells are
grown in suspension. When cells are grown on a surface, MreB is only involved in the initiation
of PilT localization (Cowles and Gitai, 2010). Since the experiments done for this thesis only
involved growing cells on agar, it is possible that MreC might be more relevant to the
transformation and twitching motility of A. baylyi cells grown in suspension.
The implication of the rodA data is that there is an interdependency between cell shape,
intracellular organization, and the assembly and function of T4P as both the competence
machine and the twitching apparatus. This relationship might be facilitated by cytoskeletal
proteins and shape-determining proteins like RodA that assist in the spatial coordination and
localization of key proteins to promote natural transformation and twitching motility in A.
baylyi. Future studies should aim to more precisely determine the role of RodA in these
processes, as well as its interactions with MreB, MreC, and MreD in wild type A. baylyi cells. For
example, GFP fusions with these proteins could be used to observe where localization occurs in
rodA mutants compared to wild type. It would also be useful to assess the impacts of an mreB
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knockout on natural transformation and twitching motility, as that might solidify hypotheses
concerning the role of MreC and further illuminate the relationship we see here between
cellular organization and competence.
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Figures
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translocation

Homologous
recombination

Figure 1. Natural transformation in Gram-positive and Gram-negative bacteria.
This figure is a modified version of Johnston et al.’s (2014) overview of the key steps of
natural transformation in Gram-positive and Gram-negative bacteria. The DNA uptake
machinery is depicted as a pilus, such as T4P, which is composed of PilA subunits in Gramnegative bacteria. The transformation pilus captures DNA as a double-stranded molecule
(dsDNA) at the cell surface and guides it through the type II secretin pore (PilQ) as it is
retracted. In Gram-negative bacteria, the DNA must cross the outer membrane, peptidoglycan
layer (PG) and periplasmic space, and the inner membrane before reaching the cytosol. In
Gram-positive bacteria, the DNA passes through just the peptidoglycan layer and cell
membrane before reaching the cytoplasm. Only one strand of exogenous DNA is translocated
into the cytoplasm, while the complement strand is degraded. The internalized single-stranded
DNA (ssDNA) then undergoes homologous recombination with the host chromosome at
sequences of high similarity to displace the original strand and become incorporated into the
host genome.
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Figure 2. Structure of type IV pili and several conserved proteins.
Burdman et al. (2011) modeled this simplified structure of T4P in P. aeruginosa based
off the structure proposed by Chen and Dubnau (2004). The pilus filament is composed of
PilA subunits, which are cleaved by PilD and then assembled into T4P by the cytoplasmic
membrane protein PilC. The extended T4P protrudes through the outer membrane via
PilQ, the outer membrane secretin. PilB and PilT are ATPases that hydrolyze ATP into ADP
to mediate pilus extension and retraction through the assembly and disassembly of the
filament.
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Figure 6. Log10 scale of average transformation efficiency.
Average transformation efficiencies from Figure 5 were converted into log10 values to
compare the proportions of transformed cells. Wild type and mreC efficiencies are at roughly -4
on the y axis, indicating that 1 in every 10,000 cells was transformed, whereas the rodA
transformation efficiency is at -7.5 on the y axis, indicating that 1 in every 100,000,000 cells was
transformed. Error bars denote standard deviation. Each data point contains 6 individual
measurements of natural transformation.
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Figure 8. Average twitching motility of wild type and mutant A. baylyi cells.
Two diameter measurements were taken at right angles to each other when the largest
twitching zone reached approximately 1 cm in diameter. The average was calculated from triplicate
samples of each cell type. Error bars denote standard deviation. Wild type cells reached
approximately 1 cm in diameter first, at 1.18 cm in just under four hours of incubation. There was
only a marginal difference between wild type and mreC mutant cells at 1.11 cm. The rodA cells
exhibited decreased twitching motility, reaching 0.79 cm in diameter over the same time period of
incubation.
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