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Abstract

Unipolar growth within the alphaproteobacterial family Rhizobiaceae is believed to be
coordinated by a largely unknown suite of proteins distinct from those required for dispersed
cell elongation (a growth mechanism widely observed amongst other Gram-negative rods).
Recent studies within Agrobacterium and Sinorhizobium have identified several growth-
associated polar proteins, yet the mechanisms underpinning unipolar growth within other
Rhizobiaceae genera remain poorly understood. In this thesis, Rhizobium leguminosarum
homologs of the chromosome partitioning ATPase ParAl and pole-organising protein PopZ, and
a novel Rhizobium cytoskeletal element (Rcy), were identified as candidate growth-associated
polar proteins. Their involvement during unipolar growth was then investigated by studying the
impact of their deletion and overexpression on cell growth and morphology, and by observing

the localisation of ParAl-, PopZ-, and Rcy-EGFP fusion proteins.

The findings of this work support the classification of PopZ as a polarity protein, proposed here
to possibly localise to the R. leguminosarum growth pole. Both PopZ and ParA1l help to maintain
rod morphology in R. legquminosarum, possibly by facilitating spatial coordination of cell growth
and division. Overexpression of PopZ was associated with minicell formation, while ParAl
overexpression was correlated with asymmetric cell division and occasional cellular branching.
Within this thesis, the candidate cytoskeletal element Rcy was characterised as a unipolar-
localised protein, hypothesised to determine the site of cell growth at the growth pole.
Overexpression of Rcy within R. leguminosarum resulted in the formation of enlarged spherical
and irregularly shaped cells containing multiple Rcy foci around the perimeter of the cell.
Furthermore, difficulties recovering rcy knockout mutants suggest that this protein may be
essential for cell viability. Overall, this work highlights the involvement of ParAl, PopZ and Rcy
in the coordination of Rhizobium growth and division, shedding light on the proteins which may

regulate unipolar growth and the maintenance of rod morphology within the Rhizobiaceae.
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Ultra-violet

Wildtype
5-bromo-4-chloro-3-indolyl-B-D-galactoside
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Chapter One — Introduction

1.1 Rhizobia, Rhizobium and the Rhizobiaceae

The Rhizobiaceae is an important and diverse family of Gram-negative bacteria within the
Alphaproteobacteria order Hyphomicrobiales (formerly Rhizobiales). Members of this family are
typically aerobes, rod-shaped in morphology, non-spore forming, and often exhibit flagella-
driven motility (1, 2). Historically, the Rhizobiaceae was generally considered to be made up of
five ‘main’ genera (Rhizobium, Ensifer (Sinorhizobium), Agrobacterium, Shinella, and
Carbophilus), which can be divided into two major superclades grouping Rhizobium and
Agrobacterium into one superclade, and Shinella and Ensifer within another (2, 3). However, like
many bacterial families, the taxonomic classification of species within this family is poor. Up-to-
date phylogenetic analysis suggests that the Rhizobiaceae is actually formed of 19 distinct and
accepted genera, with several additional novel genera and genospecies having been proposed
in recent years (4—7). The notable scientific interest and agricultural importance of this family
stems from the fact that many species that lie within it are able to modulate plant growth. Not
only does this family possess plant pathogens such as Agrobacterium tumefaciens, Rhizobium
rhizogenes (formerly Agrobacterium rhizogenes) and Agrobacterium rubi (the causal agents of
crown gall, hairy root and cane gall diseases respectively) (8), but many other members of the
Rhizobiaceae instead form mutualistic endosymbiotic interactions with leguminous plants
(Fabales) within which fixed nitrogen (predominantly in the form of ammonia) is supplied to the

host plant in exchange for carbon sources (primarily malate) (9, 10).

This group of nitrogen-fixing (diazotrophic) facultative endosymbionts are collectively referred
to as rhizobia. Within the Rhizobiaceae, rhizobia can be found within several genera including
Rhizobium, Ensifer (Sinorhizobium), and Shinella (2). Of particular interest within this thesis is
the Rhizobium species complex Rhizobium leguminosarum. In 1888, Martinus Beijerinck isolated
and cultured the first known ‘rhizobia’ from a root nodule, which he named Bacillus radicicola
(11). This species was later renamed Rhizobium leguminosarum (12). Since then, a great number
of strains have been categorised as Rhizobium leguminosarum species, and it is now believed
that this species complex contains at least 18 distinct genospecies, as well as a number of
outlying species (7, 13). Although the Rhizobiaceae will remain the focus of this thesis, it is
important to mention that rhizobial species are also found within a number of other genera

beyond the Rhizobiaceae, including Azorhizobium (Xanthobacteraceae), Bradyrhizobium
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(Nitrobacteraceae) and Mesorhizobium (Phyllobacteriaceae) (Figure 1.1) (14, 15). Furthermore,
symbiotic nitrogen fixation (SNF) is not solely restricted to the rhizobia, with members of the
Actinobacteria genus Frankia capable of forming symbiotic relationships with actinorhizal plants

(16).
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Figure 1.1. Phylogenetic tree of rhizobial and non-rhizobial Proteobacteria
(Pseudomonadota). The 16S ribosomal RNA gene sequences of various Alpha(a)-, Beta(B)- and
Gamma(y)-proteobacteria species were used to generated this unrooted phylogenetic tree,
published by Masson-Boivin et al. (2009) (15). In this tree, genera in bold are those which are
known to contain rhizobial species (i.e. nitrogen-fixing species which form nodules within
legumes).

1.1.1 The rhizobium-legume symbioses

The endosymbiotic relationship between rhizobia and legumes, referred to as the rhizobium-
legume symbiosis (not to be confused with the genus Rhizobium), is of great economic and
environmental importance. It is estimated that rhizobium-legume symbiosis is responsible for
the input of somewhere in the region of 20-80 million tonnes of fixed nitrogen into global
agricultural systems annually (17, 18). However, global agriculture still remains dependent on
the application of synthetic nitrogenous fertilisers, with over 90 million tonnes used each year
(19, 20). To fix the vast quantities of nitrogen required for the manufacture of fertilisers, an

industrial process called the Haber-Bosch process is used to convert gaseous nitrogen (N,) into
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ammonia via a reaction with hydrogen under high temperature and pressure (21). This reaction
is incredibly energy-intensive, accounting for more than 1% of the world’s total energy
consumption (22), and relies heavily on natural gas (methane) as a source of both energy and
hydrogen, consuming between 3 to 5% of global natural gas supplies (23). Not only does the
manufacture, transport and application of synthetic nitrogenous fertilisers emit the greenhouse
gas (GHG) carbon dioxide (CO;), but the metabolism of nitrogenous compounds within these
fertilisers by soil microorganisms results in the production of nitrous oxide (N.O), a GHG
approximately 300x more potent than CO; (24-27). Alongside GHG emissions, excessive
application of nitrogenous fertilisers can pose further environmental risks. The introduction of
ammonia- and nitrate-rich agricultural runoff (formed by leaching of these nutrients from the
soil following heavy rainfall) into waterways can lead to aquatic pollution, eutrophication, and
the eventual loss of aquatic biodiversity (25, 26, 28, 29). Enhancing biological nitrogen fixation
through rhizobium-legume symbioses can therefore help to improve agricultural sustainability

by reducing the requirement for synthetic fertiliser application.

Our current understanding of the mechanisms controlling the establishment and maintenance
of rhizobium-legume symbioses has been extensively reviewed (see (30-33) for notable
examples). The initiation of these important endosymbiotic relationships is coordinated via
molecular signalling between the host plant and the bacterial symbiont. Under nitrogen-
deficient conditions, leguminous plants begin this two-way communication by secreting
signalling molecules (predominantly flavonoids) into the soil (34, 35). These molecules, which
act as chemoattractants, are detected by rhizobia within the surrounding rhizosphere and
trigger the migration and subsequent attachment of these bacteria to the root surface (36-38).
In turn, the detection of flavonoids by rhizobial cells induces expression of the rhizobial nod gene
cluster, resulting in the production and secretion of nodulation (Nod) factors (lipo-
chitooligosaccharide molecules) which are subsequently detected by the host plant (39—43).
Following Nod factor perception, cytoskeletal rearrangements (e.g. actin rearrangement and
microtubule array formation) and cell wall remodelling within the tip of root hair cells results in
the formation of 180° to 360° root hair curls within which rhizobia (typically a single cell) become
entrapped (44-49). Proliferation of the entrapped rhizobial cell gives rise to a microcolony
within the curl, referred to as an infection chamber or pocket, and subsequent invagination of
the plant cell wall surrounding the infection chamber generates a tubular plant-derived
structure called an infection thread (IT) (Figure 1.2) (31, 50). Ahead of the IT is an unpopulated

region referred to as a pre-infection thread. These structures, formed of cytoplasmic ‘bridges’
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surrounded by longitudinal arrays of microtubules, connect one end of the plant cell to the other
and serve as a template for the formation of infection threads (47,51, 52). During IT progression,
the pre-infection thread is populated by a roughly single-file thread of free-living rhizobia,
originating from a restricted division zone behind the growing IT tip (14, 52, 53). It is worth
noting that while growing ITs typically exhibit a single-file rhizobial thread, mature ITs can

contain multiple files of rhizobia (52, 54).

In order for the infection thread to pass from one cell to the next, plant cell wall modification at
the site of the growing IT tip is required. This process is proposed to have two stages: local cell
wall modification by Nod factor-induced plant enzymes; and cell wall degradation by secreted
rhizobial enzymes (50, 55-59). Transcellular progression of the IT from the root epidermis into
the root tissue (and subsequent proliferation of free-living rhizobia within this structure) directs
the rhizobial cells from the root hair surface down into the cortex where the root nodule is
ultimately formed (Figure 1.2) (47, 52). Although infection threads are plant-derived structures,
rhizobia play a vital role during both IT formation and progression, primarily via the ongoing

synthesis of Nod factors (31, 43, 60).
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Figure 1.2. Infection thread formation and progression during the establishment of
rhizobium-legume symbiosis. The process of rhizobial infection during the establishment of
rhizobium-legume symbioses is well-reviewed (31-33, 52, 53). First, the secretion of plant
signalling molecules (flavonoids) into the surrounding rhizosphere triggers the migration and
attachment of nearby rhizobia to the root surface. In turn, rhizobia produce and secrete
nodulation (Nod) factors, which are detected by the host plant. The detection of Nod factors
triggers the formation of root hair curls, within which a rhizobial cell becomes entrapped and
proliferates. Invagination of the plant cell membrane surrounding this infection pocket gives
rise to a plant-derived tubular infection thread, which is subsequently populated by a single-
file stream of free-living rhizobia (purple). A pre-infection thread within the root cells guides
the direction of the growing infection thread from the root epidermis down into the cortex.
Cell divisions (dashed lines) within the inner cortex and pericycle (initiated early in the
infection process following Nod factor perception) give rise to the nodule primordium from
which the nodule is derived. Figure published by Oldroyd et al., 2010 (31).

1.1.2 Nodule organogenesis and bacteroid differentiation

To successfully achieve nodulation, careful coordination of bacterial infection and nodule
formation is required. In parallel with triggering morphological changes within root hair cells (i.e.
curl formation), the initial perception of Nod factors early on in the rhizobium-legume signalling
exchange also initiates the division of cells within the root cortex and pericycle, giving rise to
nodule primordium (39, 61, 62). Once the infection thread reaches these nodule primordium

cells, specialised outgrowths of the IT which lack plant cell wall are formed, termed infection
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droplets (46, 60, 63). As observed during root hair curling and infection thread progression, the
formation of infection droplets is also associated with dynamic cytoskeletal arrangements within
the plant cell (64). Rhizobia are then released from infection droplets into the surrounding
nodule primordium, but remain separated from the cytoplasm by a plant-derived membrane
(60, 65, 66). Within these membrane-bound structures, referred to as symbiosomes, rhizobia
differentiate into highly specialised nitrogen-fixing bacteroids, undergoing substantial

physiological and in some cases morphological changes (66, 67).

Leguminous plants form one of two types of root nodules, categorised based on the
presence/absence of an active meristem that continually gives rise to new nodule primordia.
Determinate nodules, which lack an active meristem, are spherical nodules with a single
nitrogen-fixing zone throughout the nodule. In contrast, indeterminate nodules (which possess
an active meristem) are elongated nodules with a gradient of zones of activity throughout the
nodule, only one of which (zone Ill) is a nitrogen-fixation zone (14, 68, 69). Within nitrogen-fixing
regions of nodules, careful regulation of free oxygen is vital due to the oxygen-sensitive nature
of the nitrogen-fixing enzyme nitrogenase (70-72). Hence, a physical barrier within the nodule
(the oxygen diffusion barrier (ODB)) controls the diffusion of free oxygen into the active zone of
the nodule, while the phytoglobin leghaemoglobin facilitates the transport of oxygen (which is

required for rhizobial respiration) directly to the bacteroids (73, 74).

Broadly speaking, symbiosomes within determinate nodules contain multiple bacteroids of a
similar size and shape to free-living rhizobia, while those within indeterminate nodules usually
contain a single, swollen, pleomorphic bacteroid (14, 67). Bacteroid morphotypes can be divided
into three main types; E-type: enlarged, elongated bacteroids, which are often also branched;
S-type: enlarged, spherical bacteroids; and U-type: bacteroids of a size and shape similar to free-
living rhizobia (75, 76). While U-type bacteroids are not terminally-differentiated, the genomes
of E and S morphotypes undergo multiple rounds of endoreduplication, resulting in terminally
differentiated bacteroids which are incapable of replication (67, 75, 76). Terminal bacteroid
differentiation is typically associated with more efficient symbiotic nitrogen fixation, and is not
dependent on the rhizobial species but is instead determined by signalling molecules within the
nodule (77-79). In nodules of legumes belonging to the inverted repeat lacking clade (IRLC) such
as Medicago and members of the Fabeae tribe (e.g. pea, lentil, broad bean and vetch), the

differentiation of bacteroids is controlled predominantly by the action of nodule-specific
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cysteine-rich (NCR) peptides within the nodule environment (77-80). For instance, the
nodulation of pea (Pisum sativum) by Rhizobium leguminosarum species gives rise to
indeterminate root nodules filled with E-type bacteroids (Figure 1.3), yet the nodulation of bean
(Phaseolus vulgaris) by members of this genospecies generates determinate nodules filled with
U-type bacteroids (76). Similarly, Bradyrhizobium sp. strain ORS285 can form both E- and S-type
bacteroids during symbioses with Aeschynomene afraspera and Aeschynomene indica
respectively (75, 81). Although rhizobia to not determine the type of nodule formed, rhizobial
exopolysaccharides do play a key role in the successful development of mature indeterminate

nodules (14, 82, 83).

Figure 1.3. Transmission electron microscopy of R. leguminosarum bacteroids within pea
nodules. This figure shows two panels from a figure by Tsyganova et al. (2021) (60), showing
infection thread (it) and bacteroid (ba) structures within symbiotic nodules of Pisum sativum.
R. leguminosarum bacteroids are separated from the plant cell cytosol by the symbiosome
membrane, a specialised structure derived from the plant cell plasma membrane (84). Other
plant structures shown in these figures include the nucleus (n), a vacuole (v) and the cell wall
(cw). Scale bars represent 1 um (A) and 5 um (B) (60).
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Regardless of morphotype, all bacteroids still undergo significant metabolic changes, essentially
becoming highly-specialised nitrogen-fixing organelles within the plant cell (66). Many key
processes required for cell growth and division are shut down, including the synthesis of
ribosomal proteins, nucleic acid synthesis and repair, and the synthesis of outer membrane
proteins and peptidoglycan (31, 85). Expression of the nitrogen fixation (nif and fix) gene
clusters, which encode nitrogenase (nif genes) and a collection of additional proteins required
for nitrogen fixation (fix genes), is switched on, while the assimilation of ammonia into amino
acids is switched off (86—90). Transcriptomic and proteomic analysis of Rhizobium bacteroids
within pea nodules has demonstrated increased expression of genes and proteins associated
with DNA replication, membrane synthesis and the TCA (tricarboxylic acid) cycle within these
bacteroids, while the expression of housekeeping and cell division genes was downregulated
(86, 91). Studies of Bradyrhizobium E- and S-type bacteroids (within Aeschynomene nodules)
demonstrated that independent of morphotype, bacteroids undergo metabolic changes
involving the upregulation of a suite of genes involved in energy production, nitrogen fixation,
and inorganic ion transport and metabolism, coupled with downregulation of genes involved in
translation, secondary metabolite biosynthesis and cell motility (81). Furthermore, differential
expression of a number of cell cycle and peptidoglycan biosynthesis genes was observed
between each bacteroid morphotype and free-living Bradyrhizobium, highlighting that the
regulation of these genes is an important step in bacteroid development (81). Although rhizobial
maturation does ensure efficient nitrogen fixation, these physiological changes do come at a
cost. Once differentiation of rhizobia is underway, the maturation and survival of the ensuing
bacteroid relies heavily upon the supply of amino acids (particularly branched-chain amino
acids) and reduced carbon (predominantly in the form of dicarboxylic acids) by the plant (89,
92). Furthermore, while bacteroids within determinate nodules (i.e. U-type bacteroids) are
capable of resuming free-living growth upon release from the nodule, the differentiation of
rhizobia into E- and S-type bacteroids is terminal, preventing the survival of these bacteroids

outside of the nodule environment (67, 75, 93).
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1.2 Coordinating growth, division, and morphology: The bacterial cytoskeleton

The ability to not only maintain but also regulate cell size and shape is essential for the survival
of bacterial cells (94, 95). In the case of rhizobia, the maintenance of rod-shaped morphology
and uniform cell size is crucial for the survival of free-living cells, yet the capacity to modify cell
morphology in response to environmental factors or signals (e.g. differentiation into bacteroids
within the nodule environment) is equally as important for successful endosymbiotic
interactions (75, 76). As reviewed in Section 1.1, the establishment of rhizobium-legume
symbiosis depends upon a series of highly coordinated cell proliferations and morphological
changes within both the host plant and its endosymbiont. Although the role of the eukaryotic
cytoskeleton in bringing about the morphological changes which permit colonisation such as
rearrangements of actin filaments and microtubule arrays during root hair curling, infection
thread progression and the formation of infection droplets is relatively well documented (45,
47-49, 64, 96-99), literature surrounding how rhizobia may coordinate similar and/or
accompanying processes such as population of infection threads and differentiation into

bacteroids is very limited.

Over the last 30 years, technological advances in the ability to visualize prokaryotic structures
has led to the identification of a diverse cytoskeletal protein network within prokaryotes, similar
to that of eukaryotic cells, which is essential for an array of fundamental cellular processes
including division, growth, motility, morphogenesis and DNA partitioning (100-102). Within
eukaryotes, the cytoskeletal network is comprised of three groups of protein filaments: tubulin,
actin, and intermediate filaments (103). The prokaryotic cytoskeleton consists of homologues of
these three groups of proteins, as well as a fourth group of proteins with no distinct eukaryotic
cytoskeletal homolog. This cytoskeletal network is made up of a broad variety of proteins
ranging from those with relatively static structural roles, to proteins with highly dynamic
organisational roles (102). A member of the tubulin superfamily, the cell division protein FtsZ of
Escherichia coli (a Gram-negative rod), was the first discovered prokaryotic cytoskeletal protein
(104-106). The actin homolog MreB was identified a few years later within the Gram-positive
rod-shaped bacterium Bacillus subtilis, and was determined to be a cell morphology
determinant (107). Shortly after, the intermediate filament-like protein crescentin (CreS) was
identified within the crescent-shaped Gram-negative bacterium Caulobacter crescentus
(formally Caulobacter vibrioides), and was attributed to the control of cell curvature within this

species (108). As FtsZ, MreB and CreS were the first identified prokaryotic homologs of tubulin,
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actin, and intermediate filaments respectively, they remain some of the most well-characterised
prokaryotic cytoskeletal components, with E. coli, B. subtilis and C. vibrioides becoming key
model species for the study of bacterial cytoskeletal proteins (100-102). Within this literature
review, the term bacterial cytoskeleton has often been used in favour of prokaryotic
cytoskeleton, as the archaeal homologs of this protein network have not been extensively
reviewed here. In recent years, the cytoskeletal systems of a much broader range of bacterial
species have been better-characterised, including Streptomyces coelicolor (Gram-positive
filamentous bacteria), Vibrio cholerae (Gram-negative curved rod), Staphylococcus aureus
(Gram-positive coccoid), and the Rhizobiaceae member Agrobacterium tumefaciens (Gram-
negative rod) (100, 102, 109, 110), yet our knowledge of this protein network within Rhizobium
species remains very limited. As will become apparent throughout this literature review,
bacterial cytoskeletal systems are very diverse, with different species possessing different suites
of cytoskeletal proteins. This literature review will therefore primarily focus on the known

cytoskeletal proteins within Gram-negative and rod-shaped model species.

1.2.1 Tubulin homologs

Bacterial tubulin homologs, much like their eukaryotic counterparts, are a widely-distributed
group of protein monomers that form dynamic cytomotive filaments which push or pull other
molecules within the cell (102, 111). Polymerisation of tubulin monomers generates one-
subunit-thick protofilaments which can assemble to form higher-order structures such as rings,
bundles, sheets and tubes (111—-113). Eukaryotic tubulin and bacterial tubulin-like proteins share
a common domain structure consisting of two globular domains (an N-terminal GTP-binding
domain (GTPase domain) and a C-terminal GTPase activation domain) separated by a central
core helix and synergy loop (T7 loop) (Figure 1.4) (110, 114). Polymerization of bacterial tubulin
monomers is facilitated by the binding of GTP to the N-terminal GTPase domain (114). Upon GTP
binding, the interaction of the N-terminal GTPase domain of one tubulin monomer with the C-
terminal activation domain of the next monomer forms an active GTPase site around the GTP
molecule (115). Shortly after binding, hydrolysis of GTP by the GTPase domain (facilitated by the
interaction of the T7 loop of one monomer with the GTPase domain of the next) results in the
formation of a GDP-tubulin subunit (116). This GDP-tubulin subunit is more weakly-associated

with the polymer than GTP-tubulin, and typically will quickly dissociate from the end of the
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filament unless stabilised by other regulatory proteins (113). Cycles of polymerisation and
depolymerisation result in the generation of a dynamic protein filament, capable of growth,
shrinkage, and molecular treadmilling (110, 114, 117, 118). Treadmilling of bacterial tubulin
filaments is often essential for their cytomotive function, and is the result of simultaneous
growth (polymerisation) and one end of the filament and shrinkage (depolymerisation) at the

opposite end, leading to an overall motion of the filament in the direction of filament growth

(119, 120).
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Figure 1.4. Structural comparison of eukaryotic tubulin and the prokaryotic tubulin homolog
FtsZ. This figure, modified from Léwe and Amos (2017), shows ribbon diagrams of the alpha-
and beta-tubulin (tub) heterodimer (left) and an FtsZ homodimer (right) (121-123). Both
eukaryotic and prokaryotic tubulin monomers share common a domain structure consisting of
a GTPase domain (green) and a GTPase-activation domain (blue) connected by a central helix
(yellow) and T7 loop. Both proteins also possess a C-terminal hairpin (red). One molecule of GTP,
GDP and taxol (a small molecule which stabilizes tubulin lattices) are shown bound to tubulin,
with one molecule of GTP shown bound to FtsZ (represented as ball models). Structures shown
are for proteins from Bos taurus (tubulin) and Methanococcus jannaschii (FtsZ).
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The first prokaryotic tubulin homolog identified was the cell division protein FtsZ of E. coli (104—
106). FtsZ mediates cell division (cytokinesis) by facilitating the recruitment of cell wall
remodelling enzymes to the division site. Within the cytoplasm, FtsZ monomers polymerise into
short, polar filaments (104, 124). Prior to cytokinesis, FtsZ filaments assemble (with the
assistance of a number of regulatory factors) at the midcell to form a contractile ring structure
consisting of short, loosely-bundled FtsZ polymers, referred to as the Z ring (Figure 1.5) (113).
During cytokinesis, FtsZ filaments treadmill around the circumference of the midcell, carrying
cell wall remodelling enzymes such as peptidoglycan biosynthesis enzymes with them (119, 125-
127). These FtsZ filaments form an integral part of a membrane-associated protein complex
called the divisome (see Section 1.3.1), comprised of a large number of proteins which
coordinate cell wall remodelling and cell division (128, 129). Circumferential cell wall synthesis
at the division plane (septum formation) and subsequent constriction of the Z ring results in

eventual separation of the daughter cells (119, 125-127).

While most bacterial species possess only a single copy of FtsZ, Agrobacterium tumefaciens
possesses three homologs, two of which localise to the midcell and form filaments. However,
only one of these two filament-forming FtsZ homologs (the canonical FtsZ homolog, termed
FtsZat) is essential for cell division (127, 130). Within Agrobacterium, FtsZa: exhibits localisation
at the growth pole for the majority of the cell cycle, then relocates to the midcell prior to cell
division (127, 131). Species within the rhizobial genera Rhizobium, Sinorhizobium,
Mesorhizobium and Bradyrhizobium also possess a second FtsZ homolog (FtsZ2), the acquisition
of which is believed to have been a critical step in the evolution of rhizobium-legume symbiosis
(132—135). Although FtsZ2 is not essential for cell viability, it is proposed that this homolog may
play an important role during bacteroid formation. Two independent gene duplications within
the order Hyphomicrobiales are proposed to have given rise to these two FtsZ homologs. The
first, predating the divergence of Rhizobiaceae and Phyllobacteriaceae, yielded the FtsZ1 and
FtsZ2 paralogues found within Mesorhizobium and the Rhizobiaceae genera Sinorhizobium,
Rhizobium, and Agrobacterium. The second, predicted to have occurred within the
Bradyrhizobiaceae, yielded the FtsZla and FtsZlb homologs found within Bradyrhizobium
species (135). Agrobacterium and Sinorhizobium FtsZ1 proteins have been found to interact with
one another, and both localise to the Z ring when expressed within E. coli, suggesting a highly-

conserved function of FtsZ proteins across bacterial species (136).
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Figure 1.5. Treadmilling of FtsZ filaments at the midcell during cell division. During
cytokinesis, multiple FtsZ filaments treadmill around the circumference of the division plane,
carrying peptidoglycan (PG) synthases with them (125). The association of FtsZ filaments with
the cell membrane is facilitated by interactions with the bacterial actin homolog FtsA (126).
FtsZ treadmilling is the result of simultaneous incorporation of FtsZ-GTP monomers to one end
of the filament, and release of FtsZ-GDP monomers (following GTP hydrolysis) from the other,
resulting in net movement of the filament in the direction of filament growth (119). This
treadmilling of FtsZ around the cell results in constricting rings of PG (i.e. cell wall) synthesis at
the septum site, eventually dividing the cell into two daughter cells. Figure modified from
Bisson-Filho et al., 2017 (125).

In addition to FtsZ, several other bacterial tubulins have been identified including TubZ, FtsZm
and the BtubAB proteins. However, these tubulin-like proteins are nowhere near as ubiquitous
or well-characterised as FtsZ. FtsZm and BtubAB and not widely distributed, having only been
characterised within Magnetospirillum and Prosthecobacter respectively, and their function
within these species remains poorly understood. FtsZm, an FtsZ-like protein which may interact
with FtsZ, is proposed to be required for magnetosome formation and distribution, and is
believed to be important for denitrification, redox control, and iron uptake within magnetotactic
bacteria (137—-139). The biological function of the BtubAB proteins (BtubA and BtubB, homologs
of the a- and B-tubulin proteins) is still not fully-understood, but it has been observed that these
proteins form dynamic mini-microtubule structures within the cell, similar to microtubule arrays

within eukaryotes (140—-142). TubZ however is more widely distributed and better characterised.
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TubZ proteins are typically encoded on rapidly evolving bacterial plasmids such as the virulence
plasmids of Bacillus and Clostridium species. TubZ monomers polymerise into double helical
spindle-like filaments which form part of the type Il DNA partitioning system responsible for

faithful segregation of these plasmids (120, 143, 144).

1.2.2 Actin homologs

Prokaryotic actin homologs are a diverse group of filament-forming cytoskeletal proteins, all of
which share a common ATPase domain also present within hexokinase and hsp70 (heat shock
protein 70) protein families (145). Polymerisation of actin-like monomers generates
protofilaments which are capable of assembling into a wide variety of dynamic higher-order
structures (102, 111). Prokaryotic actin monomers share a conserved domain structure, similar
to that of eukaryotic actin, composed of two domains (I and Il) each of which are divided into
two subdomains (IA and IB, and IIA and 1IB) which function as pairs (Figure 1.6) (145—-147). ATP
binds within the cleft between domains IB and IIB (the interdomain or ‘nucleotide-binding’ cleft)
which closes upon nucleotide binding, bringing the two subdomains together (146). Much like
tubulin monomers, actin monomers favour polymerisation in their NTP-bound form. The binding
of ATP within the interdomain cleft facilitates head-to-tail polymerisation of prokaryotic actin
monomers into two-stranded polar helical filaments (148). During polymerisation, residues at
the bottom of subdomains IA and llA insert into the cleft between subdomains IB and 1IB of the
monomer below (147). Following polymerisation, hydrolysis of ATP by the ATPase domain forms
an ADP-actin subunit. As observed with GDP-tubulin, ADP-actin subunits are more weakly
associated with the polymer and quickly dissociate from the filament, resulting in a dynamic

prokaryotic actin filament similar to that of eukaryotic F-actin (148, 149).
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Figure 1.6. Structural comparison of eukaryotic actin and the prokaryotic actin homolog
MreB. This figure, modified from Lowe and Amos (2017), shows ribbon diagrams of actin (left)
and MreB (right) homodimers (123, 147, 150). Both eukaryotic and prokaryotic actin
monomers share common a domain structure consisting of two domains, each divided into
two subdomains; IA (pink & orange) and IB (yellow), and IIA (green) and IIB (purple) (actin
subdomains 1, 2, 3 and 4 respectively); which function as pairs. Polymerisation of monomers is
catalysed by binding of ATP within the cleft between domains IIB and IB, which is subsequently
hydrolysed into ADP. One molecule of ADP is shown bound to each monomer (represented as
a ball model). Structures shown are for proteins from Oryctolagus cuniculus (actin) and
Thermotoga maritima (MreB).

Several bacterial actin homologs have been identified including MreB, FtsA, MamK and ParM,
which are involved in a wide array of biological functions (Figure 1.7). Of these, MreB was the
first prokaryotic actin homolog to be identified (107). Originally discovered in Bacillus subtilis, it
is now known that MreB homologs are present in almost all non-coccoid bacteria, serving an
important role in the organisation of cell wall synthesis and maintenance of cylindrical
morphology during cell elongation (148, 151). However, members of the Gram-positive phylum
Actinobacteria and Gram-negative order Hyphomicrobiales (of which the Rhizobiaceae belong)

lack MreB (152, 153). It has been proposed that the loss of MreB, followed by the acquisition of
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a second copy of the prokaryotic tubulin homolog FtsZ (see Section 1.2.1), were key events
during the evolution of the rhizobium-legume symbiosis (132). The interaction of exogenous
MreB with endogenous FtsZ1 and FtsZ2 within rhizobia (Mesorhizobium huakuii) has been
shown to be detrimental for bacteroid differentiation, halting the establishment of rhizobium-
legume symbioses during the late stages of bacteroid development (132). Members of the MreB
family (including MreB-like (Mbl) proteins) form antiparallel double filaments around the
perimeter of the cylindrical region of cells, binding to the plasma membrane (154, 155). MreB
filaments move circumferentially with the cell wall synthesis enzymes of the elongasome (see
Section 1.3.1), coordinating local cell wall synthesis around the edge of the cell. However, unlike
FtsZ which is driven by molecular treadmilling, the movement of MreB is instead driven directly

by cell wall synthesis (156—158).

One actin homolog which is present within members of the Hyphomicrobiales (but not
Actinobacteria) is the cell division protein FtsA. FtsA is a slightly unusual actin homolog, lacking
the IB subdomain present in MreB and other canonical actin homologs, and also possessing a
large insertion in subdomain IA (153, 159). However, despite these differences, FtsA is still able
to polymerise. Filaments of FtsA co-polymerase with FtsZ filaments within the Z ring (Figure 1.5),
with FtsA tethering FtsZ filaments to the cell membrane via interaction with a conserved C-
terminal region within FtsZ (126, 159, 160). Interestingly, FtsA filaments are destabilized by
unassembled FtsZ monomers, suggesting that the polymerisation of FtsA and FtsZ is co-
regulated and may serve as a checkpoint for division progression (161). Much like FtsZa:, FtsA
within Agrobacterium exhibits polar localisation for the majority of the cell cycle, then relocates
to the Z ring prior to cell division (127, 131). Within Agrobacterium tumefaciens, FtsZ, FtsA and
the membrane protein FtsW have been found to regulate the transition from cell growth to cell
division, providing further evidence that the co-regulation of FtsZ and FtsA polymerisation is a

key checkpoint for cell cycle progression within bacteria (127, 130).

A third group of bacterial cytoskeletal actin homologs is the ParM and Alf (actin-like filaments)
family. Typically, the segregation of bacterial plasmids is achieved using one of two types of DNA
partitioning system, referred to as the Type | and Type Il partition systems. Type | partitioning
systems are more common, and require members of a group of proteins called the Walker A
cytoskeletal ATPases (WACAs) (described within Section 1.2.4), while Type Il systems use actin-
like ATPases (e.g. ParM and AlfA) (162, 163). These plasmid-encoded actin homologs form actin-
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like spindles within the cell which push plasmid DNA to the cell poles (164). ParM forms part of
an independent tripartite DNA segregation system encoded on some low-copy-number plasmids
referred to as the ParMRC system (146). This system is composed of three components: the
bacterial actin ParM, a DNA-binding adaptor protein (ParR) and a centromere-like DNA region
(parC). First, ParR adaptor proteins bind to the parC region of the plasmid. Plasmid segregation
is then driven by ParM spindles, which are stabilised by the binding of a ParR—parC plasmid
complex at each end of the filament. The now-stabilised ParM spindle then extends via the
incorporation of additional ParM filaments to the spindle bundle, pushing the two plasmids in
opposite directions towards the poles of the cell (165, 166). The AlfA protein of Bacillus is similar
in function to ParM in that it forms dynamic filaments required for effective plasmid segregation,

however, Alf proteins like AIfA are only distantly related to ParM (163).

Finally, although not wholly relevant to this thesis due to its limited distribution, an additional
actin homolog, MamK, can be found within magnetotactic bacteria. Much like the other
prokaryotic actins, ManK monomers polymerise to form dynamic protein filaments which are
used for the alignment and segregation of magnetosomes (organelles filled with iron-rich
magnetic particles) (167, 168). The segregation of magnetosomes from the new poles towards
midcell following cell division is believed to be achieved by pole-to-midcell treadmilling of MamK

filaments (169).
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Figure 1.7. Representation of bacterial cytoskeletal actin filaments. Bacterial actin filaments
can associate to form a wide variety of dynamic high-order filament structures with diverse
biological functions. MreB, present in the majority of non-spherical cells (but not the
Rhizobiaceae) coordinates local cell wall synthesis around the circumference of the cell,
maintaining rod morphology during cell elongation (107, 145, 147). ParM spindles form part of
the ParMRC (Type Il) plasmid segregation system. Elongation of ParM spindles following
attachment of plasmids to each end results in segregation of the plasmids (146, 165, 166). FtsA
filaments co-polymerise with FtsZ filaments (not shown) at the septum site during cell division,
tethering FtsZ filaments to the cell membrane (126, 159). MamK filaments, present in
magnetotactic bacteria, are required for the segregation and organisation of magnetosomes
within the cell (167-169). Figure adapted from Ozyamak et al., 2013 (148).

1.2.3 Intermediate filament-like proteins

The intermediate filament-like (IF-like) proteins, characterised by the presence of a coiled-coil
structural motif, are the final component of the bacterial cytoskeleton which have a eukaryotic
equivalent (102, 170). While prokaryotic tubulins and actins are considered homologs of their
eukaryotic counterparts, intermediate filament-like proteins are instead considered relatives of
the eukaryotic intermediate filaments, and hence the term IF-like has been adopted to describe
these prokaryotic cytoskeletal proteins. Unlike actin and tubulin filaments, IF-like filaments are
not highly dynamic in nature, and instead typically perform scaffolding, structural or hub-like
organisational roles within the cell (170-172). The function of eukaryotic intermediate filament
proteins is conserved not through their amino acid sequence, but instead by a common domain
structure comprising of N- and C-terminal disordered head and tail domains, and a central a-
helical coiled-coil rod domain (173, 174). Although their structure is not as highly conserved,

bacterial IF-like proteins share a similar common structure to eukaryotic intermediate filaments,
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but often exhibit more variation (in both length and amino acid sequence) within their central
coiled-coil rod domains (170, 171, 175). Two or more a-helical IF-like monomers can form
parallel or antiparallel associations, twisting around each other to form a coiled-coil subunit
which can then associate into larger filament structures (174, 176). The key to the formation of
these coiled-coil subunits is the presence of a hydrophobic ‘seam’ within the a-helical rod
domain which allows the a-helices of individual monomers to associate with one another. To
generate this seam, the amino acid sequence of canonical coiled-coil domains, although not
highly conserved, contain a heptad-based repeat of hydrophobic residues (a repeating pattern

of seven amino acids containing two hydrophobic residues) (Figure 1.8A) (174, 176, 177).

The first cytoskeletal intermediate filament-like protein to be identified within prokaryotes was
the Caulobacter crescentus protein crescentin (CreS), which controls the slight curvature of
these crescent-shaped cells (108). Similar to eukaryotic intermediate filaments, CreS has
disordered head (N-terminal) and tail (C-terminal) regions, and coiled-coil central rod domain
which allows for the formation of coiled-coil filaments (178). Self-assembled CreS filaments
localise close to the cell membrane along the concave edge of the cell, and are believed to be
anchored to the membrane by the actin homolog MreB (108, 172). It is proposed that crescentin
controls cell curvature by exerting a compressive force on the cell wall (179). This force is
hypothesized to reduce strain on the peptide bonds within the cell wall, making the insertion of
new peptidoglycan less favourable. Consequently, cell wall synthesis is favoured along the edge
of the cell lacking CreS, resulting in bending (and hence curvature) of the cell as it grows (172,

179, 180).

In addition to canonical intermediate filament-like proteins, the bacterial cytoskeletal network
also contains a broader class of IF-like proteins possessing a non-canonical coiled-coil repeat
structure within their rod domain (171, 175). Well-characterised examples of this group of
proteins are currently limited to those identified within the Gram-positive phylum
Actinobacteria, with Scy and FilP the most well documented (171, 181, 182). The Streptomyces
cytoskeletal protein Scy possesses both a short N-terminal canonical, coiled-coil domain and a
long C-terminal non-canonical coiled-coil rod domain. Unlike canonical coiled-coil proteins like
CreS and the eukaryotic intermediate filaments, which have a heptad-based repeat of
hydrophobic residues, Scy’s non-canonical coiled-coil rod domain has an unusual repeat of 51

residues containing 14 roughly equally-spaced hydrophobic residues which form a shallower
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hydrophobic seam (175, 182) (Figure 1.8B). Scy filaments localise to the tip of Streptomyces
hyphae during hyphal growth, and are required for the coordination of polar hyphal growth and
de novo tip formation during hyphal branching (182). These filaments form a molecular scaffold
that can interact with and organise numerous proteins at the hyphal tip, providing support for
an organisational hub called the tip-organising centre (TIPOC), sometimes referred to as a
polarisome (a term typically used for yeast and other fungi) (182, 183). Another component of
the Streptomyces TIPOC is the IF-like protein FilP, which interacts directly with Scy (182, 184)
However, less is known about the role of FilP filaments beyond their proposed involvement in
the structural regulation of the TIPOC, and providing structural support for the growing hyphal
tip (171, 181, 184).

e " —— S

Figure 1.8. Hydrophobic seams of canonical and non-canonical coiled-coil domains. (A) In
canonical coiled-coil domains, the a-helix exhibits a left-handed hydrophobic seam (red)
resulting from a heptad-based repeat of hydrophobic amino acids. (B) Within Scy, a non-
canonical 51-residue repeat results in the formation of a shallow, right-handed hydrophobic
seam (blue). Figure modified from Holmes et al., 2013 (175, 182).

1.2.4 The ParA/MinD family - Walker A cytoskeletal ATPases

The final group of prokaryotic cytoskeletal proteins is the ParA/MinD family, also referred to as
the Walker A cytoskeletal ATPases (WACAs). Unlike prokaryotic actin, tubulin and the
intermediate filament-like proteins, this family of cytoskeletal proteins is unique to the
prokaryotes, with no eukaryotic cytoskeletal equivalent (185, 186). The WACAs belong to the
AAA+ superfamily of proteins, contain a P-loop NTPase domain, and get their name from the
Walker A homology sequences within their AAA+ (ATPases Associated with diverse cellular
Activities) domain (187-189). The Walker A cytoskeletal ATPases are involved in the spatial
organisation of other cellular components, and are widely distributed among prokaryotic
species (185, 188, 189). Several bacterial WACA proteins have been characterised to date, many
of which are functional homologs of either ParA or MinD, hence this family of proteins is often

referred to simply as the ParA/MinD family. An important feature of the ParA/MinD proteins is
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their requirement to function as homodimers. Homodimerization of ParA/MinD ATPases brings
together two half-sites (one from each monomer) to form a functional ATPase domain (185,
187). Importantly, members of this family of proteins also function in combination with a specific
binding partner (e.g. ParB for ParA, and MinE for MinD), which acts as an ATPase-activator

protein upon interaction with its respective WACA (190, 191).

The ATPase MinD forms part of a dynamic protein system referred to as the MinCDE system,
which predominantly functions as a spatial regulator of the Z ring, and thus determinant of the
site of cell division (192, 193). While this system was first identified within E. colj, it is now known
that MinCDE systems are present in almost all Gram-negative rods (185). The MinCDE system of
E. coli remains one of the most well-characterised examples of this system. Within E. coli, MinD
and its activator protein MinE both oscillate between the poles of the cell. ATP-bound MinD
dimers bind to the cell membrane (via a C-terminal helix) and are able to recruit MinC, while
MinD-ADP monomers (generated following ATP hydrolysis triggered by the binding of MinE to
MinD) diffuse freely in the cytoplasm and cannot recruit MinC (194, 195). The MinC protein
therefore ‘follows’ the MinD/MinE oscillation pattern, generating a MinC concentration gradient
across the cell which is greatest at the poles, and weakest at the midcell (192). The presence of
MinC inhibits FtsZ polymerization, hence the established gradient of MinC across the cell
restricts Z ring formation to the midcell (193, 196). This oscillatory MinCDE system can be found
within the Rhizobiaceae, however the precise contribution of this system in this family is not
entirely clear and possible redundancy of the MinCDE system within the Rhizobiaceae has been
proposed (131, 197, 198). Within Agrobacterium tumefaciens, defects in cell morphology and
FtsZ-positioning are less severe in cells with deletions of the entire MinCDE system than in those
with individual deletions of each component of this system, with MinE knockout strains
exhibiting the most pronounced phenotypes including greater cell length variation and FtsZ
misplacement (197). Interestingly, in Sinorhizobium meliloti, deletion of MinC, MinD and the
entire MinCDE system does not impact the growth or morphology of free-living cells. However,
cells lacking MinE exhibit free-living morphological defects (i.e. swollen and branched cells), and

reduced symbiotic nitrogen fixation within alfalfa nodules (198).

Within species which lack MinD such as Caulobacter crescentus, another member of the WACA
family called MipZ facilitates the regulation of the Z ring (199). MipZ, much like MinC, inhibits

assembly of the Z ring. This protein follows chromosomes as they segregate to the poles (via
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interaction with ParA’s binding partner ParB), allowing FtsZ to assemble in middle of the cell
(199, 200). Although widespread amongst Gram-negative rods, the oscillatory mechanism of the
MinCDE system is not conserved in Gram-positive rods. For example, B. subtilis uses a static
MinCD system which lacks MinE to localise FtsZ to the midcell (201). Furthermore, in species
which lack ParA-driven Type | segregation systems such as E. coli, the MinCDE system has also
been proposed to be required for chromosome segregation in addition to Z ring positioning

(202).

While MinD proteins facilitate spatial regulation of other proteins within the cell, ParA proteins
form part of a Type | segregation system referred to as the ParABS system (parABS locus), and
are required for the segregation of chromosomal and other low copy number plasmids to the
cell poles during division (162, 185). The ParABS segregation system is a tripartite system
comprised of ParA, the DNA-binding (and ATPase-activator) protein ParB, and centromere-like
parS sequences which are present on these plasmids (162, 203). Similar to the Type Il ParMRC
segregation system (Section 1.2.2), ParA is able to associate with plasmid and chromosomal DNA
via direct interactions with ParB, which binds to the parS sequence to form ParB-parS
nucleoprotein complexes (203—205). However, the exact mechanism of DNA segregation by
ParA proteins is not completely understood. Initially, it was proposed that ParA forms helical or
linear spindle-like filaments which pull DNA towards the poles of the cell (206-209). ParA
subunits were first believed to polymerise into spindle-like filaments along the cell length which
capture ParB-parS nucleoprotein complexes. It was thought that the binding of ParB to ParA
triggered ATP hydrolysis and subsequent depolymerisation of the ParA filament, pulling the
ParB—parS nucleoprotein complexes along the retracting filament towards the cell pole (206,
208-210). However, it is now believed that a diffusion-ratchet (Brownian ratchet) model may
best explain the mechanism of plasmid segregation by ParA (211-213). In this model, depicted
in Figure 1.9, ParA monomers do not form filaments, but instead generate ATP-bound
homodimers which bind non-specifically to DNA throughout the nucleoid (214, 215). ParB-parS
nucleoprotein complexes bind to ParA-ATP homodimers, thereby stimulating ATPase activity
and the dissociation of ParA-ADP monomers (which no longer bind DNA) from the nucleoid
(216). The ParB-parS complex then rebinds to a nearby ParA homodimer further along the
nucleoid. Repeated binding of ParB-parS complexes to proximal ParA homodimers leaves behind
a region of ParA-ADP monomers incapable of binding ParB-parS complexes, resulting in

directional movement of the plasmid towards the cell pole (211-213).
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Figure 1.9. Plasmid segregation by the Type | ParABS segregation system. ParA-ATP
homodimers (peach) bind non-specifically to DNA throughout the nucleoid (214, 215). These
homodimers are capable of binding ParB (red) associated with the parS sequences (green) on
the plasmid. Binding of ParB to ParA triggers ATP hydrolysis, and subsequent release of ParA-
ADP monomers from the nucleoid (not shown) (216). ParB-parS complexes then bind to
nearby ParA nucleoid-bound homodimers. Repeated binding and release of ParB-parS to ParA
homodimers throughout the nucleoid results in net movement of plasmids towards the pole
(arrows) (211-213). Figure modified from Gogou et al., 2021 (217).
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In species with multipartite genomes such as those within the genera Rhizobium, Sinorhizobium,
Mesorhizobium, Bradyrhizobium, and Agrobacterium (218, 219), the ParABS (Type |) segregation
system is only required for the segregation of the primary chromosomal plasmid. Instead of the
ParABS system, secondary chromosomes and additional plasmids within multipartite genomes
encode their own replication and partitioning system referred to as the repABC locus, similar to
the parABS locus described above (220). In this system, the RepA and RepB proteins are
homologous to ParA and ParB respectively (220-222). However, parS and repC are not similar in
function, with repC required for plasmid replication instead of partitioning. Not only does repC
encode a replication initiator protein (RepC), but the repC gene sequence also contains the origin
of replication (oriV) of the plasmid (220, 223, 224). Furthermore, unlike ParB of the ParABS
system which binds to parS sequences, the RepB protein of the RepABC system does not bind
to parC but instead binds to parsS sites elsewhere on the plasmid (225). Although also a member

of the rhizobia, forming symbioses with tropical legumes of the genus Sesbania, the model
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rhizobial species Azorhizobium caulinodans ORS571 possesses a genome comprised of only a
single chromosomal plasmid (226). Within this species, ParA is not essential for cell viability, but
the loss of ParA has been found to result in polyploid cells with variations in nucleoid size, likely

as a direct result of severe defects in chromosome partitioning (227).

1.3 Growth mechanisms in rod-shaped bacteria

The bacterial cell wall, which is primarily composed of peptidoglycan (PG) (a mesh of linear
glycan strands crosslinked by peptide bridges), is essential for the maintenance of turgor
pressure and cell morphology in bacteria (228, 229). The chemical composition of peptidoglycan
is typically conserved across the majority of species, but the thickness of this layer varies, with
Gram-negative species having only a single monolayer of peptidoglycan within their cell wall,
and Gram-positive species possessing several concentric layers of peptidoglycan (229, 230). In
order to undergo successful proliferation and avoid cell lysis, bacteria must be able to modify
their cell wall whilst simultaneously maintaining its integrity. To achieve this, careful spatial and
temporal coordination of cell wall remodelling is required, a process which is especially
important for Gram-negative bacteria which have only a single, thin layer of PG within their cell
walls (231, 232). Within coccoid bacteria, cell wall synthesis and division are coupled at the site
of septum formation (233). However, to maintain cylindrical morphology, rod-shaped bacteria
add a distinct elongation phase between each round of cell division. Within these bacteria, one
of two elongation mechanisms are adopted: localisation of growth and peptidoglycan synthesis
to the cell poles (polar growth), or more commonly, patchy or helical deposition of new cell wall
throughout the cylindrical region of the cell (dispersed growth, sometimes referred to as lateral

growth) (94, 151, 234).

1.3.1 Lateral (Dispersed) elongation

As touched upon throughout Section 1.2, bacterial growth, morphology and division have been
extensively studied in the model rod species Escherichia coli (Gram-negative) and Bacillus subtilis
(Gram-positive), both of which exhibit dispersed insertion of new cell wall along the cell length
(151). Hence, our knowledge of the proteins which coordinate this mechanism of bacterial

growth is relatively comprehensive (for up-to-date reviews see refs. (232, 235-237)). Dispersed
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elongation occurs in two stages. Firstly, localised patches of cell wall synthesis occur along the
cylindrical region of cell, leading to cell elongation. Then, once the cell has reached the
appropriate length, septum formation (i.e. cell wall synthesis) at the midcell divides the two
daughter cells (234). This approach to cell elongation is dependent upon a large membrane-
associated protein complex called the elongasome, the main structural (cytoskeletal)
component of which is MreB (Figure 1.10) (237). Cytoplasmic MreB filaments interact with the
bitopic membrane protein MreC, which also interacts with the integral membrane protein
MreD, forming the membrane-bound MreBCD complex (238). Peptidoglycan modification
during cell wall elongation and septum formation requires glycosyltransferases (GTases) to
generate glycan polymers, and transpeptidases (TPases) to crosslink these new polymers into
the existing PG mesh (235). At the core of the elongasome is a protein complex composed of the
membrane-associated proteins RodA (a Shape, Elongation, Division and Sporulation (SEDS)
glycosyltransferase) and PBP2 (a Class B Penicillin Binding Protein (PBP) transpeptidase) (239).
MreC and MreD are believed to moderate the interaction between RodA and PBP2 (238, 240).
Together with the transmembrane protein RodZ, these proteins (RodZ, RodA, PBP2, and
MreBCD) form a supramolecular complex named the Rod complex (241, 242). Importantly, PBP2
works in cooperation with the GTase-TPase PBP1A. PBP2 stimulates the glycosyltransferase
activity of PBP1A, while PBP1A activates the peptidoglycan transpeptidase activity of PBP2 (243).
Furthermore, PBP1A is also regulated by the outer membrane lipoprotein activator LpoA (244).
Also associated with the elongasome are a set of enzymes required for PG precursor synthesis
(MurA-F, MraY, and MurG), and PBP5 (a carboxypeptidase Class C PBP) which together facilitate
localised PG synthesis (245, 246).

Once the length of a mature cell has been reached, cell division is then initiated by targeting a
large septum-specific protein complex termed the divisome to the division site (Figure 1.10)
(128, 129, 236). In contrast to the elongasome where actin-like MreB filaments provide
scaffolding, the main structural element of the divisome is the tubulin homolog FtsZ (i.e. the Z
ring) (161). Within E. coli, the core divisome proteins are recruited to the midcell in two stages
(247, 248). Some of the first divisome proteins to arrive at the midcell include FtsZ, the actin
homolog FtsA (which guides and tethers FtsZ to the cell membrane), the membrane-anchored
ZipA and ZapA (which stabilise FtsZ filaments), and the FtsEX membrane complex (which
regulates FtsA) (161, 249-251). Stabilisation of the Z ring is then followed by sequential
recruitment of the late divisome proteins FtsK, FtsBLQ, FtsW, PBP3 (also known as Ftsl) and FtsN
to the divisome (247, 248, 252). Along with the GTase-TPase PBP1B, FtsW (a GTase closely
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related to the elongasome protein RodA) and PBP3 (TPase) provide the peptidoglycan synthesis
activity during septum synthesis (253, 254). Similar to LpoA and PBP1A of the elongasome, an
outer membrane lipoprotein called LpoB is required for the activation of PBP1B (243). Also
present within the divisome are the septal-specific amidases AmiB and AmiC, which facilitate PG
remodelling through the breaking of amide bonds between PG strands (255). Although the
majority of proteins within the divisome and elongasome differ, a handful of proteins are found

within both complexes including MurA-F, MraY, MurG, and PBP5 (245, 246).

Of the late divisome proteins, FtsN is the last to be recruited to the divisome and its arrival
triggers the onset of cytokinesis, potentially by simultaneously activating both the early and late
divisome proteins (256, 257). Although the precise mechanism is not yet known, it has been
proposed that the FtsQLB complex is also important for the regulation and progression of cell
division (258, 259). In the majority of species which grow by dispersed growth, including E. coli,
an intermediate phase between lateral elongation and septum formation termed pre-septal
elongation occurs. During this phase, the early divisome proteins coordinate PBP3-independent
peptidoglycan synthesis at the future cell division site (237, 260). Within Gram-negative
bacteria, the final stage of cell division is the invagination of the outer membrane (261). A large
set of proteins are required for this process, including the Tol-Pal system which consists of the
inner membrane motor complex TolQRA, the periplasmic protein TolB, and the PG-binding outer
membrane lipoprotein Pal (262, 263). However, whether or not the divisome coordinates the

recruitment of the Tol-Pal system to constriction sites is not yet fully-understood (264, 265).
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Figure 1.10. The elongasome and divisome protein complexes of E. coli. Lateral cell wall
elongation (left) within rod-shaped bacteria is coordinated by a large protein complex called
the elongasome. The key scaffolding element of this complex is filaments of MreB (light blue),
which circumferentially treadmill around the cylindrical region of the cell (231, 235). Other
core components of this complex include RodZ (yellow), RodA (dark blue), PBP2 (cream), and
the MreCD proteins (purple and pink respectively), which collectively form the Rod complex
(241). Upon initiation of cell division (right), septal peptidoglycan (PG) synthesis is coordinated
by the divisome protein complex. During the formation of the Z ring at the midcell (FtsZ
filaments, dark purple), an assortment of core divisome proteins are recruited to the midcell in
two stages. First, the early divisome proteins FtsA, ZipA, ZapA, Ftsk and FtsX, which collectively
stabilise the Z ring, are recruited to the division site. Then, sequential recruitment of the late
divisome proteins FtsK, FtsBLQ, FtsW, PBP3 (Ftsl) and FtsN occurs (161, 236). Several PG-
synthesis proteins are common to both the divisome and elongasome, including MurA-F,
MraY, MurG, and PBP5 (129). Figure modified from Hugonnet et al., 2016 (266).
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1.3.2 Polar elongation

In contrast to dispersed growth where cell wall elongation occurs evenly throughout the cell
length, polar growth is the result of peptidoglycan synthesis specifically localised at the poles of
the cell. Polar growth can be observed within a range of bacteria, but it is particularly prevalent
in the Gram-positive order Actinomycetales, and the Gram-negative order Hyphomicrobiales
(131). Interestingly, polar-growing Actinomycetales such as Mycobacterium and
Corynebacterium exhibit growth from both cell poles (bipolar growth), while members of the
Hyphomicrobiales (e.g. the Rhizobiaceae and Brucellaceae) grow from only a single pole
(unipolar growth) (Figure 1.11) (152, 267, 268). Within the unipolar-growing Hyphomicrobiales,
the synthesis of new peptidoglycan occurs across the entire curvature of the growth pole (152,
269). Conversely, bipolar cell elongation within Mycobacterium is the result of subpolar
incorporation of new peptidoglycan (270, 271). However, subpolar modification of the cell wall
is not (or possibly is yet to be) observed within Corynebacterium (271). Further differences
between these two mechanisms of polar growth include the nature of the poles formed
following cell division. Newly-formed Agrobacterium growth poles (formed at the septal site)
become active growth poles shortly after separation of the daughter cells, whilst in
Mycobacterium, septal PG synthesis generates inert cell poles which do not become sites of
rapid cell elongation until subsequent cell cycles (Figure 1.11) (152, 269, 272). Furthermore,
Agrobacterium growth poles are slightly tapered, and newly-formed growth poles of daughter

cells emerge narrower than the parental pole (i.e. the old pole) (127, 152, 273, 274).

Polar growth is a form of asymmetric cell growth, yielding two daughter cells which are
physiologically (and in some cases morphologically) distinct, wherein one daughter cell receives
the majority of newly-synthesised PG, cell wall components and outer membrane proteins
(OMPs) (275). In the case of Agrobacterium, unipolar growth also typically yields a daughter cell
which is slightly smaller than the parent cell (152). The generation of heterogeneous daughter
cells within a population is thought to provide certain advantages such as antibiotic resistance
(Mycobacterium), improved population health by avoiding ‘ageing’ of the population, and it has
been proposed that within the Hyphomicrobiales differing allocations of OMPs and
lipopolysaccharides between daughter cells permits cell survival during host—microbe

interactions by evading host defence responses (152, 275, 276).
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Figure 1.11. Polar growth mechanisms in rod-shaped bacteria. (A) Within species which

undergo bipolar growth (e.g. Mycobacterium), subpolar synthesis of peptidoglycan (PG) drives
cell elongation. Rapid PG synthesis (green band) occurs below the older pole, while slower PG

synthesis (yellow band) occurs below the newer pole. During division, septal PG synthesis
creates poles comprising of inert PG (orange), which do not become rapidly-growing poles

until the next cell cycle (267). (B) In species which exhibit unipolar growth (e.g. Agrobacterium,

Rhizobium), cell elongation occurs from a single growth pole (green). During cell division, the
growth pole transitions into a non-growing old pole (red), and septal PG synthesis at the
midcell occurs. Following cell division, new growth poles are formed at the division site, and

polar PG synthesis begins at the new poles of both daughter cells (152). Figure modified from

Cameron et al., 2015 (131).
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Despite its biological significance, relatively little is known about the proteins which coordinate
unipolar growth within the Hyphomicrobiales. Genomic analysis has highlighted that members
of this order lack homologs of a number of the canonical scaffolding and elongasome proteins
required for localised cell wall synthesis during dispersed growth including MreBCD, RodA, RodZ
and PBP2 (i.e. the Rod complex) (131, 151, 152). Corynebacterium and Mycobacterium also lack
several components of the Rod complex, yet these species have retained the RodA-PBP2 PG
synthesis complex (151, 268). It has been proposed that instead of MreB, the coiled-coil protein
DivIVA generates a cytoskeletal-like scaffold which directs polar cell wall synthesis within
Corynebacterium and Mycobacterium (267, 270, 277). However, Gram-negative bacteria lack
DivIVA, leading to the suggestion that unipolar growth in the Hyphomicrobiales is coordinated
by a non-canonical suite of highly conserved proteins (102, 131, 152). Recent research within
the Rhizobiaceae and Brucellaceae (predominantly Agrobacterium tumefaciens, Sinorhizobium
meliloti, and Brucella abortus) has led to the identification of a generally poorly-characterised
group of proteins proposed to be required for unipolar growth within this order (Figure 1.12)
(276). For the remainder of this section, those proteins characterised within members of the

Rhizobiaceae specifically will be the primary focus.

Structural support for the polar growth complex may be provided by the growth pole ring
protein (GPR), which has been found to be required for unipolar growth within A. tumefaciens
(278). GPR is a large membrane-anchored cytoplasmic protein, believed to form a hexameric
ring structure at the growth pole which serves as an organisation centre for polar growth.
Although it has no predicted enzymatic function, apolipoprotein domains throughout its length
may sequester lipids during polar growth (278, 279). Within S. meliloti, a less well-characterised
homolog of GRP called RgsE has also been identified as a cytoplasmic, membrane anchored
protein required for polar growth (280, 281). GPR has been shown to colocalise at the growth
pole with the pole-organising protein PopZ, which has itself been linked to the coordination of
unipolar growth within A. tumefaciens (273, 278, 282). Both GPR and PopZ have been discussed
in further detail within Section 1.4.3. Along with RgsE, protein-protein interaction studies have
identified a large, but not yet fully characterised, group of S. meliloti polar growth proteins
termed the Rgs (rhizobial growth and septation) proteins (RgsA, RgsB, RgsC, RgsD, RgsF, RgsG,
RgsH, RgsM, RgsP, RgsS and of course RgsE) (280, 281, 283). Of these proteins, RgsA, RgsM, RgsP
and RgsS are of particular interest. Pull-down assays have indicated that RgsE directly interacts
with RgsS and RgsA (280). RgsS is an FtsN-like transmembrane protein which contains a

conserved SPOR (sporulation-related repeat) domain known to bind amidase-processed
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peptidoglycan at the septum site (281, 284). Therefore, it has been proposed that RgsE (which
exhibits unipolar localisation at the growth pole) may be recruited to the septum site by RgsS,
initiating the assembly of new polar protein complexes at the newly-defined growth poles (281).
Although the precise function of RgsA is not clear given its lack of homology to other proteins of
known function, RgsA has been found to be essential for growth and hence is proposed to be
required for polar PG synthesis, possibly forming a complex with RgsP and RgsM (280). RgsP, a
cyclic di-GMP phosphodiesterase important for the regulation of PG synthesis, interacts with the
membrane-anchored peptidoglycan endopeptidase RgsM (280, 283, 285, 286). Together, this

‘RgsAMP’ complex may regulate polar PG synthesis.

During dispersed elongation within E. coli, lateral PG synthesis is driven by the RodA-PBP2
complex, with PBP1A having a supporting role in this complex (239, 243). However, within the
Hyphomicrobiales (which lack RodA-PBP2), PBP1A is thought to serve as the primary PG-
synthesis enzyme during polar growth. Within Agrobacterium, PBP1A has been shown to be
essential for the addition of new PG to the cell wall during polar elongation (287). Additionally,
a possible alternative mode of cell wall synthesis by L,D-transpeptidases has also been proposed
(287). The genomes of Hyphomicrobiales have been found to be enriched in genes encoding L,D-
transpeptidase (LDT) enzymes (which crosslink PG), some of which have been shown to localise
to the cell poles (274, 287, 288). The peptidoglycan meshwork within the cell walls of
Hyphomicrobiales such as Agrobacterium contains a substantially greater proportion of L,D
crosslinks than PG within E. coli cell walls, suggesting that LDTs may play an important role during

cell wall elongation within this order of bacteria (152).

44



_ RgsM_ 1

RgsA

OPopZ GPR/RgsE

Figure 1.12. Proposed model of the polar growth complex within Hyphomicrobiales. In
contrast to the well-characterised protein complex responsible for peptidoglycan (PG)
synthesis during dispersed cell elongation (i.e. the elongasome), knowledge of the protein
complex which coordinates unipolar growth within Gram-negative rods is limited. In this
model, proposed by Amstutz et al. (2024) (276), proteins previously identified as essential for
polar growth within various Hyphomicrobiales species were combined to generate a
hypothetical model of an elongasome-like polar growth complex. The proposed scaffolding
protein GPR/RgsE (magenta), the pole-organising protein PopZ (blue), the transmembrane
receptor protein RgsP/PdeA (yellow), and the SPOR (sporulation-related repeat) domain
protein RgsS (light green) provide structural support and temporal regulation of polar growth
(273, 278, 281, 283). The peptidoglycan (PG) endopeptidase RgsM (red), the GTase-TPase
PBP1a (light blue) and L,D-transpeptidase (LDT) enzymes (orange) are responsible for PG
synthesis and modification (274, 285, 287). Here, Amstutz et al. also propose that unipolar
growth coordinates the synthesis of peptidoglycan with outer membrane proteins (OMPs,
purple) and lipopolysaccharide insertion via the activities of LptC and LptF (pink). Also included
in this model is the transmembrane protein RgsA (dark green), which despite its unknown
function has been found to be essential for unipolar growth (280).
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Canonical cell division proteins have also been found to regulate polar growth within the
Hyphomicrobiales. During unipolar growth, cell division and cell elongation are at times closely
linked, with new growth poles rapidly established at the septum site of each new cell following
cell division (152, 269). Within Agrobacterium, three Fts proteins (FtsZ, FtsA and FtsW) have
been found to mediate the transition of peptidoglycan synthesis at the growth pole to the
midcell during the initiation of cell division (127, 130, 152, 274). Both FtsZa: (the primary FtsZ
homolog) and FtsA localise to the growth pole during unipolar growth, but transition to the
septum site (i.e. midcell) prior to cell division (127, 130, 152). In contrast to the non-sequential
recruitment of early divisome proteins within E. coli, FtsZa: arrives at the Agrobacterium midcell
substantially earlier than FtsA, indicating that FtsZar may be able to initiate Z ring formation in
the absence of FtsA and that the correct placement of FtsZa: is required for the recruitment of
FtsA to the midcell (130, 274). Characterisation of FtsZx: has revealed that FtsZy is required not
only for the initiation of cell division, but also for the termination of polar peptidoglycan
biosynthesis, coordinating growth pole to old pole transition. In the absence of FtsZa,
peptidoglycan synthesis is not redirected from the growth pole to the midcell (130). Both FtsA
and FtsW are involved in cell division and the regulation of polar growth, with FtsW proposed to
mediate septal PG synthesis. However, neither of these proteins are essential for the redirection

of growth to the septum site (130).

The function of the septal amidase AmiC may also be important for the formation of new growth
complexes at the site of cell division. Typically, AmiC facilitates cell division by splitting
peptidoglycan (255). As touched upon above, amidase-processed PG may serve as a landmark
for the recruitment of RgsS to the septum (281, 285). Subsequent recruitment of RgsE by RgsS
may then permit the formation of polar growth complexes at the septum site (280, 281). Hence,
much like the initiation of cell division upon the arrival of FtsN to the E. coli divisome, arrival of
RgsS to the Hyphomicrobiales divisome also initiates cell division, and is indispensable during
the early stages of cell division (256, 257, 280). Although the Hyphomicrobiales lack the
elongasome-specific penicillin-binding protein PBP2, members of this order do possess
homologs of the divisome-specific PBP3. Within Agrobacterium, which has two copies of PBP3
(PBP3a and PBP3b), PBP3 has been demonstrated to be the driver of septal PG synthesis during
cell division (274, 287). Finally, RgsE also interacts directly with TolQ of the Tol-Pal system, likely
promoting the coordination of the later stages of cell division within S. meliloti (280).

Interestingly, S. meliloti TolQ and Pal localise to the growth pole during cell elongation and to
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the septum within predivisional cells, and colocalise with RgsP, suggesting that the Tol-Pal

system may also be involved in coordinating polar growth as well as cell division (280, 281).

1.4 Polarity markers and pole organisers

For polar growth to occur, the proteins responsible for mediating PG synthesis and remodelling
must first be localised to the pole(s) of the cell. The recruitment of growth complexes to the
correct pole is of particular importance during unipolar growth where growth occurs from only
a single cell pole (289). Furthermore, the identity of cell poles is not fixed, with newly-formed
poles generated following cell division later becoming old poles after subsequent rounds of
division (289, 290). Therefore, the ability of a cell to determine and mark polar identity must be
dynamic. Often, polar proteins are recruited to the pole via associations with other polarity
determinants or polar proteins (290, 291). However, this approach first requires the presence
of a polar protein already localised to the pole. There are several ways in which these initial
polarity proteins (often referred to as polar landmark proteins) can localise to the cell pole
including recognition of intrinsic polar features such as negative membrane curvature, detection
of pole-specific elements of the cell envelope e.g. unique phospholipids or newly-synthesised
PG, or inheritance from the division site (291-293). The composition of cell poles can also serve
as an additional cue for the localisation of polar proteins. Cell poles are typically devoid of
nucleosomes and other densely-packed cellular components, allowing for the self-assembly of
large protein structures within these areas (nucleoid occlusion) (294, 295). Ultimately, bacteria
use a variety of polar landmark proteins to recruit additional members of their polar protein
complexes to the poles, relying on a variety of mechanisms to initially localise these early

landmark proteins to the cell pole (289-291).
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1.4.1 The Streptomyces TIPOC

In the filamentous actinomycete Streptomyces (a common model for polar growth studies),
organisation of the hyphal tip involves three proteins (Scy, DivIVA and FilP) which form a polar
complex referred to as the tip organising centre (TIPOC) (182). Within Streptomyces, the coiled-
coil protein DivIVA functions as an essential polarity determinant, localising to the hyphal tip
(296, 297). Here, DivIVA forms apical assemblies which determine the site of new cell wall
growth, possibly by recruiting PG synthesis machinery to the hyphal tip (296, 298). DivIVA is also
able to dissociate from these apical assemblies and occasionally localises to hyphal sidewalls,
marking future sites of hyphal branching (296, 298). The role of DivIVA in determining the site
of new PG synthesis is conserved within other polar-growing Actinobacteria (e.g.
Corynebacterium and Mycobacterium), but seemingly not beyond (267, 270, 277). Within B.
subtilis, which grows by dispersed growth, DivIVA is instead required for the positioning of its
static MinCD system (which determines the site of cell division), localising to the cell poles via

the recognition of negative membrane curvature (299-301).

Although DivIVA is essential for marking the site of new hyphal PG synthesis, DivIVA alone is not
sufficient to maintain normal polarised growth at the Streptomyces hyphal tip (182). DivIVA has
been found to directly interact with the intermediate filament-like proteins Scy and FilP (181,
182). Scy is a large IF-like protein, with a long (1,227 residue) C-terminal coiled-coil domain (182).
Much like DivIVA, Scy has been shown to localise to hyphal tips and influence branching patterns
and cell wall synthesis, with the loss of Scy resulting in irregular branching and uneven hyphal
diameter (182, 184). Interestingly, seemingly normal hyphal tips can occasionally be established
in the absence of Scy, possibly as a result of the creation of DivIVA-based polarisomes (184). It
has been proposed that Scy may therefore coordinate the number and organisation of DivIVA
complexes within Streptomyces hyphae, thereby controlling the number of tips established (but
not directly recruiting cell wall synthesis enzymes to these tips) (182). Additionally, the long C-
terminal coiled-coil domain of Scy may function as a molecular scaffold for other polar proteins
(182). Indeed, in vitro experiments indicate that Scy interacts with FilP (182). FilP (which also
interacts with DivIVA) forms apical concentration gradients just below DivIVA within actively
growing hyphal tips (171, 181, 184). In contrast to Scy, which serves as a relatively static polar
scaffold, apical assemblies of FilP are highly dynamic (181, 184). The loss of FilP results in delayed
germination, slower vegetative growth, and curved or curly (but not branched) hyphae,

suggesting that unlike DivIVA and Scy, FilP is not required for determining new sites of PG
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synthesis (171, 184). Instead, FilP filaments are thought to provide structural support and rigidity
to the growing hyphae (171, 181). Although Scy and FilP interact, the localisation of FilP at the
hyphal tip is not directly dependent upon Scy, and FilP may instead be recruited to the tip by
DivIVA (181, 184). However, the precise nature of interactions between DivIVA and FilP within
the hyphal tip are not entirely clear, as FilP also appears to affect the size and position of DivIVA

localisations (184).

Within Streptomyces, the chromosome partitioning protein ParA exhibits localisation to the tip
of vegetative and young aerial hyphae (183, 302). ParA is believed to be recruited to the TIPOC
by Scy, possibly through interactions with Scy’s C-terminal domain (183). Here, Scy is proposed
to maintain the polar concentration gradient of ParA by regulating ParA polymerisation (183). It
is important to note that the above studies support the now-outdated spindle-based mechanism
of ParA function, therefore the precise role of Scy in maintaining polar ParA gradients may be
up for debate. Despite widespread distribution throughout Gram-positive species, DivIVA is not
found within Gram-negative bacteria, and no known homologs of FilP and Scy have been
identified or characterised within species beyond the filamentous Actinobacteria (102). Hence,
polarity determination and pole organisation in Gram-negative rods likely depends upon an

entirely different suite of proteins altogether.

1.4.2 Determining polarity in Caulobacter

Much of our knowledge of polarity determination within Gram-negative bacteria has come from
studies within Caulobacter crescentus (289, 290). C. crescentus has a unique lifestyle wherein
asymmetric cell division gives rise to two morphologically distinct daughter cells: a non-
replicative flagellated swarmer cell, and a replicating stalked cell (303). Although this species
exhibits dispersed growth during cell elongation, localised polar elongation is required during
stalk formation (304, 305). Progression of the C. crescentus lifecycle is highly regulated and
coordinated by several polar determinants and regulatory proteins which ensure correct spatial
and temporal organisation of polar organelle development, chromosome replication and
segregation, and cell division (304, 306). In this section, the polarity determinants which allow
for the distinction between the new and old poles have been discussed. Caulobacter polarity is

primarily determined by two proteins: TipN and PopZ (294, 307-309). TipN, a transmembrane
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protein with a predicted coiled-coil region, functions as a polar landmark protein which marks
new poles (307, 308). Here, TipN marks the site of flagellum assembly, prevents stalk formation,
and coordinates cell division, with the loss of TipN resulting in elongated cells, misplacement of
flagellum, and the formation of cells with a stalk at both poles (307, 308). During cell division
(late predivisional stage), TipN relocates to the septum site (in an FtsZ and Tol-Pal-dependent
manner), not only ensuring its recruitment to the new poles following division but also
permitting the transition of the former new pole to an old pole (307, 308, 310). Ectopic
localisation of TipN following its overexpression results in cell branching and the formation of
additional cell poles, indicating that TipN also functions as a landmark protein for the assembly

of growth-associated complexes (e.g. PG synthesis machinery) (308).

In addition to TipN, Caulobacter possesses a second polar landmark protein called PopZ. PopZ is
an intrinsically disordered proline-rich protein which self-assembles into an irregular network at
the cell pole (294, 309). This network serves as a molecular signalling hub, with the intrinsically
disordered regions of PopZ believed to be responsible for recruiting several different proteins
including the signalling and regulatory proteins CckA, Div) and SpmX, which are required for cell
cycle progression (294, 311, 312). One of the primary functions of PopZ is the maintenance of
chromosome organisation (294, 309). Within swarmer cells, PopZ forms a unipolar matrix at the
old pole. A portion of PopZ then migrates to the opposite pole (termed the new pole) during
swarmer-to-stalked cell transition, exhibiting bipolar localisation until cell division occurs (Figure
1.13) (294, 309). Within the dividing cell, PopZ tethers chromosomes to the new pole by directly
interacting with ParB-parS nucleoprotein complexes at the chromosome origin (309, 313).
Despite acting as new and old pole markers respectively, the localisation of TipN or PopZ does
not dependent upon the other (294, 309, 314). Although neither PopZ nor TipN are essential for
cell viability, mutants lacking both proteins are not viable (294, 315). Important for the
regulation of PopZ is the polar scaffolding protein PodJ, which interacts directly with PopZ and
triggers its bipolarisation (316). PodJ is a transmembrane protein with a cytoplasmic N-terminus
composed of a coiled-coil-rich region and an intrinsically disordered region, and a C-terminal
periplasmic domain (317, 318). PodJ was first characterised as a polar landmark protein required
for the localisation of the pili assembly and regulatory proteins CpaE and PleC (respectively) to
the new pole in early predivisional cells (a function attributed to its C-terminus) (317, 318).
However, recent work has demonstrated direct interactions between PodJ)’s coiled-coil region
and PopZ, with PodJ regulating PopZ. PodJ was found to localise to the new cell pole slightly

before PopZ, and the loss of PodJ prevented PopZ relocation in around 80% of cells, as well as
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impairing the ability of PopZ to tether ParB (316). Interestingly, this study also suggested that
new cell pole accumulations of PopZ could actually be the result of de novo PopZ synthesis as
opposed to PopZ relocalisation, however the preexisting relocation model of PopZ’s bipolar

localisation pattern has been adopted in this thesis.

Within Caulobacter, the spatial organisation of cell poles is tightly coupled to chromosome
replication and segregation (Figure 1.13) (319). In newly formed swarmer cells, chromosomes
are initially tethered to the old pole by PopZ, which directly binds ParB proteins within ParB-
parS nucleoprotein complexes (309, 313). Increased concentrations of ParB (bound to PopZ) at
the old pole also generates a concentration gradient of the ParB-interacting protein MipZ, a
member of the MinD-like ATPase family (199). ParB mediates ATP-dependent dimerization of
MipZ, allowing MipZ to bind DNA. Hence, MipZ dimers bind predominantly to the polar regions
of the nucleoid near the old pole where ParB is concentrated by PopZ (200). At the new pole,
TipN interacts directly with ParA and promotes the formation of a ParA concentration gradient
which is greatest at the new pole (206, 315). The mechanism behind the formation of ParA
concentration gradients by TipN is not too well understood. Previous (and possibly now
outdated) hypotheses have suggested that TipN may stabilise ParA structures at the new pole,
while others suggest that TipN binds and thereby concentrates ParA, or sequesters dissociated
ParA (ParA-ADP) away from the nucleoid, generating a concentration of DNA-binding ParA-ATP

dimers near the new pole (206, 314).

Upon pole maturation during swarmer-to-stalked transition, ParB is released from the PopZ
matrix and DNA replication is initiated (313). During this stage, a proportion of PopZ also
accumulates at the new pole, altering the localisation of PopZ from unipolar to bipolar (294,
309). TipN-mediated accumulation of ParA at the new pole has been proposed to promote the
accumulation and eventual polymerisation of PopZ at the new pole (319). Interestingly, the
localisation of PopZ at the new pole has also been proposed to further promote the generation
of a ParA concentration gradient at the new pole, facilitating ParA-mediated chromosome
segregation (314, 315). PopZ has been shown to directly interact with both ParA and ParB via a
short, conserved N-terminal region, however while ParA can enter the PopZ matrix, ParB instead
only accumulates on the cytoplasmic edge of the matrix (102, 111). ‘Inactive’ ParA-ADP
monomers released from the nucleoid following ParB-mediated ATP hydrolysis are sequestered

by the PopZ matrix, which may also function to promote the regeneration of ParA-ATP (314).
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Although PopZ and TipN display some functional redundancy when it comes to recruiting ParA
to the new pole, with the overexpression of one being able to functionally compensate for a lack
of the other, TipN is still likely to be the significant factor in new-pole-specific ParA localisation
as in the absence of TipN, ParA is more evenly distributed between bipolar localisations of PopZ
(294, 314, 315). The ParA gradient established by TipN and PopZ allows for the migration of
ParB-parS complexes (and their associated replicated chromosomes) across the cell towards the
new pole (206, 315). Details of the mechanism of chromosome segregation by the ParABS
system can be found within Section 1.2.4. PopZ then tethers the ParB-parS nucleoprotein
complexes upon their arrival at the new pole, anchoring chromosomes to this pole (319). As
mentioned above, the bipolar distribution of ParB formed during chromosome segregation also
induces a bipolar concentration gradient of MipZ. As MipZ inhibits the polymerisation of FtsZ
filaments (by stimulating FtsZ GTPase activity), bipolar localisation of MipZ restricts Z ring
formation to the midcell where the concentration of MipZ is weakest (199, 200). Formation of
the Z ring and subsequent recruitment of the divisome proteins not only initiates cell division,
but also recruits TipN to midcell ready for its inheritance at the new poles of daughter cells

following cell division (307, 308, 310).
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Figure 1.13. Organisation of Caulobacter cell poles. In swarmer cells, PopZ (orange) exhibits
unipolar localisation, tethering chromosomes (grey lines) to the old pole via direct interactions
with the ParB-parS nucleoprotein complex (darker green) (309). Bound non-specifically to the
chromosomes are ParA (light green) and MipZ (blue) dimers. MipZ is concentrated at the old
pole by ParB (which is bound to PopZ), while ParA is concentrated at the new pole by the new-
pole polarity determinant TipN (black) (200, 315). Following the initiation of chromosome
replication, a portion of PopZ relocates to the new pole, while the remaining PopZ recruits
SpmX (burgundy) to the old pole, driving stalk formation (313). ParB (attached to one of the
replicated chromosomes) moves up the ParA concentration gradient towards the new pole,
bringing MipZ along with it. The formation of a MipZ concentration gradient which is weakest
at the midcell allows for the assembly of FtsZ (the Z ring) and cell division proteins at the
division site (not shown) (200). TipN is subsequently recruited to the division site by FtsZ,
ensuring its inheritance at the new pole following cell division (307, 308). Figure modified from
Sundararajan and Goley, 2017 (320).

1.4.3 Organising the Agrobacterium growth pole

Unlike in Caulobacter, the determination of cell polarity and organisation of cell poles within
members of the Hyphomicrobiales is generally not well characterised. However, recent studies
within the Rhizobiaceae member Agrobacterium tumefaciens have greatly advanced our
understanding of how these important cellular processes are coordinated. Homologs of the
Caulobacter polarity proteins PopZ and PodJ can also be found within the Hyphomicrobiales,
however they often exhibit modified functions within this bacterial order (273, 276, 321, 322).
Within A. tumefaciens, PopZ identifies the new/growth pole (GP), while Pod) identifies the old

pole (OP) (273). In contrast to Caulobacter crescentus PodJ (Podlc), the Agrobacterium Pod)
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protein (PodlJat) localises to the old pole early in the cell cycle, but also accumulates at the growth
pole later in the cell cycle, exhibiting bipolar localisation (273). Colocalisation of PodJ and PopZ
at the Agrobacterium growth pole is observed during septation when existing GPs transition into
non-growing OPs (Figure 1.14) (273). Cell division then generates two daughter cells which each
have a single focus of PodJ at the old pole and PopZ at the new pole, highlighting that the
transition of polar identity requires the loss of PopZ from the previous growth pole (273).
Deletion of podJ results in the formation of ectopic growth poles (leading to cell branching), GPs
which fail to transition into OPs and instead continue growing, and elongated cells which do not
divide (322). In the absence of PodJ, PopZ remains at non-transitioned ‘old’ poles, indicating that
PodJ is required for successful GP to OP transition and the accompanying exclusion/removal of
PopZ from the transitioning growth pole (322). The observation of active growth at these non-
transitioned poles suggests that PodJ ultimately acts as a negative regulator of polar growth in
A. tumefaciens (322). PodJ is also required for the coordination of chromosome segregation and
cell division within Agrobacterium. During the early stages of polar growth, PodJ plays an
essential role in tethering the origins of both the circular and linear A. tumefaciens chromosomes
to the old pole, ensuring faithful chromosome segregation (323, 324). Loss of PodJ also impacts
Z ring formation and stability, resulting in the formation of anucleate minicells, likely as a result

of aberrant cell division (322).

A homolog of PodJ has also been characterised within Sinorhizobium. In Sinorhizobium meliloti
strain Rm1021, the PodJ gene is split into two adjacent reading frames (podJ1 and podJ2), a gene
structure unique to SU47-derived Sinorhizobium strains and not commonly observed within
other Sinorhizobium or Rhizobiaceae species (321). PodJ2, a protein similar to the C-terminal
periplasmic domain of Podlc,, was found to have no identifiable function. The PodJ1 protein
exhibits similarities to the N-terminal cytoplasmic domain of Podlc, possessing a
transmembrane segment and coiled-coil regions. However, despite PodJ1 and PodJa: both being
documented homologs of Podlc., notable differences in the localisation of PodJ1 and PodJa: were
observed. PodJ1 localises to the newer pole (i.e. growth pole) during cell elongation, and was
not found to exhibit the bipolar localisation observed with the Agrobacterium PodJ protein,
suggesting that PodJ1 may function more like Podlc. than Podla (273, 321). Within
Sinorhizobium, PodJ1 is attributed to the control of flagella motility, cell envelope integrity, cell
division and morphology, but is seemingly not required for endosymbiotic interactions with its

host legume Medicago sativa (alfalfa) (321).
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Figure 1.14. Localisation of Agrobacterium PopZ and PodJ proteins. Within Agrobacterium
tumefaciens, PopZ (green) serves as a growth pole (GP) marker, exhibiting strict GP
localisation. In newly formed cells, PodJ (red) exhibits unipolar localisation at the old pole (OP),
but later in the cell cycle (i.e. during GP to OP transition) PodJ also accumulates at the growth
pole with PopZ (colocalisation, yellow). During GP to OP transition, PopZ moves to the midcell,
where new GPs will emerge. Cell division gives rise to daughter cells with unipolar localisations
of PopZ (GP) and PodJ (OP). Figure modified from Grangeon et al., 2015, who also
characterised the localisation of these two proteins (273).

In A. tumefaciens, PopZ exhibits strict growth pole localisation throughout the cell cycle, and
rapidly relocalises to the new growth pole as daughter cells separate (273, 325, 326). The loss of
PopZ from the previous growth pole has been shown to be a result of the movement of PopZ to
the new growth pole, as opposed to its removal from the old pole by proteolysis (116). The
deletion of popZ from Agrobacterium results in several morphological and growth defects
including varied cell length, minicell formation, ectopic growth poles and in some instances
cellular branching (325, 326). Interestingly, despite its consistent growth pole localisation, PopZ
is not required for the direction of polar PG synthesis, and in its absence PG synthesis at the
growth pole resumes with minimal impact on PG composition (325). Therefore, it is thought that
PopZ’s primary function is the coordination of cell division. Many of the phenotypes arising from
the deletion of popZ are indicative of cell division defects, including minicell formation,
elongated cells and Y-shaped cell branching (325, 326). In Agrobacterium, the division proteins
FtsZa: and FtsA localise to the growth pole for the majority of the cell cycle, then relocate to the

midcell prior to cell division (127, 131). Within popZ deletion mutants, FtsZa: and FtsA are often
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misplaced, leading to misplacement of the Z ring and hence asymmetric cell constriction (325).
However, PopZ does not seem to be required for polar localisation of FtsA during cell elongation
(325). Although FtsZa: can still form rings in the absence of PopZ, these Z rings are often
misplaced and less stable, and around 40% of cells exhibit Z ring formation near the pole (leading
to minicell formation following cell division) (325). In the absence of FtsZa, PopZ accumulates at
the growth pole indicating that FtsZa: may be required for the recruitment of PopZ to the midcell

(i.e. the site of new growth pole formation) during GP to OP transition (130).

In addition toits role in coordinating cell division, PopZ is also required for effective chromosome
segregation (324-326). It was observed that the minicells formed as a result of the loss of PopZ
typically lacked DNA, indicating possible chromosome segregation defects or the occurrence of
misplaced (polar) cell division prior to chromosome segregation (325). Indeed, it has been shown
that PopZ is essential for the effective segregation of both the circular and linear chromosomes
of Agrobacterium tumefaciens, tethering these genetic elements to the new pole (323, 324,
326). The tethering of chromosomes by PopZa: to the new (growth) pole is a function shared
with PopZc,, which binds ParB-parS nucleoprotein complexes present on the C. crescentus
chromosome (319). As popZa: deletion strains exhibit aberrant ParB localisation patterns, with
around 30% of cells lacking a ParB focus, the interaction of PopZa: with ParB may serve as a
conserved mechanism of chromosome anchoring by PopZ proteins (326). Despite differences in
their localisation patterns, PopZa: and PopZc. both share a conserved C-terminal domain, which
in PopZc. is required for the polymerisation of PopZ proteins into a matrix (273, 327). In PopZa,
this C-terminal region is believed to be important for proper polar localisation of PopZ (325).
Heterologous expression of PopZc. in E. coli does not impair its ability to form matrixes at cell
poles, highlighting that the polymerisation of PopZc. relies upon intrinsic features of the protein
(i.e. the C-terminal domain) (294, 311, 327). Conversely, when expressed within E. coli, PopZa:
displays a whole-cell diffuse localisation pattern, suggesting that polar localisation of PopZa: may

require species-specific polarity proteins (273).

One such protein may be the growth pole ring protein (GPR). As mentioned in Section 1.3.2, GPR
is a membrane-anchored cytoplasmic protein proposed to serve as an organising centre for the
polar growth protein complex within A. tumefaciens (278, 279). Although initially identified
following a search for homologs of the Caulobacter polarity determinant TipN, GPR was

determined to be distinct from TipN based on their limited sequence similarity, large
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discrepancies in size (882 aa for TipN vs. 2,115 aa for GPR), and the distinctive localisation of
GPR (i.e. polar hexameric ring) (278). However, TipN and GPR do share some structural
similarities including N-terminal transmembrane domains, N- and C-terminal disordered
regions, and central regions of continuous alpha helices (the coiled-coil region of TipN) (278,
307, 308). GPR exhibits unipolar localisation at the growth pole for most of the cell cycle, but
localises at the midcell just before cell division, ensuring its localisation at the new pole following
cell division. During its relocalisation, GPR can still be observed at the old pole for a period of
time, displaying a period of bipolar localisation (278). Cells with a deletion of gpr grow slowly,
are coccoid in morphology, are often enlarged, and display little evidence of normal unipolar
growth. Within these coccoid cells, PG synthesis is abnormally localised around circumference
of the cell, supporting the role of GPR as an organiser of polar PG synthesis machinery (279).
Additionally, even small amounts of GPR overexpression leads to the formation of ectopic
growth poles within the cell (278). The function of GPR as a polar scaffold for growth machinery
is primarily attributed to two structural features of this protein: its coiled-coil-containing
apolipoprotein domains, and its disordered C-terminal domain. GPR possesses five domains with
similarity to human apolipoprotein A-1V, two of which contain predicted coiled-coil regions
(279). Deletion of either of these coiled-coil-containing A-IV domains from full-length GPR
results in the defects in cell morphology and growth described above, with the deletion of one
(A-IV-1) also impacting the ability of GPR to form a hexameric structure at the growth pole.
However, the coiled-coil region within A-IV-1 is not required for hexamer formation (279).
Additionally, deletion of the C-terminal domain also impairs the function of GPR in regulating
polar growth and cell morphology, but seemingly does not impact hexameric ring formation
(279). The abundance of apolipoprotein domains throughout the alpha-helical length of GPR led
to the proposal that GPR may play a role in lipid sorting and membrane synthesis, but the

mechanism of how GPR is involved in these processes remains unknown (279).

Importantly, GPR likely serves as the polar landmark protein required for the localisation of
PopZ, with GPR localising to the new pole slightly before PopZ (278). At the growth pole, the
localisation of PopZ and GPR mostly overlaps, with a small amount of PopZ extending beyond
GPR towards the tip of the cell. This localisation pattern represents a central focus of PopZ
surrounded by the hexameric GPR structure (278). In GPR-depleted cells, PopZ exhibits a diffuse
localisation pattern, and PopZ cannot localise to the midcell during septation if GPR is absent

(278). Finally, much like other polarity landmarks and pole organisers (e.g. PopZ, PodJ), GPR also
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plays a role in the organisation of chromosomes, with GPR having been found to be important

for the localisation of replication origins to the growth pole (323).

1.5 Understanding unipolar growth in Rhizobium leguminosarum

As highlighted throughout this literature review, a small number of well-characterised
bacterial cytoskeletal (and associated) proteins have also been functionally characterised
within rhizobial species both within and beyond the Rhizobiaceae including ParA
(Azorhizobium caulinodans), PodJ and the MiInCDE system (Sinorhizobium meliloti), FtsZ
(Rhizobium meliloti) and the RepA and RepB proteins (R. leguminosarum) (136, 198, 222, 227,
321, 328). Yet, the precise requirement of these proteins during unipolar growth within the
Rhizobiaceae, including possible interactions between these proteins, remains somewhat a
mystery. Essential to unipolar growth is the determination of cell polarity and pole identity,
allowing for the distinction between the old pole and the growth pole. Hence, a key step in
determining the mechanisms which underpin the spatial and temporal coordination of
unipolar growth within the genera Rhizobium is the identification of proteins which may

associate to form polar protein complexes within these species.

In this thesis, Rhizobium leguminosarum bv. viciae (strain 3841) (NCBI:txid216596) was chosen
as the model R. leguminosarum species, in part due to the availability of a complete whole-
genome sequence of this species (329). For many years, this species has served as an
important model species for the study of rhizobium-legume symbioses, biological nitrogen
fixation, nodule biochemistry and rhizobial genetics, with over 100 publications directly
studying various facets of this species’ lifestyle (data obtained using Dimensions (330)). In July
2023, whole-genome phylogenetic analysis of the Rhizobium leguminosarum species complex
resulted in a proposed taxonomic reclassification of three previously unnamed R.
leguminosarum clades (13). Consequently, R. leguminosarum bv. viciae 3841 was renamed
Rhizobium johnstonii 3841, however its former name (abbreviated to R. leguminosarum 3841
hereafter) has been used throughout this thesis. R. lequminosarum 3841 has a 7.75 Mb genome,
comprised of a circular chromosome (5 Mb) and 6 accessory plasmids (329). The organisation of
genomes as multiple replicons (i.e. multipartite genomes) is a characteristic feature of rhizobial

species (329, 331-333). The genes for host-specificity, nodulation (e.g. nod, nol and noe gene
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clusters), and nitrogen fixation (nif and fix gene clusters) are present on a single plasmid (pRL10),
referred to as the symbiotic plasmid, which permits the establishment of endosymbiotic
interactions with legumes in the tribe Fabeae (Vicieae), including pea (Pisum sativum), lentil

(Lens culinaris), broad bean (Vicia faba) and vetch (Vicia cracca) (329, 334).

1.5.1 R.leguminosarum PopZ

Given its established role as a new-pole marker and pole organiser within the Rhizobiaceae
member Agrobacterium tumefaciens (273, 324-326), PopZ was hypothesised to be a very likely
candidate of a growth-associated polar protein complex within Rhizobium leguminosarum. To
identify homologs of PopZ within R. leguminosarum 3841, the Agrobacterium tumefaciens C58
PopZ (PopZa:) amino acid sequence (Atul720) (273) was used as the query sequence for a
Protein BLAST (BLASTP) against the R. leguminosarum 3841 genome. This search identified a 293
amino acid (aa) hypothetical protein encoded by the R. leguminosarum 3841 gene RL2034. A
BLASTP search of the Caulobacter crescentus CB15 PopZ (PopZc.) sequence (Cc1319) (294, 309)
against R. leguminosarum 3841 confirmed the identity of the RL2034 gene product as a PopZ
homolog. Hereafter, the gene RL2034 has been designated popZ, with its gene product named
PopZ. Protein structure prediction using Phyre2 (335) suggested that the majority of this protein
is disordered, a characteristic feature of PopZ proteins (311, 336). The Agrobacterium
tumefaciens and Rhizobium leguminosarum PopZ sequences (333 and 293 aa respectively)
exhibit a pairwise identity of 41%, with more highly conserved N- and C-terminal regions. The
conservation of N- and C-terminal regions of PopZ has also been documented between
Agrobacterium and Caulobacter PopZ proteins (325), and is likely due to their function. Within
PopZc., a 75 aa region within the C-terminus is required for its polymerisation and higher order
assembly, while a 24 aa N-terminal region confers binding specificity to other proteins (311,
336). In PopZat, the C-terminal region (residues 259-333) is required for polar localisation of this
protein (282, 325). Despite an overall sequence homology of 38%, the C-terminal regions of
PopZa: and R. leguminosarum 3841 PopZ (residues 259-333 and 219-293 respectively) are 73%

identical, demonstrating that this region is highly conserved within the Rhizobiaceae.
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1.5.2 A novel Rhizobium cytoskeletal element?

It is widely accepted that members of the Rhizobiaceae (and more broadly the rhizobia) lack
homologs of certain canonical cytoskeletal proteins including MreB (present in most other
Gram-negative rods) and DivIVA (not present in Gram-negative species). However, little is
known about whether this family of bacteria possess homologs of the non-canonical coiled-coil
IF-like TIPOC proteins Scy and FilP, which to date have only been documented within
Actinobacteria (102). A key feature of this broad class of relatively-uncharacterised proteins is
the periodic occurrence of hydrophobic residues within their amino acid sequence which give
rise to non-canonical coiled-coil motifs (175). These proteins typically share little sequence
homology, and can vary greatly in length, making sequence-similarity searches such as BLAST
ineffective for the identification of homologs in more distantly related species. Therefore,
Walshaw et al. (175) used fast Fourier transforms, an algorithm which can be used to calculate
periodicities of hydrophobic residues within amino acid sequences (337), to identify potential
homologs of Scy. Amongst these homologs was a hypothetical protein encoded by the R.
leguminosarum 3841 gene RL2654 (Kelemen, personal communication. Data not published). In
contrast to the 1,326 aa protein Scy, RL2654 encodes a protein of 2,376 aa which has been
named Rhizobium cytoskeletal element (Rcy) in accordance with the nomenclature of Scy

(Streptomyces cytoskeletal element). Hereafter, the gene RL2654 has been named rcy.

Scy is predicted to possess an N-terminal canonical, coiled-coil domain (residues 1-64), a short,
flexible “hinge” (residues 64—72) and a long (1,227 residue) C-terminal non-canonical coiled-coil
domain. The majority of Scy is predicted to be a-helical, with a high coiled-coil forming
probability throughout (175, 182). Structural predictions using PredictProtein (338) and Phyre2
identified that 80% of Rcy is predicted to be a-helical. However, in contrast to Scy, only a handful
of short regions of Rcy (residues 469-545, 1447-1477, 1649-1735 and 1973-1993) were
predicted to form coiled-coils, potentially suggesting that the coiled-coil repeat architecture of
Rcy may differ from that of Scy and other known coiled-coil proteins. Pfam (339) and InterPro
(340) domain predictions predicted that Rcy has an N-terminal disordered region (residues 27-
88), two N-terminal transmembrane domains (residues 112-130 and 142-166), and a second C-
terminal disordered region (residues 2143-2261). The central length of Rcy is predicted to

contain 13 overlapping or adjacent apolipoprotein (lipid-binding) domains.
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Surprisingly, both the length and predicted domain architecture of Rey is strikingly similar to that
of the growth pole ring protein GPR (Figure 1.15). GPR is 2,115 aa long (compared to the 2,376
aa-long Rcy), with two N-terminal transmembrane domains, N- and C-terminal proline-rich
disordered regions, and a large 1,700 aa central a-helical region containing 12 predicted
apolipoprotein domains (278). Within this central domain are two, 21 aa coiled-coil domains
(residues 413-433 and 1,100-1,120) that lie within the predicted apolipoprotein domains (279).
However, although attributing GPR to the control of morphology and growth within
Agrobacterium, and proposing that it functions as an organising centre for membrane and cell
wall synthesis during polar growth, Zupan et al. did not explicitly comment on whether they
categorise GPR as a member of the prokaryotic cytoskeleton or an intermediate filament-like

protein (278, 279).
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Transmembrane domain Apolipoprotein domain Disordered
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142-166 738-1119 2143-2261 469-543
1140-1762 1447-1477
1836-2085 1649-1725
1973-1993

Figure 1.15. Similarities in the predicted domain architecture of GPR and Rcy. (A) Predicted
domain architecture of growth pole ring protein (GPR), published by Zupan et al. (278). GPR is
predicted to contain an N- and C-terminal disordered region (red), two N-terminal
transmembrane domains (green) and 12 overlapping or adjacent apolipoprotein domains
(blue). Not shown within this figure are two predicted 21 amino acid coiled-coil domains
(residues 413-433 and 1,100-1,120) which lie within the predicted apolipoprotein domains
(279). (B) Predicted domain architecture of Rcy, designed to be in-keeping with Part A of this
figure (published by Zupan et al.) to facilitate comparisons between the two proteins. Rcy is
predicted to possess an N- and C-terminal disordered region (red), two N-terminal
transmembrane domains (green), and a long central region containing 13 overlapping or
adjacent apolipoprotein domains (blue). Unlike Rcy which contains two equal-length coiled-coil
domains, Rey has four predicted coiled-coil domains (yellow) of varying lengths, all of which lie
within the predicted apolipoprotein domains.
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1.5.3 R.leguminosarum ParAl

In this thesis, ParA has been proposed as a third Rhizobium polar complex protein. Although not
animmediately apparent polar complex protein due to its nucleoid-wide binding and localisation
pattern (215, 341, 342), ParA has been shown to exhibit localisation foci towards the cell poles
later in the cell cycle (208, 315, 341). Additionally, ParA proteins have been found to directly
interact with known polarisome/polar complex proteins including Scy (Streptomyces), PopZ
(Caulobacter) and TipN (Caulobacter) (183, 206, 314, 315). Further support for ParA as a possible
unipolar growth-associated protein within Rhizobium comes from characterisation studies
within Azorhizobium, where a null mutation of the parA gene within the Azorhizobium
caulinodans genome was associated with changes in cell morphology and reduced growth rate
(227). To identify ParA homologs within R. leguminosarum 3841, the Agrobacterium tumefaciens
ParA homolog (CAA28769) was first identified following a search of the UniProt protein database
for known ParA proteins within the Rhizobiaceae. BLASTP and DELTA-BLAST (Domain Enhanced
Lookup Time Accelerated BLAST) searches of the amino acid sequence of this protein against R.
leguminosarum 3841 highlighted several potential ParA homologs, two of which were encoded
by genes RL4736 and RL3343 located on the chromosomal plasmid. A number of other plasmid-
encoded ‘ParA’ homologs were also identified, synonymous with the RepA protein of the
RepABC plasmid partitioning systems within multipartite genomes (220, 221). To determine
which of the two chromosomal ‘parA’ genes encodes the primary copy of ParA, their
downstream genes were investigated. Typically, ParA proteins are encoded within an operon
along with ParB and the parS sequence (the parABS locus) (220, 343, 344). The downstream
gene of RL4736 is predicted to encode a ParB protein (RL4735) (329), therefore RL4736 was
presumed to encode the primary ParA protein, and was designated parA1 accordingly. The other
parA gene (RL3343), seemingly not located within a ParABS operon, was named parA2 but was
not studied further within this thesis. R. leguminosarum 3841 parA1 encodes a 264 amino acid
protein (ParAl). Pfam and InterPro predictions highlighted that ParAl contains a P-loop NTPase
domain (residues 2-258), within which lies an AAA+ domain (residues 7-183). These domains are
characteristic of Walker A cytoskeletal ATPase proteins (187—-189), confirming the identity of this

protein as a member of the ParA family of cytoskeletal proteins.
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1.6 Experimental Aims

Recent research within the Rhizobiaceae species Agrobacterium tumefaciens and Sinorhizobium
meliloti has highlighted several polar growth and polarity proteins essential for unipolar growth
and division within this family (and more broadly the Hyphomicrobiales) including PopZ, Podl,
GPR and the Rgs proteins (273, 278, 280, 281, 321). There is no doubt that these studies have
been invaluable in expanding our knowledge of unipolar growth within the Rhizobiaceae, but
our understanding of this growth mechanism is by no means comprehensive, and the precise
role of many of these proteins within other members of the Rhizobiaceae including Rhizobium
species remains incredibly limited. This thesis therefore aims to shed light on unipolar growth
within this agriculturally significant bacterial family through the identification and
characterisation of proteins which are required for the coordination of growth, division and cell
morphology within the model Rhizobium species Rhizobium leguminosarum (R. johnstonii) strain
3841. Within this thesis, three candidate polar proteins have been studied. These are the R.
leguminosarum homologs of the chromosome partitioning ATPase ParAl and the polar
organising protein PopZ, and a putative homolog of the Streptomyces TIPOC protein Scy, named
Rhizobium cytoskeletal element (Rcy), which also exhibits striking similarity to the

Agrobacterium polar protein GPR.

The first step taken towards the characterisation of ParAl, PopZ and Rcy was to assess the
physiological impact of the loss of these proteins via the attempted generation of whole gene
parAl, popZ and rcy knockout strains (Chapter Three). As an alternative approach to elucidate
gene function, inducible parA1, popZ and rcy overexpression R. leguminosarum 3841 strains
were then generated for the purpose of studying the consequence of the misregulation of these
genes and their encoded proteins. Novel overexpression phenotypes including impacts on
population growth and cell morphology within these strains were analysed to establish the
involvement of these proteins in the regulation of unipolar growth within R. leguminosarum
(Chapter Four). Finally, localisation studies of ParA1-EGFP, PopZ-EGFP and Rcy-EGFP
translational fusion proteins were performed to provide valuable insights into not only the
normal localisation of these proteins (and hence their likelihood of being polarity complex
proteins), but also how their misregulation may alter the growth of R. leguminosarum (Chapter
Five). Taken together, these research approaches aim to not only address whether or not ParA1,
PopZ and Rcy are required for coordinated unipolar growth within R. leguminosarum 3841, but

may also provide supporting or even new evidence for the precise functions of these proteins
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within this species. Overall, by characterising these proteins within Rhizobium legquminosarum,
the work performed within this thesis sets out to not only advance our understanding of this
relatively unique and poorly understood mechanism of growth, but also contribute insights into
how members of the bacterial cytoskeletal network (and its associated proteins) bring about the
important morphological changes within rhizobia required for the effective establishment of

endosymbiotic interactions such as bacteroid differentiation.
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Chapter Two — Materials and Methods

2.1 Bacterial strains, media and growth conditions

2.1.1 Bacterial strains

In this thesis, Rhizobium leguminosarum bv. viciae strain 3841 (referred to hereafter as R.
leguminosarum 3841) was used as the model Rhizobium leguminosarum strain. This strain is a
spontaneous streptomycin-resistant mutant of Rhizobium leguminosarum bv. viciae strain JB300
(334, 345). Multiple Escherichia coli (E. coli) strains were used to facilitate various molecular
biology and genetic manipulation techniques. The key characteristics and genotypes of all strains

used in this thesis have been summarised in the table below (Table 2.1).

Table 2.1. Bacterial strains used in this thesis.

Strain Key features Ref.

Streptomycin resistant (strf)
7.75 Mb genome, comprised of 1 circular chromosome
(5 Mb), and six accessory plasmids (329, 334,

R. leguminosarum
9 The plasmid pRL10 (symbiosis plasmid, aka pSym), 345)

3841
enables symbiotic interactions with members of the

plant tribe Vicieae

recAl,
endAl (346, 347)

E. coli DH5a ) . .
lacZAM 15, allowing for blue-white selection

recAl,
Thermo
endAl

E. coli DH10B Fisher
lacZAM15 N
Scientific

Strf
E. coli DH5a strain carrying the helper plasmid pRK2013

E. coli pRK2013 (348)

Kanamycin resistant (kan®) (conferred by pRK2013)

E. coli BW25113 carrying the plasmid plJ790

recA’

E. coli AlacZ4787

BW25113/plJ790 lacl*

AaraBAD

Chloramphenicol resistant (chI?) (conferred by plJ790)

(349-351)
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2.1.2 Growth medium and conditions

Typically, E. coli strains were cultured in Luria Broth (Miller) (LB) (352) at 37°C for approximately
14-18 hours. R. leguminosarum 3841 was cultured in Tryptone-Yeast extract broth (TY) (353) at
30°C for a period of approximately 48-60 hours (2-3 days). An important deviation from the
standard E. coli growth conditions stated above was the culture of strain BW25113/plJ790. To
ensure retention of the temperature-sensitive plasmid plJ790 (349, 351), this strain was grown
at 30°C. Bacterial cultures were routinely grown either on 90 mm Agar plates, or as 10 mL liquid
cultures within 30 mL universal glass vials. For volumes > 10 mL, cultures were grown in conical
flasks. To ensure aerobic respiration, all liquid cultures were incubated with shaking at 180 rpm
within an Innova 44 Incubator Shaker (New Brunswick). During the generation of knockout
mutants (Section 2.8), a modified version of TY containing 10% (w/v) sucrose (referred to as TY-
sucrose) was used for the selection of double-crossover events. In addition, Super Optimal Broth
(SOB) (346) was used for the culture of E. coli BW25113/pl)790 during the generation of EGFP
fusion proteins (Chapter Five), while Super Optimal broth with Catabolite repression (SOC)
medium, a modified version of SOB containing additional glucose (346), was used for the
recovery of cells following heat-shock transformation (Section 2.4.1). The composition of all
bacterial growth media is described in Table 2.2. For solid medium, referred to as Agar medium,

15 g Agar was added per 1 L of media (1.5% (w/v)).

Table 2.2. Composition of bacterial growth media. For solid medium, 15 g Agar was added per
1 L of media. Sucrose solution was filter sterilised with polyethersulfone (PES) Minisart®
syringe filters (pore Size 0.22 pum) (Sartorius).

Medium Composition per 1 litre of de-ionised water Ref.
Luria Broth
“r'fLB; ot Tryptone 10 g, Yeast Extract 5.0 g, NaCl, 10 g (352)
Tryptone-Yeast
extract broth Tryptone 5.0 g, Yeast Extract 3.0 g, CaCl,.6H,0 1.32 g (353)
(TY)

Tryptone 5.0 g, Yeast Extract 3.0 g, CaCl,.6H,0 1.32 g, Sucrose
0 100 g (200 mL of filter-sterile 50% (w/v) sucrose solution
TY-sucrose (10%) added after autoclaving. Volume of de-ionised water adjusted i
accordingly)
Super Optimal Broth Bacto Tryptone 20 g, Yeast Extract 5.0 g, NaCl 0.58 g, KClI
(soB) 0.186 g, MgS041.2 g, MgCl,0.95 g
Super Optimal broth
with Catabolite
repression
(50C)

(346)
Bacto Tryptone 20 g, Yeast Extract 5.0 g, NaCl 0.58 g, KCl

0.186 g, MgS041.2 g, MgCl,0.95 g, Glucose 4 g (8 mL filter- (346)
sterile 50% glucose solution (w/v) added after autoclaving)
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2.1.3 R. leguminosarum growth curve generation

The extent of bacterial growth was determined by measuring the optical density of culture
samples at a wavelength of 600 nm (ODew) using a Jenway™ 7315 UV/Visible
Spectrophotometer. To generate R. leguminosarum growth curves, 10 mL starter cultures were
grown as described in Section 2.1.2. Starter cultures were then standardised to an ODggo of
approximately 1.0 by dilution with sterile TY medium. A 1% inoculum (v/v) was taken from the
starter cultures and transferred into 250 mL conical flasks containing 50 mL sterile TY medium
with 200 pg mL? kanamycin. Where kanamycin selection was not applicable (i.e. culture of
wildtype R. leguminosarum 3841), 500 pug mL? streptomycin was added to the culture. Flasks
were transferred to a shaker incubator set to 30°C and 180 rpm, and grown for approximately
90 hours. ODeggo readings were taken a minimum of every 12 hours throughout the growth
period. To ensure accurate ODgo Mmeasurements were taken, culture samples with an ODeggo
greater than 1.0 were diluted with fresh TY medium until the ODgoo reading obtained was below
1.0. Actual ODggo values were then calculated accordingly. Mean ODgoo readings of 3-4 biological

replicates were calculated and plotted against time (hours) to generate growth curves.

2.2 Plasmids & antibiotics

2.2.1 Plasmids

The majority of plasmids used throughout this study were derived from one of two cloning
vectors: pK18mobsacB (354), a sucrose-sensitive vector used during the generation of knockout
mutants (Chapter Three); and pIND6 (Kelemen, unpublished), a derivative of the IPTG-inducible
expression vector pIND4 (355), used for the overexpression of genes within R. leguminosarum
(Chapters Four and Five). A comprehensive list of all plasmids used throughout this thesis can
be found in Table 2.3. Vectors used solely for the delivery of artificially synthesised gene

sequences (refer to Section 2.3.7) have not been included in this table.
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Table 2.3. List of plasmids used.

Plasmid

Features and functions

Source

pK18mobsacB

Sucrose-sensitive (sacB) plasmid used for allelic
exchange during conjugation
LacZa, mob+, kan®

(354)

pK18-popZ-KO

pK18mobsacB-derivative possessing the popZ
knockout construct, used for the unmarked deletion
of popZ within R. lequminosarum

This study

pK18-rcy-KO

pK18mobsacB-derivative possessing the rcy knockout
construct, used for the unmarked deletion of rcy
within R. leguminosarum

This study

pK18-parA1-KO

pK18mobsacB-derivative possessing the parAl
knockout construct, used for the unmarked deletion
of parA1 within R. leguminosarum

This study

pRK2013

Conjugal helper plasmid, used for the mobilisation of
non-transmissible plasmids into R. leguminosarum
mob+, tra+, kan®

(348)

pSUP3535

Tet® transcriptional lacZ fusion suicide vector
Source of tetracycline resistance (tet®) cassette
Derivative of pSUP202 (356)

(357)

pK18-parAl-tetf-KO

pK18-parA1-KO derivative used for generation of
tetracycline-resistant marked parA1 knockout
mutants

This study

pK18-popZ-tett-KO

pK18-popZ-KO derivative used for generation of
tetracycline-resistant marked popZ knockout
mutants

This study

pK18-rcy-tet®-KO

pK18-rcy-KO derivative used for generation of
tetracycline-resistant marked rcy knockout mutants

This study

pIND6

IPTG-inducible-expression plasmid, used for
expression of proteins — A derivative of pIND4 (355)
Kan®, lacl®, lac promoter

Kelemen,
Unpublishe

d

pIND6-parA1

pIND6-derivative expressing N-terminal His-tagged R.
leguminosarum ParAl protein

Kanf

This study

pIND6-popZ

pIND6-derivative expressing N-terminal His-tagged R.

leguminosarum PopZ protein

KanF

This study

pIND6-rcy

pIND6-derivative expressing N-terminal His-tagged R.

leguminosarum Rcy protein

KanF

This study

pl}790

Temperature-sensitive recombination plasmid
expressing the phage A Red recombinase system
ChI®, A Red genes (gam, bet, exo), araC, rep101%
Used to facilitate generation of EGFP fusion proteins

(349, 358)
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Table 2.3 (continued)

pIND6-parAl-egfp

Derivative of pIND6-parA1l expressing an N-terminal
His-tagged ParA1-EGFP fusion protein

Used for localisation studies in R. leguminosarum
Apra®, kan®

This study

pIND6-popZ-egfp

Derivative of pIND6-popZ expressing an N-terminal His-
tagged PopZ-EGFP fusion protein

Used for localisation studies in R. leguminosarum
Apraf, kan®

This study

pIND6-rcy-egfp

Used for inducible expression of an N-terminal His-
tagged Rcy-EGFP fusion protein

Used for localisation studies in R. leguminosarum
Apra®, kan®

This study

2.2.2 Antibiotics, additives, and inducers

Unless otherwise stated, all R. leguminosarum cultures were grown in the presence of 500 ug

mL? streptomycin (str). In some instances, such as blue-white screening of E. coli colonies or the

induction of gene expression, additional reagents and inducers were added to the growth media.

A full list of all antibiotics, inducers and other media additives, and their respective final

concentrations for E. coli and R. legquminosarum are listed in Table 2.4. All solutions were filter-

sterilised with polyethersulfone (PES) Minisart® syringe filters, pore size 0.22 um (Sartorius), and

stored at -20°C.
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Table 2.4. Table of antibiotic, additive and inducer concentrations used throughout this
thesis. Several antibiotics and other media additives were used during the culture of E. coli and
R. leguminosarum. The concentrations used during the culture of the relevant species are
detailed in this table. Isopropyl B-D-1-thiogalactopyranoside (IPTG) was used for both blue-
white screening, and as an inducer of gene expression. For IPTG and L-Arabinose, molar
concentrations have been provided instead of mg/ug mL™.

[Stock]  [Final] (ug mL?) [Final] (ug mL?)

Solvent . .
(mg mL?) E. coli R. leguminosarum

Antibiotics
Kanamycin (kan) dH,0 100 50 200
Spectinomycin (spc) dH,0 100 100 -
Streptomycin (str) dH,0 500 - 500
Tetracycline (tet) Ethanol 10 10 5
Ampicillin (amp) dH,0 100 100 -
Chloramphenicol (chl) Ethanol 25 25 -
Apramycin (apra) dH,0 50 50 -
Additives and Inducers
IPTG (induction) dH,0 1M - Typically 1 mM
IPTG (screening) dH,0 1M 1mM -
X-gal DMSO 200 200 -
L-Arabinose dH,0 1M 10 mM -

2.3 DNA preparation and handling

2.3.1 Isolation of DNA from bacteria

Throughout this thesis, plasmid DNA was routinely isolated from E. coli cultures (Section 2.3.1.1),
with genomic DNA isolated from R. leguminosarum cultures (Section 2.3.1.2). Following the
isolation of both plasmid and genomic DNA, the quantity and quality of the purified DNA was
determined by measuring absorbance at wavelengths of 260 and 280 nm using a NanoDrop 2000

UV-Vis Spectrophotometer (Thermo Fisher Scientific).
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2.3.1.1 Plasmid DNA

Plasmid DNA was isolated from microbial cultures (3-5 mL) using the QIAGEN QlAprep Spin
Miniprep Kit. This kit uses chemical lysis of cells to release plasmid DNA. Following lysis and
subsequent neutralisation of the reaction, lysates and solubilised DNA are separated by
centrifugation, and the supernatant is applied to a silica membrane spin column. Plasmid DNA
is bound to the membrane in the presence of a high salt binding buffer. Following washing of
the column with an ethanol-based wash buffer to remove impurities, plasmid DNA was eluted
into 30 plL nuclease-free water. All centrifugation steps were performed using an Eppendorf
5424 benchtop microcentrifuge, at the speed and duration specified by kit's protocol (typically
17,900 x g).

2.3.1.2 Genomic DNA

Genomic DNA (gDNA) was extracted from bacterial cells using the QIAGEN DNeasy UltraClean
Microbial Kit. This kit uses a combination of mechanical (bead-beating) and chemical lysis to
extract DNA from cells. Cell debris is then precipitated by centrifugation. Soluble proteins and
any residual cell debris are then precipitated from the solution. The resulting supernatant,
containing the solubilised genomic DNA is loaded onto a silica membrane spin column in the
presence of a high salt buffer to allow for binding of DNA to the membrane. Following washing
of the membrane with an ethanol-based wash solution, purified gDNA was eluted into 50 uL
nuclease-free water. All centrifugation steps were performed using an Eppendorf 5424

benchtop microcentrifuge, at the speed and duration specified by kit’s protocol (10,000 x g).

2.3.2 Agarose gel electrophoresis

Agarose gel electrophoresis of DNA was performed using 1% (w/v) agarose gels (1g agarose per
100 mL TAE (Tris-Acetate-EDTA) buffer (40mM Tris, 20mM acetic acid, ImM EDTA)). 1X TAE
buffer was prepared from a 50X stock solution (Thermo Fisher Scientific). Prior to pouring of the
gels, ethidium bromide (EtBr) was added (final concentration 0.5 pg mL?) to allow for
visualisation of the DNA under ultraviolet (UV) light. Once solidified, gels were transferred to an
electrophoresis tank and submerged in TAE buffer. Samples were mixed with 6X Purple Gel

Loading Dye (New England Biolabs; NEB) and loaded on the gel alongside up to 5 uL GeneRuler
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1 kb Plus DNA Ladder (Thermo Fisher Scientific). Gels were run at 90-110V for between 45 min
to 1 hr 30 min depending on gel size. To visualise DNA, gels were imaged under UV light using a
Syngene G:Box F3 Gel & Blot imaging system. In instances where EtBr was not added to the gel
prior to pouring, gels were soaked in an ethidium bath (0.5 pg mL? EtBr solution) for
approximately 10 minutes before visualisation. Whether or not EtBr was added directly to gel
was solely dependent upon the working practices of the laboratory the work was being

performed in.

2.3.3 Purification of DNA from agarose gel

DNA fragments (70 bp to 10 kb) excised from agarose gels were extracted using the QIAGEN
QlAquick Gel Extraction Kit. In this protocol, gel slices are dissolved in a dual-purpose
solubilisation and binding buffer and applied to a silica membrane. To ensure efficient binding
of DNA to the membrane, this buffer contains and integrated pH indicator which turns purple
when the pH of the solution is too high (> 7.5). If required, pH is adjusted with 3 M sodium
acetate (pH 5.0) until the solution is no longer purple. Following loading onto the column, nucleic
acids are bound to the membrane under the high-salt conditions provided by this buffer.
Following washing of the membrane, nucleic acids were eluted into 30 plL nuclease-free water.
Where increased concentrations of DNA were required, an elution volume of 15-20 L was used.
The quantity and quality of eluted DNA was determined by measuring absorbance at
wavelengths of 260 and 280 nm using a NanoDrop 2000 UV-Vis Spectrophotometer (Thermo

Fisher Scientific).

2.3.4 Restriction enzyme digestion

All restriction enzymes used in this study were supplied by New England Biolabs (NEB) and were
compatible with digestion in either CutSmart™ Buffer or NEBuffer™ r3.1. Digestion reactions
were set up as detailed in Table 2.5. For diagnostic digestions, up to 1 ug DNA was digested for
at least 1 hour (typically 1-2 hours). For molecular cloning, or previously incomplete digestions,
1 pg DNA was digested overnight (16-18 hours). All digestion reactions were carried out at 37°C.
Following digestion, restriction enzymes were inactivated by either heat inactivation (if

applicable) or gel purification (typically used during molecular cloning). For digestions with
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multiple restriction enzymes, up to 1 uL of each enzyme was added to the reaction, ensuring

that the total volume of restriction enzyme within the 50 L reaction did not exceed 5 pL.

Table 2.5. Components of a typical restriction enzyme digestion.

Component Quantity (per 50 pL reaction)
DNA 1pg

10X CutSmart™ Buffer

OR 5uL

10X NEBuffer™ r3.1

Endonuclease 1.0 pL (10 units)
Nuclease-free water Up to 50 pL

2.3.5 DNA ligation

Ligation of DNA fragments was performed using either T4 DNA ligase (Roche) or Hi-T4™ DNA
Ligase (NEB). Although the reaction constituents and conditions for these two enzymes differ
slightly (Table 2.6), their suitability for downstream protocols (i.e. heat inactivation,
transformation) was identical, and no notable differences in ligation efficiencies were observed
between the two enzymes. Therefore, the two enzymes were used interchangeably dependent
upon availability. For the ligation of sticky (cohesive) ended DNA fragments (applicable to all
cloning in this thesis), a 3:1 insert to vector ratio was typically used. In cases where the insert
fragment was much smaller than the vector (approximately < 1/10™ of vector length), a 5:1
insert to vector ratio was used. For large inserts, i.e. those similar in size to the vector, a 1:1
insert to vector ratio was used. Reactions using Roche T4 DNA ligase (primarily those within
Chapter 3) were incubated at 16°C for 1 hr, then transferred to 4°C overnight to complete the
ligation reaction. For ligations using NEB Hi-T4™ DNA ligase (Chapter 4 onwards), reactions were
incubated at 25°C for 1-2 hours. Following incubation, reactions were heat inactivated at 65°C
for 10 min before transforming 1-5 pL of the reaction volume into E. coli for replication and

subsequent isolation of the ligated plasmid (Section 2.4.1.2).
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Table 2.6. Constituents of sticky-ended DNA ligation reactions. The components of a typical
ligation reaction using either Roche T4 DNA ligase (left) or New England Biolabs Hi-T4™ DNA
ligase (right) are detailed in this table. The quantity of insert DNA required (X) was determined

by the following equation:

insert mass (ng)(X) = desired insert ratio x

insert length (bp)
vector length (bp)

X vector mass (ng).

Roche T4 DNA ligase NEB Hi-T4™ DNA ligase
Quantity Quantity
Component ) Component .
(per 30 pL reaction) (per 20 pL reaction)

Vector DNA 50 ng Vector DNA 50 ng

Insert DNA Xng Insert DNA Xng

T4 DNA Ligase 3 uL T4 DNA Ligase 2 uL
Reaction Buffer (10X) Reaction Buffer (10X)

T4 DNA ligase 1puL Hi-T4™ DNA ligase 1L
Nuclease-free water Up to 30 uL Nuclease-free water Up to 20 puL

2.3.6 Sanger sequencing of DNA

All DNA sequencing was carried out by Eurofins Genomics, using their Mix2Seq sequencing
service. Eurofins were provided with 5 uL of either purified PCR product/DNA fragment (1-10 ng
uL?) or plasmid DNA (50-100 ng pL?), pre-mixed with 5 pL of sequencing primer at 5 pmol pL™.
Analysis and alignment of sequencing reads was performed using Benchling (benchling.com), a
cloud-based biotechnology platform, and the molecular biology software SnapGene
(Dotmatics). Where applicable, regions of poor-quality sequencing reads (i.e. read ends) were

trimmed prior to alignhment.

2.3.7 Artificial Gene Synthesis

The allelic exchange constructs used for the generation of unmarked parAl, popZ and rcy
knockout mutants (Section 3.2.1) and the gene expression constructs required for the
expression of His-tagged ParAl, PopZ and Rcy proteins (Section 4.2.2) were synthesised using
one of two artificial gene synthesis services. Invitrogen’s GeneArt gene synthesis service was
used for the synthesis of the gene knockout allelic exchange constructs. For delivery, the

synthesised constructs were cloned into the Dralll sites of the vector EC41308 (359) (Figure 2.1).
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Following complications with the parA1 knockout construct synthesised by Invitrogen (Appendix
A.2), this construct was resynthesized directly into the Xmal and HindlIl sites of pK18mobsacB
using GenScript’s gene synthesis service. A plasmid map of pK18mobsacB can be found in Figure
3.2, within Section 3.2. The His-tagged ParAl, PopZ and Rcy expression constructs were also
synthesised by GenScript. These constructs were cloned into the EcoRV site of pUC57 (Figure
2.2), in the opposite orientation to the /ac promoter. Once received, the lyophilized (GenScript)
or dried (Invitrogen) plasmids were resuspended in accordance with the provided
recommendations and transformed into E. coli for plasmid amplification and subsequent
plasmid preparation. To select for cells transformed with EC41308-derived plasmids,
transformations were plated onto LB Agar containing 100 pg mL? spectinomycin (spc).
Transformations with pUC57-derived plasmids were plated onto LB Agar containing 100 ug

mL* ampicillin (amp).
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Figure 2.1. Plasmid map of EC41308. Simplified map of the plasmid EC41308 (359), used as the
delivery vector for the synthetic gene knockout constructs synthesised by Invitrogen. This
vector confers resistance to both spectinomycin (SpcR) and streptomycin (StrR) (blue). The
pMB1 origin of replication (peach) results in a high copy number of this plasmid within E. coli.
The lac promoter region (yellow) and lacZa fragment (pink) were removed following cloning of
synthetic constructs into the Dralll sites of this vector.
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Figure 2.2. Plasmid map of pUC57. Simplified map of the plasmid pUC57, used as the delivery
vector for the synthetic His-tagged expression constructs synthesised by GenScript. This vector
confers resistance to ampicillin (AmpR, green). The pMB1 origin of replication (peach) allows
for a high copy number in E. coli. Synthetic constructs were cloned into the EcoRV site, in the
reverse orientation to the lac promoter (yellow). The lac promoter, lac operator (white) and
lacZa fragment (pink) allow for blue-white screening following transformation of this vector
into a compatible E. coli strain (not used in this thesis).

2.4 Bacterial Transformation and Conjugation

2.4.1 Transformation of E. coli

2.4.1.1 Preparation of chemically competent cells

Calcium chloride competent E. coli DH5a cells for heat-shock transformation were prepared
following a protocol by Chang et al. (360). In this protocol, 10 mL of sterile LB was inoculated
with E. coli, and incubated overnight (12-16 hrs) at 37°C with shaking (200 rpm). A 250 mL conical
flask containing 99 mL of sterile LB medium was inoculated with 1 mL of the overnight culture,
and incubated (as above) until the ODgoo of the culture reached 0.4 (typically 3-4 hours). Once
reached, the culture was split equally across four pre-chilled 50 mL conical centrifuge tubes and
cooled on ice for 20 min. Cells were pelleted by centrifugation at 4000 rpm (approximately 3700

x g (max)) for 10 min (4°C), and the supernatant was discarded. Cell pellets were resuspended
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in 20 mL ice-cold 0.1 M CaCl,, and incubated on ice for 30 min. Cells were harvested by
centrifugation (as above), the supernatant discarded, and the cell pellets resuspended in 5mL
ice-cold 0.1 M CaCl, containing 15% (v/v) glycerol. The resulting competent cells were aliquoted
into 50 plL aliquots and flash-frozen in liquid nitrogen before being stored at -80°C. All
centrifugation steps were performed using an Avanti J-15R benchtop centrifuge (Beckman

Coulter).

2.4.1.2 Heat-shock transformation

Transformation of E. coli strains DH5a and DH10B with plasmid DNA was performed using heat-
shock transformation. Frozen competent cell aliquots were placed on ice to thaw prior to use.
Between 1-5 pl of plasmid DNA was gently mixed with 50 pL of competent cells within a sterile
1.5 mL microcentrifuge tube, and incubated on ice for 45 min. Cells were heat-shocked in a 42°C
water bath for exactly 45 sec, then placed back on ice for 2 min. Following heat-shock, 750 uL of
pre-warmed (37°C) SOC medium (Table 2.2) was added to the cells. Transformation reactions
were then incubated at 37°C with shaking (180 rpm) for 1.5 hours to allow for the recovery of
cells following transformation. After recovery, cells were plated onto LB Agar plates containing
appropriate antibiotic selection (Section 2.2). For transformation with purified plasmid DNA, 100
ulL aliquots of 10°-107 serial dilutions were plated. For transformations with subcloned plasmids
(i.e. heat-inactivated ligation reactions), 100 and 250 pL aliquots of the transformation mixture

were plated. Plates were incubated overnight at 37°C, or until single colonies appeared.

2.4.1.3 Preparation of electrocompetent cells

Unlike DH5a and DH10B, E. coli BW25113/plJ790 cells were transformed via electroporation. To
generate electrocompetent E. coli BW25113/plJ790 cells, a single colony was inoculated into 10
mL sterile LB containing 25 ug mL? chloramphenicol (chl) and incubated overnight at 30°C with
shaking (180 rpm). The overnight culture was then subcultured, inoculating 10 mL sterile LB
(+chl) with 100 pL overnight culture. The number of subcultures set up was dependent on how
many transformation reactions were to be performed, with each 10 mL subculture culture
yielding 100 pL of competent cells (two transformations worth). Subcultures were incubated at
30°C with shaking at 200 rpm for 4-5 hours, until an ODgo of approximately 0.4 was reached.
When the desired ODegyo Was reached, cultures were transferred to sterile pre-chilled 15 mL

conical centrifuge tubes, and cooled on ice for 5 min. Cells were harvested by centrifugation at
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4000 rpm (approximately 3700 x g (max)) for 10 min at 4°C in an Avanti J-15R benchtop
centrifuge (Beckman Coulter), and the supernatant discarded. Cell pellets were resuspended in
10 mL ice-cold sterile 10% glycerol, and incubated on ice for 5 min. Again, cells were harvested,
resuspended in 10 mLice-cold 10% glycerol, and incubated for a further 5 min before harvesting.
Following centrifugation, the supernatant was discarded, and all remaining liquid removed by
aspiration. Cells were then resuspended in sterile 10% glycerol to a final volume of 100 pL.

Competent BW25113/pl)790 cells were then kept on ice until their use shortly after generation.

2.4.1.4 Electroporation of E. coli

The transformation of BW25113/plJ790 was performed using electroporation. Either 2-4 uL of
purified PCR product or 1-2 uL of purified plasmid DNA was gently mixed with 45 pL of
competent cells in a sterile 1.5 mL microcentrifuge tube (on ice). The cell mixture was then
transferred to an ice-cold sterile electroporation cuvette (2 mm gap), ensuring the mixture
evenly covered the bottom of the cuvette. Care was taken to avoid the introduction of air
bubbles. Prior to electroporation, cuvette walls were thoroughly dried of condensation. Cells
were electroporated using a BioRad Gene Pulser, set to the following conditions: 200 Q, 25 pF
and 2.5 kV (expected time constant: 4.5-4.9 ms). Immediately after electroporation, 500 uL of
ice-cold sterile LB was added to the cells within the cuvette, and gently mixed. Cells were then
transferred to a sterile microcentrifuge tube, and incubated at 30°C with shaking (200 rpm) for
1-1.5 hrs. Following incubation, 100-200 uL aliquots of 10°and 10 dilutions were spread onto
LB Agar plates containing 25 pug mL™* chloramphenicol and any other appropriate antibiotic

selection (see Section 2.2) and incubated overnight at 30°C.

2.4.2 Conjugation of plasmids into Rhizobium leguminosarum

Tri-parental mating was used to conjugate plasmids into R. leguminosarum 3841. Plasmids were
transferred from E. coli DH5a (donor) into R. leguminosarum (recipient) with the assistance of
an E. coli DH5a helper strain possessing the helper plasmid pRK2013 (348) (Table 2.3). Tri-
parental mating was performed using a filter-based protocol. Bacterial strains were cultured in
10 mL culture volumes, as described in Section 2.1, in the absence of antibiotic selection. E. coli
cultures were grown overnight (14-18 hours), with R. leguminosarum cultures grown for 2-3

days. To set up the conjugation, 500 uL of each E. coli strain (donor and helper) were pooled
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within a sterile 1.5 mL microcentrifuge tube. Cells were pelleted by centrifugation in an
Eppendorf 5424 benchtop microcentrifuge for 3 min at 8000 rpm (approximately 6000 x g). All
supernatant was removed by aspiration, and 1 mL of R. leguminosarum 3841 culture was added
to the pellet. Cells were gently resuspended, then the cell mixture pelleted once more by
centrifugation. The supernatant was removed by pouring, and the pellet resuspended in the
remaining media (approximately 50 pL). The entire cell mixture was gently pipetted onto the
centre of a nitrocellulose membrane filter (Whatman, 0.22 um pore size) placed on top of a TY
Agar plate (no antibiotic selection) and allowed to dry. Once dry, plates were transferred to an

incubator (right-side up) and incubated at 30°C for 2 days.

Following incubation, filters were removed from the plates with sterile forceps and transferred
into a sterile 50 mL conical centrifuge tube. Cells were recovered by rinsing of the membrane
and subsequent resuspension in 1 mL filter-sterile (0.22 um) 50% glycerol. Serial dilutions (107-
10™%) of the recovered cells were set up, and 100 pL aliquots were plated onto TY Agar plates
containing 500 pg mL? streptomycin, and any other appropriate antibiotic selection (refer to
Section 2.2 for plasmid and antibiotics details). Dilution plates were incubated at 30°C until

single colonies appeared (typically 3 days).

2.5 Polymerase Chain Reaction

2.5.1 Primer design

Primers were designed within the molecular biology software SnapGene (Dotmatics) and
ordered from Eurofins genomics. Where possible, primers were designed to be approximately
20-22 nucleotides (nt) in length, have a GC-content of less than 60%, and a melting temperature
(Tm) of between 60-65°C. To increase binding-specificity, the 3’ nucleotide of all primers was
either a guanine (G) or cytosine (C). For primers designed to incorporate flanking restriction
enzyme recognition sites to the PCR product, 3-6 nucleotides were added upstream of the
recognition site to improve digestion efficiency. As all endonucleases used in this thesis were
sourced from New England Biolabs (NEB), these additional nucleotides were determined based
on NEB-recommended sequences. The sequences of all primers used in this have been included

in Table 2.7.
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Table 2.7. Table of primers. Sequences in lowercase indicate primer overhangs, with

sequences in uppercase annealing to the template sequence. Restriction enzyme recognition
sequences within these overhangs have been highlighted in bold. Primers have been listed in
the order of their use within this thesis.

Name

Sequence/region annealed

Sequence (5’ - 3’)

pK18_MCS_Fwd
pK18 MCS_Rev

popZ KO_screen_Fwd
popZ 3’-flank_Rev
popZ_5’-flank_Fwd
popZ_KO_screen_Rev
rcy_KO_screen_Fwd
rcy_3’-flank_Rev
rcy_5’-flank_Fwd
rcy_KO_screen_Rev
pSUP_tet Pacl_Fwd
pSUP_tet_Pacl_Rev
parA1_5'-flank_Fwd
egfp-parA1-Fwd
egfp-parA1-Rev
egfp-popZ-Fwd
egfp-popZ-Rev
egfp-rcy-Fwd

egfp-rcy-Rev

pK18mobsacB, upstream of
the multiple cloning site
pK18mobsacB, downstream
of the multiple cloning site

R. leguminosarum gDNA,
upstream of the 5’ popZ flank
Within the 800 bp 3’ flanking
region of popZ

Within the 800 bp 5’ flanking
region of popZ

R. leguminosarum gDNA,
downstream of 3’ popZ flank
R. leguminosarum gDNA,
upstream of the 5’ rcy flank
Within the 800 bp 3’ flanking
region of rcy

Within the 800 bp 5’ flanking
region of rcy

R. leguminosarum gDNA,
downstream of 3’ rcy flank
TetR-determining region of
pSUP3535

TetR-determining region of
pSUP3535

Within the 800 bp 5’ flanking
region of parAl

egfp-Apra® cassette

egfp-Apra® cassette
egfp-Apra® cassette
egfp-Apra® cassette
egfp-Apra® cassette

egfp-Apra® cassette

GAGCGGATAACAATTTCACACAGG
GATTAAGTTGGGTAACGCCAGGG
AACGACGTCGAGATCTCCGC
TCGACGGCAGCGGAATCATAGG
CGGGTGGCAAACATCAGGTAAC
CAGCATGGTCTCCGGTCGTG
TGGGACAACGAGATGCATCG
CGCATTCTGTACGTCGATGATC
TCCGTTTGAAAAAGCGGCTATC
CCATTCGCTTTGATGTGAGCGG
gggttaattaACAGGCCATGTTTGACAGC
cgcttaattaaGTGGCCAGGACCCAACG
AAAGGCCGGGATTACCTGAGGG
ctccgaggtcatccagegagaacgtcaaaggetgg
ccgcgCCGGTCGCCACCGTGAGCAAGG

tcgtcattcatgatctacactcacctacacccctaaa
atgCATATGTGTAGGCTGGAGCTGC
gcgcegaggaaatcgagegegtggegegeggececgc
gccgcCCGGTCGCCACCGTGAGCAAGG
cgccccggagaccggageggcttttcaggaaaaag
CcaatcCATATGTGTAGGCTGGAGCTGC
ggtctacacgatgctcgctcatgecgecaggeaggct
cggcCCGGTCGCCACCGTGAGCAAGG
cacgtggtcaagcggctttccaatcggegggtacca
gtcaCATATGTGTAGGCTGGAGCTGC
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2.5.2 High-fidelity amplification of DNA

For the amplification of DNA fragments during molecular cloning, Polymerase Chain Reaction
(PCR) was performed using Phusion™ High-Fidelity DNA Polymerase (Thermo Fisher Scientific).
This enzyme was chosen due to its low error rate, accredited to the 3’5’ exonuclease activity
of this enzyme. PCR reactions were set up on ice in 0.5 mL flat-capped PCR tubes as described
in Table 2.8. Phusion™ polymerase is compatible with two different buffers: HF and GC. The
Phusion HF buffer was used for routine DNA amplification, while the GC buffer was used for the
amplification of sequences with a total GC content of >60%, or those containing multiple GC-
rich regions. PCR cycling parameters of a standard PCR reaction are outlined in Table 2.9. For
amplifications with primers designed to introduce flanking sequences to the PCR product (i.e.
overhang primers), a modified version of this cycle was used, outlined in Table 2.10. Here, two
annealing temperatures were used to ensure efficient annealing of these primers to the
template DNA. First, PCR reactions were subjected to 10 PCR cycles with an annealing step at
the annealing temperature (T.) required for the region of the primer complimentary to the
template DNA. Then, once the flanking nucleotide sequences were incorporated into template,
reactions were subjected to a further 15 cycles with the T, of the full-length primer. All PCR
reactions were performed in a Bio-Rad C1000 Touch Thermal Cycler. Following thermal cycling,
2-3 uL of each PCR reaction was analysed by agarose gel electrophoresis to determine whether

successful amplification of the template DNA occurred (Section 2.3.2).
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Table 2.8. Constituents of a Phusion polymerase PCR reaction. High-fidelity polymerase chain
reactions (PCRs) were performed using Phusion DNA polymerase (Thermo Fisher Scientific).
Phusion HF Buffer was used for routine amplification, while Phusion GC Buffer was used for
the amplification of GC-rich template sequences. Both buffers provide a MgCl, concentration
of 1.5 mM in the final reaction, so no additional MgCl, was added to the reaction volume.

Component Amount (per 50 pL reaction)
Genomic DNA Up to 250 ng
or

Plasmid DNA Upto 10 ng
5X Phusion HF Buffer

or

5X Phusion GC Buffer 1ou
dNTPs, 25 mM each 0.4 uL
Forward primer, 10 uM 2.5uL
Reverse Primer, 10 uM 2.5uL
DMSO 0.75 pL
Phusion DNA Polymerase (2u/uL) 0.5 uL
Nuclease-free water Up to 50 uL

Table 2.9. Thermal cycling parameters for a standard Phusion PCR reaction. Annealing
temperature (T.) (X) was calculated using the Thermo Fisher Scientific T, Calculator. Typically
for Phusion DNA polymerase, T, is equivalent to the lower melting temperature (Tm) of the two
primers.

Step Temperature (°C) Duration No. of cycles
Initial denaturation 98 30 sec 1
Denaturation 98 10 sec
Annealing X 30 sec

25
Extension 72 30 sec per kb
Final extension 72 5 min 1
Hold 4 oo -
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Table 2.10. Thermal cycling parameters for a Phusion PCR reaction with extension primers.
For amplifications with extension primers, two distinct cycle parameters were used within the
PCR reaction, differing by annealing temperature (T.). In this table, X denotes the T, of the
primer regions complimentary to the initial DNA template, and Y denotes the T, of the full-
length primer. Annealing temperatures were calculated using the Thermo Fisher Scientific Tr,
Calculator.

Step Temperature (°C) Duration No. of cycles
Initial denaturation 98 30 sec 1
Denaturation 98 10 sec

Annealing X 30 sec 10
Extension 72 30 sec per kb

Denaturation 98 10 sec

Annealing Y 30 sec 15
Extension 72 30 sec per kb

Final extension 72 5 min 1

Hold 4 oo -

2.5.3 Diagnostic colony PCR (GoTaq)

Both standard PCR and colony PCR (cPCR) were used routinely to verify both plasmid and
genomic DNA. For diagnostic PCR reactions, GoTaq® G2 Hot Start Tag Polymerase (Promega)
was used. Typically, up to 0.25 pg template DNA was amplified in a 25 pL reaction volume (Table
2.11). For cPCR, template DNA was prepared by picking a small volume of a bacterial colony and
resuspending in 10 pL of nuclease-free water. Samples were incubated at 95°C for 5 min, then
briefly centrifuged to pellet cell debris. Once cooled, 1 pL of the supernatant was used as the
template DNA for cPCR. All reactions were performed within Green GoTaq® Flexi Reaction Buffer
(Promega). This buffer contains two dyes and increases sample density, allowing for samples to
be loaded directly onto an agarose gel without the need to add additional loading dye. The cycle
parameters for these reactions have been detailed in Table 2.12. Following cycling, up to 10 pL

of each PCR reaction was analysed by agarose gel electrophoresis (Section 2.3.2).

83



Table 2.11. Constituents of a diagnostic PCR using GoTaq G2 Hot Start Polymerase. Diagnostic
PCR reactions were performed on both purified DNA and bacterial colony template using
GoTaq® G2 Hot Start Polymerase (Promega). Although multiple reaction buffers are
compatible with this polymerase, Green GoTaq® Flexi Buffer (Promega) was used to allow for
PCR reactions to be loaded directly onto agarose gels for electrophoresis.

Component
Template DNA

Amount (per 25 pL reaction)

<0.25 pg (or 1 pL diluted colony)

5X Green GoTaq Flexi Buffer 5uL
MgCl; Solution, 25mM 2 uL
PCR Nucleotide Mix, 25mM each 0.2 uL
Forward primer, 10 uM 2 uL
Reverse primer, 10 uM 2 uL
DMSO 0.75 uL
GoTag G2 Hot Start Polymerase (5u/pL) 0.125 puL
Nuclease-free water Up to 25 uL

Table 2.12. Cycle parameters of PCR reactions using GoTaq® G2 Hot Start Polymerase. The
primer annealing temperature (T,) (X) used within this PCR reaction was approximately 5°C
below the melting temperature (Tn) of the primers. Primer melting temperatures were
determined using the Promega T, calculator, which takes into consideration the polymerase
and buffer system used within the reaction to calculate an accurate Tn.

Step Temperature (°C) Duration No. of cycles
Initial denaturation 95 2 min 1
Denaturation 95 45 sec
Annealing X 30 sec

35
Extension 72 1 min per kb
Final extension 72 5 min 1
Hold 4 oo -
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2.5.4 Purification of PCR products

For PCR reactions that yielded multiple DNA fragments (i.e. non-specific amplification occurred),
the PCR products within the remaining reaction volume were separated by gel electrophoresis,
and the desired fragment was excised and purified from the gel (Section 2.3.3). For PCR reactions
where no non-specific amplification occurred, PCR products were purified using the QlAquick
PCR Purification Kit (QIAGEN). This kit uses silica membrane columns to remove primers,
nucleotides, polymerase, and other PCR reaction constituents from the DNA samples. PCR
reactions are combined with a high-salt binding buffer and applied onto a spin column. Upon
application to the column, the high-salt conditions provided by the buffer allow for the binding
of DNA to the silica membrane. Membranes are then washed with an ethanol-based wash buffer
to remove impurities. Following washing, the purified DNA was eluted into 30 uL nuclease-free
water. Where increased concentrations were required, DNA was eluted into 15-20 uL of

nuclease-free water.

2.6 Synthesis of plasmids using traditional cloning

The majority of plasmids used throughout this thesis were generated using traditional molecular
cloning techniques. Wherever possible, directional cloning of inserts into vectors/plasmids was
performed. The exception to this was the introduction of a tetracycline resistance gene into
pK18mobsacB-derived allelic exchange vectors (Section 2.6.2). Vector and insert DNA was
prepared for cloning by overnight restriction enzyme digestion (Section 2.3.4), with all
restriction enzymes used within this thesis generating cohesive (‘sticky’) ends. Digested DNA
fragments were isolated and purified by agarose gel electrophoresis and subsequent gel
purification (Sections 2.3.2 and 2.3.3). Following purification, insert DNA fragments were ligated
into linearised plasmids within ligation reactions catalysed by T4 DNA ligase (Section 2.3.5). The
ligated plasmids were then transformed into E. coli (typically DH5a) via heat-shock
transformation (Section 2.4.1). Finally, transformation reactions were plated on LB Agar plates
containing appropriate antibiotic selection and any other applicable screening reagents to
identify cells carrying plasmids possessing the correct insert (Section 2.2). A list of all plasmids

generated within this thesis can be found in Table 2.7.
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2.6.1 Generation and blue-white screening of pK18mobsacB-derived allelic exchange
vectors

Synthetic allelic exchange constructs for the generation of gene knockouts (described in detail
in Section 3.2.1) were subcloned from their delivery vector (EC41308) into the multiple cloning
site (MCS) of pK18mobsacB as either Xmal-Hindlll (parA1, popZ) or EcoRI-BamHI (rcy) fragments.
The lacZa fragment of pK18mobsacB, which encodes the first 146 amino acids of the enzyme -
galactosidase, enabled blue-white pre-screening of E. coli DH5a and DH10B colonies carrying
this vector. Following transformation of E. coli with ligated plasmid, cells were plated onto LB
Agar plates containing 50 pg mL? kanamycin (resistance conferred by pK18mobsacB), 200 pg
mL? IPTG (Isopropyl B-D-1-thiogalactopyranoside) and 1 mM X-gal (5-bromo-4-chloro-3-indolyl-
B- D-galactopyranoside). The E. coli strains DH5a and DH10B possess the lacZAM15 deletion
mutation, meaning they lack the first 146 amino acids of the R-galactosidase sequence (i.e. the
a subunit). When pK18mobsacB is taken up by these cells, a-complementation of the -
galactosidase fragment within DH5a/DH10B forms a functional B-galactosidase enzyme. IPTG-
induced expression of this enzyme results in the hydrolysis of X-gal, forming 5-bromo-4-chloro-
indoxyl. Spontaneous dimerization of this product produces an insoluble blue pigment (5,5-
dibromo-4,4’-dichloro-indigo). As the MCS of pK18mobsacB lies within the lacZa fragment,
introduction of an insert into this site disrupts this fragment, preventing a-complementation of
B-galactosidase and subsequent hydrolysis of X-gal. Cells carrying pK18mobsacB plasmids
possessing an insert therefore remain white. Blue-white screening plates were incubated
overnight at 37°C until blue and white colonies appeared. White colonies were then picked for
further screening. Successful ligation of the artificially synthesised allelic exchange constructs
into pK18mobsacB generated the vectors pK18-parA1-KO, pK18-popZ-KO and pK18-rcy-KO (used

for the generation of gene knockouts within Chapter Three).

2.6.2 Introduction of a tetracycline resistance gene into pK18mobsacB-derived allelic
exchange vectors

The tetracycline resistance (tet®) gene of pSUP3535 (tetA) was PCR amplified with the primers
pSUP_tet Pacl Fwd and pSUP_tet Pacl Rev (Table 2.7). These primers were designed to
incorporate 5’ and 3’ flanking Pacl recognition sequences to the PCR product, allowing for the
cloning of this gene as a Pacl-Pacl fragment into the Pacl site located between the homologous

flanking regions of the pK18mobsacB-derived allelic exchange vectors (see Section 3.3.1). The
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purified tet® PCR product (Section 2.5.4) and the vectors pK18-parA1-KO, pK18-popZ-KO and
pK18-rcy-KO were digested with Pacl to generate complimentary overhangs. Following ligation
of the Pacl-digested tet® PCR product into these vectors, ligated plasmids were transformed into
E. coli and plated onto LB Agar plates containing 50 pg mL? kanamycin and 10 pg mL?
tetracycline to select for colonies carrying plasmids possessing the tet® insert. As this cloning
was non-directional, further screening to determine the orientation of tet® gene within these
plasmids was performed. Clones possessing a tet® cassette in the reverse orientation were used

within this thesis, referred to as pK18-parA1-tett-KO, pK18-popZ-tett-KO and pK18-rcy-tet?-KO.

2.6.3 Cloning of pIND6-derived expression plasmids

To generate the expression plasmids pIND6-parA1, pIND6-popZ and pIND6-rcy, synthetic gene
expression constructs (described in detail in Section 4.2.2) were subcloned from their delivery
vector (pUC57) into the multiple cloning site of pIND6 as Xbal-BamHI fragments. To generate
complimentary overhangs, pIND6 was digested with Xbal and Bglll. Although their recognition
sequences differ, BamHI and Bglll both generate an identical overhang sequence (GATC).
Following ligation, plasmids were transformed into E. coli DH5a, plated onto LB Agar containing

50 ug mL* kanamycin and incubated at 37°C until transformant colonies appeared.

2.7 EGFP-tagging using phage lambda (A) Red-mediated homologous
recombination

Translational enhanced green fluorescent protein (EGFP) fusions, used for protein localisation
studies within R. leguminosarum (Chapter Five), were generated by introducing an egfp-Apra®
(apramycin resistance) cassette into the plasmids pIND6-parA1, pIND6-popZ and pIND6-rcy.
Integration of this cassette into these plasmids was achieved using phage lambda (A) Red-
mediated homologous recombination. The protocol used in this thesis is an adaptation of a gene
disruption protocol initially developed by Datsenko and Wanner (2000) and modified by Gust et
al. (2002) (349, 358). A gene cassette comprising of the egfp gene and an Apra® gene (aac(3)-1V)
was amplified with the primer pairs egfp_parAl_Fwd + egfp_parAl _Rev, egfp _popZ Fwd +
egfp_popZ Rev and egfp_rcy Fwd + egfp_rcy Rev. These overhang primers were designed to

introduce 40 bp flanking sequences to the egfp-Apra® cassette, homologous to the target regions
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of the pIND6-derived plasmids. The sequences of these primers can be found in Table 2.7. PCR

reactions were performed as described in Section 2.5.2.

Homologous recombination-mediated plasmid modification was performed within the E. coli
strain BW25113/plJ790 (Table 2.1). First, the plasmids pIND6-parA1, pIND6-popZ and pIND6-rcy
were electroporated into BW25113/plJ790. The generation and electroporation of
electrocompetent BW25113/pll790 cells is described within Section 2.4.1. Following
electroporation, cells were plated on LB Agar containing 50 pg mL?! kanamycin (kan) and 25 ug
mL? chloramphenicol (chl) to select for cells carrying pIND6-derived plasmids, and incubated
overnight at 30°C. A single colony was transferred into 10 mL LB (50 pg mL™ kan, 25 pug mL? chl),
and incubated overnight at 30°C (180 rpm). A 100 pL aliquot of each overnight culture was then
transferred into 10 mL SOB medium (Table 2.2) containing kan and chl (as above) and 10 mM L-
arabinose. The presence of L-arabinose induces the expression of the A Red genes (beta, gam,
exo) encoded on plJ790. Cultures were grown for 3-4 hours at 30°C with shaking (200 rpm) until
an ODgo of approximately 0.4 was reached. Once cultures reached the required density,

electrocompetent cells were prepared (as described within Section 2.4.1).

Extended egfp-Apra® cassettes were electroporated into BW25113/plJ790 cells carrying the
corresponding pIND6-derived expression vector. Recombination between homologous regions
of the extended egfp-Apra® cassettes and the pIND6-derived plasmids, mediated by the
products of the A Red genes, resulted in integration of the egfp-Apra® cassette immediately
downstream of the target gene generating a translational fusion. Cells were plated onto LB Agar
containing kan (as above) and 50 ug mL? apramycin (apra) and incubated overnight at 37°C.
Incubation at 37°C instead of 30°C promotes the loss of the temperature sensitive plasmid
plJ790 from the cells. As the integration of egfp-Apra® will not occur within every copy of the
pIND6-derived plasmid within a cell, plasmid DNA was isolated from a single colony and
transformed into E. coli DH5a (heat-shock, Section 2.4.1). These transformations were plated
onto LB Agar containing kan and apra (as above), and incubated overnight at 37°C to select for
DH5a cells carrying pIND6-derived plasmids with successful integrations of egfp-Apra®. Further
details of this methodology can be found within Chapter Five (Section 5.2).
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2.8 Homologous recombination-based gene deletion in R. leguminosarum

The generation of R. leguminosarum gene knockout mutants was attempted using a
homologous recombination-based approach, mediated by the sucrose-sensitive cloning vector
pK18mobsacB (354). Allelic exchange constructs, designed for the generation of whole-gene
parA1l, popZ and rcy deletions within R. lequminosarum, were cloned into pK18mobsacbB. The
design and generation of these allelic exchange vectors has been covered extensively in Chapter
Three. In summary, two types of allelic exchange vectors were generated: unmarked, and those
marked with a tetracycline-resistance (tet?) cassette. All allelic exchange constructs possessed
5’ and 3’ 800 bp flanking regions, homologous to the 800 bp immediately upstream and
downstream of the target gene respectively. Located between these flanking regions was either
a short nucleotide sequence containing a Pacl recognition site (unmarked), or a tet® cassette
sequence (marked). Homologous recombination between both the 5’ and 3’ flanking regions of
the cassette and the R. leguminosarum genome results in the replacement of the target gene
with the nucleotide sequence located between the flanking regions of the exchange construct,

leading to the deletion of the gene from the genome.

2.8.1 Integration of allelic exchange vectors into the R. legquminosarum genome

The methodology for the generation of marked and unmarked gene knockouts differed only by
the antibiotic selection used. Firstly, pK18mobsacB-derived allelic exchange vectors (see Table
2.3) were conjugated into Rhizobium leguminosarum 3841 as described in Section 2.4.2.
Following recovery of transconjugants (Section 2.4.2), 100 pL aliquots of 10%-10*serial dilutions
were plated onto TY Agar plates containing 500 ug mL? streptomycin (str) and 200 ug mL*
kanamycin (kan). For the generation of tet® knockout mutants, 5 ug mL? tetracycline was added
to these plates. The antibiotic selection used here selected for R. leguminosarum cells possessing
a primary integration (single crossover) of the allelic exchange vector into the genome. The
vector pK18mobsacB confers kanamycin resistance. However, it cannot replicate within R.
leguminosarum. Therefore, the only way for R. leguminosarum cells to survive in the presence
of kanamycin is to undergo a homologous recombination event in which pK18mobsacB is
integrated into the genome (i.e. a primary integration). Serial dilution plates were incubated at

30°C until single primary integration colonies appeared (typically 3-4 days).
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2.8.2 Generation of gene knockout mutants

For gene deletion to occur, a second recombination event between the integrated
pK18mobsacB-derived vector and the R. leguminosarum genome is required. To drive this
recombination event, between 3 and 5 primary integration colonies were transferred into 10 mL
TY medium (without antibiotic selection) and cultured at 30°C for 2 days (180 rpm). Serial
dilutions of the non-selective cultures were set up (10°-103), and 100 pL of each plated onto TY-
sucrose (10%) plates (Table 2.2) containing 500 pg mL™ streptomycin. For the generation of tet®-
marked mutants, 5 pg mL? tetracycline was added to these plates. Sucrose counter-selection
drives the excision of pK18mobsacB from the genome via a second recombination event (i.e.
double-crossover). The sacB gene of pK18mobsacB encodes the enzyme levansucrase. This
enzyme breaks down sucrose into a toxic product, therefore retention of pK18mobsacB in the
genome results in cell death. This second recombination event has one of two possible
outcomes: whole-gene deletion, or reversion to the wildtype genotype. For unmarked mutants,
selection with streptomycin allows for the growth of both knockout mutants and wildtype
revertant colonies. For tet® mutants, the addition of tetracycline to these plates selects against

wildtype revertant colonies.

TY-sucrose plates were incubated at 30°C until single colonies appeared. Between 50 and 100
colonies from these plates were then transferred to a TY master plate containing 500 pg mL?
streptomycin. For tet® mutant generation, 5 ug mL* of tetracycline was added to the master
plate. To screen for any primary integration colonies which may have survived sucrose counter-
selection, master plates were replicated onto TY Agar plates containing streptomycin and
kanamycin (unmarked) or streptomycin, kanamycin, and tetracycline (marked). Master and
replica plates were incubated at 30°C for 2 days. Kanamycin-sensitive colonies were taken
forward for further screening (i.e. colony PCR) to validate their genotype. Any modifications to,

or deviations from, this protocol have been stated within the relevant results chapters.
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2.9 Polyacrylamide gel electrophoresis

2.9.1 Sample preparation

Confirmation of protein expression was determined by polyacrylamide gel electrophoresis
(PAGE) of R. leguminosarum culture samples. To prepare samples for PAGE analysis, cells were
harvested from 1 mL of culture by centrifugation at 8000 rpm for 3 min (6000 x g). Supernatant
was discarded, and the resulting cell pellets were resuspended in 300 pL of 10 mM Tris, 5 mM
MgCl, resuspension buffer. Aliquots of these resuspensions were then standardised based on
the ODsoo Of the cultures at the point of sample collection to ensure roughly equal total protein
within all samples. For cultures where the ODggo at the point of sampling was approximately 1.0,
10 pL of cell resuspension was taken. The volume of resuspension taken for cultures with
different ODego values was adjusted accordingly (e.g. 20 pl of resuspension taken from a culture
of ODgoo = 0.5). The final volume of all samples was then equalised with resuspension buffer.
Prior to loading, Laemmli (sample) buffer (Table 2.13) was added to each sample (5 uL per 20 pL
of sample). Samples were heated to 95°C for 5 min to lyse cells. Once cooled, samples were

centrifuged briefly to separate excess cell debris from the soluble protein samples.

2.9.2 Buffer Composition

The composition of all buffers used throughout the analysis of proteins have been detailed in
Table 2.13.

Table 2.13. Composition of buffers used for the analysis of proteins.

Buffer Composition per 1 litre of de-ionised water

For 20 mL: 5 mL 0.5 M Tris (pH 6.8), 0.8 g sodium dodecyl sulfate
(SDS), 4 mL glycerol, 4 mL 1M dithiothreitol (DTT), 0.4 mg
Bromophenol blue

SDS-PAGE buffer ~ 3.03 g Tris, 14.41 g glycine, 1 g SDS
Transfer buffer 4.66 g Tris, 2.34 g glycine, 1 mL 10% SDS, 200 mL ethanol, pH 9.2

Tris-Buffered Saline
(TBS)

TBS-Tween (TBS-T) 1 mL 1M Tris, 15 mL 5M NaCl, 1 mL Tween 20, pH 7.5

5X Laemmli buffer
(sample buffer)

1 mL 1M Tris, 15 mL 5M NaCl, pH 7.5
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2.9.3 Separation of proteins using SDS-PAGE

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used for the
separation of proteins from R. leguminosarum. Discontinuous polyacrylamide gels (8.3 x 7.3 x
1.5 cm) comprising of a resolving and stacking gel were cast using the Bio-Rad Mini-PROTEAN®
Tetra Handcast System. The composition of these gels is detailed in Table 2.14. Typically, 10%
(v/v) acrylamide resolving gels were used. However, where required, the acrylamide percentage
within the resolving gel was increased to 15% to optimise the resolution of smaller proteins
(around 10kDa). Once solidified, gels were placed within an electrode assembly and transferred
to a Mini-PROTEAN® Tetra cell electrophoresis tank (Bio-Rad). Gel assemblies were filled with
freshly-prepared SDS-PAGE buffer (Table 2.13), ensuring gels were fully submerged. The
electrophoresis tank was then filled with buffer to the required level (550 mL for 2 gels or 680
mL for 4 gels). Following sample preparation (Section 2.9.1), 20 pL of soluble protein sample was
loaded into each well, alongside 5 uL of BLUeye Prestained Protein Ladder (Sigma-Aldrich). Gels
were run at room temperature at a constant voltage of 100 V for approximately 1 hr. For
polyacrylamide gels where the transfer of protein samples to membranes (i.e. for western
blotting) was not required, proteins were visualised by Coomassie staining. SDS-PAGE gels were
incubated in InstantBlue® Coomassie Protein Stain (Expedeon) for at least 20 min with gentle
agitation. If required, gels were destained by washing in dH,0 (with gentle shaking) until the

background staining was reduced.

Table 2.14. Composition of a 10% (v/v) SDS-PAGE polyacrylamide gel.

Component Resolving gel (10%) Stacking gel (5%)
1.5M TRIS pH 8.8 2.5mL -
0.5MTRIS pH 6.8 - 0.75mL
dH:0 3.95mL 1.7 mL

10% SDS 0.1mL 30 uL

30% Acrylamide/Bisacrylamide solution 3.35mL 0.5mL
Tetramethylethylenediamine (TEMED) 5uL 3uL

10% ammonium persulphate (APS) 100 plL 30 uL
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2.9.4 Anti-His western blot analysis

Following electrophoresis, proteins were transferred from polyacrylamide gels to polyvinylidene
difluoride (PVDF) membranes (Amersham™ Hybond® P, GE Healthcare) using a wet
electroblotting system. PVDF membranes were activated in ethanol for 3 min, rinsed with dH,0
to remove any excess ethanol, and equilibrated in transfer buffer (Table 2.13) for 5 min prior to
assembling in the transfer cassette. Transfer cassettes were stacked as follows: (cathode)
sponge, two Whatman blotting papers, acrylamide gel, PVDF membrane, two Whatman blotting
papers, sponge (anode). To avoid air bubbles, all components were soaked in transfer buffer
before their assembly into the stack. Assembled transfer cassettes were inserted into the
transfer tank and submerged in pre-chilled (5°C) transfer buffer (Table 2.13). The transfer of

proteins was performed at a constant voltage of 100 V for 1 hr 30 min at 5°C.

Following transfer, membranes were rinsed with TBS-T (Table 2.13) for 5 min to remove any
residual transfer buffer. All membrane incubation steps were performed on a rocking platform
shaker with gentle rocking. To confirm successful transfer of proteins, membranes were
incubated in Ponceau S Solution (Expedeon) for 5 min. Following imaging (Syngene G:Box F3
imager), membranes were subsequently destained in TBS-T (Table 2.13) for 5 min. Membranes
were then transferred to a blocking solution of TBS-T containing 5% (w/v) skimmed milk powder
and incubated for 1 hr. Following blocking, membranes were washed twice in TBS-T (2 min
incubation per wash) and transferred into TBS-T containing a 1:500 dilution of Anti-Hise-
Peroxidase Monoclonal Antibody (Sigma-Aldrich). Membranes were incubated in the antibody
solution for 1 hr, then washed with three 15 min incubations in TBS-T. The peroxidase-catalysed

L™ Prime Western

chemiluminescent signal was generated by the application of Amersham EC
Blotting Detection Reagent (GE Healthcare Life Sciences) to the membranes. Equal volumes of
Solution A (luminol solution) and Solution B (peroxide solution) were combined, and 1 mL of the
solution pipetted directly across the membrane. The resulting chemiluminescent signal was

detected using a Syngene G:Box F3 Gel & Blot imaging system.
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2.10 Microscopic analysis of samples

2.10.1 Slide preparation

To minimise physiological stresses arising from conventional fixing techniques, liquid R.
leguminosarum culture samples were mounted on agarose pad microscopy slides. Agarose slices
were generated following a protocol by Skinner et al. (361). Here, 1.5% (w/v) agarose gel slices
were made by melting 0.3 g high-purity low melting-point agarose in 20 mL filter-sterilised dH,0.
The use of high-purity agarose was of particular importance for epifluorescence microscopy to
avoid background fluorescence signal from impurities within the agarose. Gel slices were
trimmed to approximately 15 x 15 mm with a scalpel and transferred to the centre of a
microscope slide (75 x 25 mm, 1 mm thick). A border of vacuum grease was syringed around the
agarose pad, and 3 pL of culture sample pipetted onto the centre of the pad. A cover slip (22 x
22 mm, 0.13-0.16 mm thick) was then placed on top, and gentle pressure applied to secure the

cover slip in place.

Where microscopic analysis of bacterial samples from solid media was required, a small volume
(approximately 2 L) of dH,0 was placed in the centre of a microscope slide. A small amount of
bacterial sample was taken with a sterile toothpick, and thoroughly mixed with the water on
slide. A cover slip was placed on top, and the edges sealed with transparent nail varnish. This
mounting technique was not used to generate any of the microscopy images within this thesis,

but was used within Section 5.2.2 to check for EGFP signal within E. coli.

2.10.2 Microscopy

All microscopy was performed using a Carl Zeiss Axio Scope.Al upright microscope coupled with
an Axiocam MRC camera. To visualise bacterial samples, an A-Plan 100x 1.25 Qil Ph3 objective
lens was used. Images were captured within the ZEISS microscopy software ZEN. To observe cell
morphology, cell samples were visualised using phase contrast microscopy. The localisation of
EGFP-tagged proteins within R. leguminosarum was visualised by epifluorescence microscopy,
using a GFP fluorescence filter set (450-490 nm). EGFP has a single excitation peak of 488 nm,

and an emission peak of 507 nm.
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2.10.3 Image analysis

Microscopy images were processed using the image processing software Imagel. This software
was also used to obtain cell measurement data. To generate accurate cell size data, any out-of-
focus regions were cropped from the microscopy images to be analysed. Images were adjusted
to enhance the contrast between the cells and the background. Cell measurements were then
obtained using the following analysis workflow: Image type, 8-bit > Adjust threshold, B&W >
Convert to mask > Watershed > Analyse Particles (all sizes). On occasion, this workflow
interpreted single cells as two separate cells, or two closely neighbouring cells as one cell.
Therefore, all analysed images were compared to their original source image, and data from

incorrectly identified ‘cells’ was omitted from the dataset.

2.11 Statistical analysis and presentation of cell morphology data

The optimal number and width of histogram bins was determined using Freedman—Diaconis
rule, calculated using data from the control sample dataset. Using Freedman—Diaconis rule,
optimal bin width was determined to be 0.0638 (um), with 29 bins. To improve the visual
presentation of this data, bin width was rounded to 0.08 um (26 bins). Bin sizes and numbers
were kept consistent across all samples to facilitate direct visual comparisons of the datasets.
For the generation of box-and-whisker blots, exclusive interquartile ranges were calculated.
Kolmogorov-Smirnov tests for normality were performed on all datasets to determine
appropriate statistical comparisons of the datasets (i.e. parametric t-tests vs non-parametric
Mann-Whitney U tests). Median values were compared using independent samples median tests,
with Yate's continuity correction. All statistical analysis was conducted using IBM SPSS Statistics

software.
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Chapter Three — Characterisation of ParA1, PopZ and Rcy by
whole-gene deletion.

3.1 Introduction

To begin to determine the role of ParAl, PopZ and Rcy within Rhizobium leguminosarum and
elucidate their potential involvement in unipolar growth, the generation of whole-gene deletion
mutants was attempted. Should these proteins be required for the coordination and control of
Rhizobium growth, loss of the protein coding sequences from the R. leguminosarum 3841
genome could be expected to impair cell growth, division, and possibly morphology. This chapter
describes how a homologous recombination-based approach was used to attempt to generate
whole-gene parAl, popZ and rcy knockout mutants. Initially, the generation of ‘unmarked’
knockout strains was attempted, in which entire protein coding sequence (7128 bp for rcy, 882
bp for popZ, 795 bp for parA1) was replaced with a short (15 bp) nucleotide sequence containing
a novel Pacl restriction site. Following difficulties with the generation and isolation of unmarked
knockout mutants, this experimental approach was redesigned to enable the generation of

mutants marked with a tetracycline resistance cassette, intended to facilitate mutant screening.

3.2 Attempted generation of unmarked knockout mutants

Initially, the generation of unmarked, whole-gene parA1, popZ, and rcy R. leguminosarum 3841
knockout mutants was used to facilitate the characterisation of the proteins encoded by these
genes. By generating unmarked gene deletions, possible polar effects on the expression of
neighbouring genes arising from the introduction of an antibiotic resistance cassette (or other
marker) into the genome can be avoided (362). In addition, whole-gene deletion was chosen
over partial gene deletion or the generation of truncation mutations. By deleting the entire gene
length, altered or retained functionality of any residual gene product is avoided. This increases
the certainty that any phenotypes observed in the resulting knockout strains were the direct

consequence of gene loss.

To generate parAl, popZ and rcy knockout strains, a plasmid-mediated homologous

recombination-based method of gene knockout was adopted. The first step in this approach is
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the generation of an allelic exchange construct, also referred to as a knockout construct. These
target-specific constructs consist of a nucleotide sequence homologous to the upstream (5’)
flanking region of the gene of interest, followed by a sequence (of equal length) homologous to
the downstream (3’) flanking region (Figure 3.1A). This construct is then cloned into a suitable

vector and introduced into the host organism.

For successful integration of the vector into the host genome, and subsequent excision of the
target sequence from the genome (i.e. gene deletion), the vector of choice must contain both a
selectable and counter-selectable marker (356). Importantly, the vector must not be able to
replicate within the host organism to ensure genomic integration of the vector and not
independent plasmid retention. In this study, the sucrose-sensitive vector pK18mobsacB was
chosen (354) (Figure 3.1A, Figure 3.2). The use of pK18mobsacB-mediated gene deletion has
been successfully employed to delete a number of genes within R. leguminosarum including
those encoding riboflavin and nickel transporters, calcium-binding proteins, a cation diffusion
facilitator protein, and a diaminobutyrate aminotransferase (363-367). The nptll gene of
pK18mobsacB, encoding neomycin phosphotransferase Il, confers kanamycin resistance (368).
However, as pK18mobsacB cannot replicate within Rhizobium, the only way for cells to survive
in the presence of kanamycin is by the integration of the vector into the host genome via a single
homologous recombination event (i.e. a single crossover) (Figure 3.1B). Following the
integration of the vector into the genome, sucrose selection can then be used to drive a second
recombination event. The sucrose-sensitivity of pK18mobsacB is the result of the expression of
Bacillus subtilis levansucrase, encoded by sacB. This enzyme catalyses the conversion of sucrose
to levan, which when accumulated becomes toxic to the cell (369, 370). Therefore, the presence
of sucrose drives a second recombination event which excises the vector backbone and hence
the sacB gene from the genome (i.e. a double-crossover event), allowing for the survival of the
cell (Figure 3.1C). If this second recombination occurs in the same flank as the primary
integration occurred, only the vector is excised, leaving the native gene intact and restoring the
parental genotype. However, if the second recombination even occurs within the opposite
flank, excision of the vector from the genome also results in the loss of the native gene, resulting

in a stable genomic knockout mutant.
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Figure 3.1. Schematic representation of the generation of whole-gene knockout mutants via
homologous recombination using pK18mobsacB. (A) Generation of the knockout (KO) vector.
A KO construct, comprising of sequences homologous to the target gene flanking regions, is
cloned into the multiple cloning site (MCS) of pK18mobsacB. (B) Integration of the KO vector
into the host’s genome as the result of a homologous recombination event. (C) Excision of the
vector from the genome following a second recombination event, resulting in either KO
mutant generation or reversion to the parental genotype.
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Figure 3.2. Plasmid map of the mobilizable sucrose-sensitive suicide vector pK18mobsacB.
Allelic exchange constructs for the generation of knockout mutants via homologous
recombination were cloned into the multiple cloning site (MCS) of this vector. Relevant
restriction enzyme recognition sites have been shown on this map. The MCS lies within lacZa
(pink), the alpha(a) fragment of the /acZ gene (complete lacZ gene encodes R-galactosidase).
Kanamycin resistance (KanR) is conferred by nptl/ (blue) (encodes neomycin
phosphotransferase Il). The sacB gene (burgundy) which encodes the Bacillus subtilis
levansucrase enzyme confers sucrose-sensitivity in cells carrying the vector. Other features are
as follows; pMB1 ori (orange): E. coli origin of replication, oriT (white): origin of transfer, lac
promoter (yellow).
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3.2.1 Design and synthesis of unmarked knockout vectors

In this study, the allelic exchange constructs used for the generation of gene knockouts were
designed in-silico and generated using commercial DNA synthesis (Section 2.3.7). The
homologous flanking regions of knockout constructs comprised of nucleotide sequences
identical to the 800 bp regions immediately flanking the gene of interest (parA1, popZ, rcy)
(Figure 3.3A). A novel Pacl recognition site (TTAATTAA) was introduced between the two
homologous regions, flanked by a start (ATG) and stop (TGA) codon (5’ and 3’ of the Pacl site
respectively). An additional nucleotide (guanine, G) was introduced between the end of the start
codon and the Pacl recognition site to ensure that the construct remained in-frame. These
features totalled to a 15 bp sequence located between the two flanks. Finally, restriction
endonuclease sites were introduced to the 5’ and 3’ ends of the knockout construct to allow for
the cloning of these constructs into the multiple cloning site (MCS) of pK18mobsacB. Here, Xmal
(5’) and Hindlll (3’) were used to generate the parA1 and popZ constructs, while EcoRI (5’) and
BamHI (3’) were used for the rcy construct (Figure 3.3B). The nucleotide sequences of these
knockout (KO) constructs, referred to hereafter as parA1-KO, popZ-KO and rcy-KO, can be found

in Appendix A.1.

Throughout this thesis, the term ‘unmarked’ has been used to define any knockout constructs
or mutants which do not possess a selectable marker (e.g. antibiotic resistance, reporter gene
etc.) to easily distinguish these constructs from the tetracycline-resistant constructs generated
later in this chapter (Section 3.3). However, it is important to note that the constructs described
here are not truly ‘unmarked’ due to the introduction of the short (15 bp) non-native nucleotide

sequence in place of the target gene.

The synthetic popZ-KO and rcy-KO constructs were liberated from their vector backbones by
restriction digestion with the corresponding flanking enzymes and subcloned as Xmal-Hindlll
(popZ) or EcoRI-BamHI (rcy) fragments into pK18mobsacB to generate the KO vectors pK18-
popZ-KO and pK18-rcy-KO respectively. The methodology followed for this subcloning step can
be found in Sections 2.6 and 2.6.1. Whereas the subcloning of popZ-KO and rcy-KO into
pK18mobsacB was readily achieved, subcloning of parA1-KO highlighted unresolvable issues
with this construct (see Appendix A.2 for details). Therefore, an alternative method of construct

generation was adopted to generate pK18-parA1-KO. This alternative approach is described
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later in this section. The presence of the lacZa gene on pK18mobsacB enabled the pre-screening
of successful pK18-popZ-KO and pK18-rcy-KO clones using blue-white screening of colonies
following transformation of ligated plasmids into a compatible E. coli strain (e.g. DH5a). This
screening process is described in Section 2.6.1. Plasmid DNA isolated from three independent
white colonies (indicate of positive clones), was further validated by three independent
restriction digestions designed to; 1) linearise the plasmid, 2) cleave the 5 homologous flank
from the plasmid, and 3) cleave the full-length knockout construct from the pK18mobsacB

backbone (Figure 3.3C).

Digest products were analysed by agarose gel electrophoresis to confirm whether correct pK18-
popZ-KO and pK18-rcy-KO clones were obtained (Figure 3.3D). For pK18-popZ-KO, the digest of
plasmid isolated from a single colony has been shown. Incomplete digestion of this plasmid was
observed, indicated by the presence of undigested supercoiled plasmid at 5000 bp and a 7000
bp linear plasmid in the Pacl-digested (linearised) and double-digest samples respectively.
Despite evidence of incomplete digestion, bands corresponding to the 5" homologous flank (814
bp; Xmal-Pacl digested sample) and entire knockout construct (1621 bp; Xmal-HindlIll digested
sample) were clearly identified, leading to the conclusion that this was a correct pK18-popZ-KO
clone. For pK18-rcy-KO, the digestion of plasmid DNA from two independent clones has been
shown in Figure 3.3D. The first plasmid (pK18-rcy-KO(1)) although linearised by Pacl and
possessing an insert of the same size as the knockout construct (1.6 kb), did not produce a band
indicative of the 5’ flank following digestion with EcoRl and Pacl. Therefore, this plasmid was
deemed incorrect. However, all expected fragments were observed following digestion of pK18-

rcy-KO(2) and hence this plasmid was assumed to be a correct clone of pK18-rcy-KO.

The correct plasmid clones identified in Figure 3.3 were subsequently sequenced using the
pK18mobsacB-specific primers pK18 MCS_Fwd and pK18 MCS_Rev, designed to amplify inserts
within the MCS of pK18mobsacB (Table 2.7). Alignment of these sequencing reads to their
corresponding template sequences confirmed that both pK18-popZ-KO and pK18-rcy-KO
possessed the correct knockout construct insert, with no mismatches identified across the entire
construct read. Plasmids maps of pK18-popZ-KO and pK18-rcy-KO can be seen in Figures 3.4 and

3.5 respectively.
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Figure 3.3. Unmarked knockout construct generation, and validation of the knockout vectors
pK18-popZ-KO and pK18-rcy-KO. (A) 800 bp flanking regions immediately upstream and
downstream of the genes of interest (GOI) were selected as the homologous flanking
sequences to be used in the knockout (KO) construct. (B) KO constructs comprising of an 800
bp 5’ flank (purple), start codon (orange), Pacl restriction site (blue), stop codon (red) and a
800 bp downstream flanking region (green) were designed for each GOI. Flanking restriction
endonuclease sites (RES) were added to allow for cloning into pK18mobsacB, and the
constructs generated by gene synthesis. (C) Following subcloning of KO constructs into
pK18mobsacB, the resulting KO vectors were validated by three restriction enzyme digestions.
A schematic representation of the digest products has been shown here. (D) Agarose gel
electrophoresis (1% w/v) of restriction digest products. Lane L: GeneRuler 1kb Plus DNA
ladder. Letters above sample lanes indicate the enzymes used for digestion (P: Pacl, X: Xmal, H:
Hindlll, E: EcoRI, B: BamHI). Exact expected digest product sizes (bp) were as follows: (pK18-
popZ-KO) P: 7305; X+P: 6491, 814; X+H: 5684, 1621; (pK18-rcy-KO) P: 7319; E+P: 6505, 814;
E+B: 5698, 1621.
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Figure 3.4. Plasmid map of the allelic exchange vector pK18-popZ-KO. This vector is a
derivative of pK18mobsacB (354) which possesses the knockout construct required for the
generation of unmarked popZ deletion mutants within Rhizobium leguminosarum 3841. This
construct, comprising of a Pacl recognition site located between a 5’ (indigo) and 3’ (green)
homologous flank (identical in sequence to the 800 bp regions immediately upstream (5’) and
downstream (3’) of the R. leguminosarum 3841 popZ gene), was cloned between the Xmal and
Hindlll sites within the MCS of pK18mobsacB, disrupting lacZa (pink). Other features of this
vector are as follows; nptil (blue): confers kanamycin resistance (Kan®), sacB (burgundy):
confers sucrose sensitivity, pMB1 ori (orange): origin of replication, oriT (white): origin of
transfer, lac promoter (yellow). Unique restriction sites are shown in bold.
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Figure 3.5. Plasmid map of the allelic exchange vector pK18-rcy-KO. This vector is a derivative
of pK18mobsacB (354) which possesses the knockout construct required for the generation of
an unmarked rcy knockout mutant within Rhizobium leguminosarum 3841. This construct
contains a Pacl recognition site located between a 5’ (indigo) and 3’ (green) homologous flank
(identical in sequence to the 800 bp regions immediately upstream (5’) and downstream (3’) of
the R. leguminosarum 3841 rcy gene). The construct was cloned between the EcoRI and BamHI
sites within the MCS of pK18mobsacB, disrupting lacZa (pink). Other features of this vector are
as follows; nptll (blue): confers kanamycin resistance (Kan®), sacB (burgundy): confers sucrose
sensitivity, pMB1 ori (orange): origin of replication, oriT (white): origin of transfer, lac
promoter (yellow). Unique restriction sites are shown in bold.
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As mentioned previously, initial attempts to subclone the synthetic parA1-KO construct into
pK18mobsacB were unsuccessful. Details of these complications can be found in Appendix A.1.
Despite exhaustive attempts to troubleshoot this cloning step, issues with this vector could not
be resolved. Therefore, the parAl knockout construct was resynthesized and directly cloned
commercially into pK18mobsacB to generate the knockout vector pK18-parA1-KO in a single
step (Section 2.3.7). This newly-synthesised vector was validated by sequencing by GenScript
following DNA synthesis and a confirmatory restriction digest of four independent clones
following transformation of this vector into DH5a (Figure 3.6). This confirmatory digest
demonstrated that all four clones were linearised by Pacl, and an Xmal-Pacl-Hindlll triple digest
successfully liberated both 800 bp homologous flanks from the pK18mobsacB backbone.
Consequently, it was determined that all clones were correct copies of pK18-parA1-KO (see
Figure 3.7 for plasmid map). In parallel to the troubleshooting and eventual resynthesis of
parA1-KO, the generation of unmarked popZ and rcy gene knockout mutants was attempted
using pK18-popZ-KO and pK18-rcy-KO (described later in Sections 3.2.2 and 3.2.3). Ultimately,
the generation of unmarked parA1 knockouts was not attempted, however the synthesis of
pK18-parA1-KO was still an essential step in the generation of marked knockout mutants,

described later within this chapter (Section 3.3).

bp L 1 2 3 4 L 123 4 L

parA1-KO

7305 bp

5684 bp

Xmal, Pacl, Hindlll
digestion

Pacl digestion

Figure 3.6. Restriction digest validation of resynthesized pK18-parA1-KO clones. (A)
Schematical representation of pK18-parA1-KO, highlighting the Xmal, Pacl and Hindlll
restriction sites used for validation, and the resulting DNA fragment lengths. (B) Agarose gel
electrophoresis (1% w/v) of restriction digestion products. Lane L; GeneRuler 1kb Plus DNA
ladder. Lanes 1-4; digestions of four independent clones of the pK18-ParA1-KO vector,
obtained following transformation of the resynthesized pK18-parA1-KO vector into DH5a.
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Figure 3.7. Plasmid map of the allelic exchange vector pK18-parA1-KO. This vector is a
derivative of pK18mobsacB (354) possessing the knockout construct required for the
generation of unmarked parA1 knockout mutants within Rhizobium leguminosarum 3841. This
construct contains a Pacl recognition site located between 5’ (indigo) and 3’ (green)
homologous flanks. These flanks are identical in sequence to the 800 bp regions immediately
upstream (5’) and downstream (3’) of the R. leguminosarum 3841 parA1l gene. The construct
was commercially synthesised directly into pK18mobsacB via the Xmal and Hindlll sites within
the MCS, disrupting lacZa (pink). Other features of this vector are as follows; nptll (blue):
confers kanamycin resistance (Kan®), sacB (burgundy): confers sucrose sensitivity, pMB1 ori
(orange): origin of replication, oriT (white): origin of transfer, lac promoter (yellow). Unique
restriction sites are shown in bold.
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3.2.2 Screening for primary integration events

To generate unmarked popZ and rcy knockout mutants, the gene-specific pK18mobsacB-derived
knockout vectors described above (Section 3.2.1) were introduced independently into R.
leguminosarum 3841 by bacterial conjugation (Section 2.4.2). This process involves a tri-parental
mating between the recipient strain (R. leguminosarum 3841), an E. coli (DH5a) ‘donor’ strain
possessing the knockout vector, and the ‘helper’ strain E. coli pRK2013 (Section 2.1.1). The
helper plasmid pRK2013 (348) facilitates the mobilisation of non-self-transmissible plasmids (i.e.
pK18mobsacB) into the recipient strain. Transfer (tra) genes on this plasmid encode a variety of
conjugation-related proteins including those required for pili assembly and conjugal transfer of
genetic material, while mobility (mob) genes encode proteins which nick DNA at the origin of
transfer (oriT), and initiate pili-mediated transfer of single-stranded DNA into the recipient cell
via pili (348, 356, 371). Following mating, transconjugants were plated onto TY Agar containing
both streptomycin (str) and kanamycin (kan) to select for R. leguminosarum cells that had
undergone primary integration events of the knockout vector into the genome (referred to as
primary integrants) (Section 2.8). R. leguminosarum 3841 is intrinsically resistant to high
concentrations of streptomycin (up to 500 ug mL?), allowing for highly effective str-based
selection against the E. coli donor and helper strains which are not resistant to this antibiotic.
Given that pK18mobsacB cannot replicate within Rhizobium, any colonies which grow following

selection with kanamycin were expected to be primary integrants.

Four kanamycin-resistant primary integrants per knockout vector (pK18-popZ-KO and pK18-rcy-
KO) were inoculated into 10 mL TY and grown for 2 days under non-selective conditions to allow
for recombination between the vector and the genome. Following this non-selective growth, 5
mL of each culture was used to prepare purified genomic DNA (gDNA) (Section 2.3.1), with the
remaining culture used for the next step of mutant generation (see Sections 3.2.3 and 2.8).
Isolated gDNA was subjected to a PCR-based screen to confirm integration of the vector into the
genome. The premise of this screen was to amplify regions of gDNA from each culture with two
independent pairs of PCR primers. Each primer was specifically designed to screen for
integrations within either the 5’ or 3’ homologous flanking regions. A schematical representation
for the use of this PCR screen to confirm the integration of pK18-popZ-KO has been shown in
Figure 3.8A. Here, the primers popZ KO screen_Fwd and popZ 3’-flank_Rev were used to
screen for integrations within the 5’ gene-flanking regions, with primers popZ_5’-flank_Fwd and
popZ KO _screen_Rev used to screen for 3’ flank integrations. Sequences of these primers can

be found in Table 2.7.
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Within each of these pairs, a single primer anneals to the genomic DNA upstream/downstream
of the 5’/3’ flank (respectively), with the other primer annealing within the opposite flanking
region. This primer configuration allows for the amplification of a DNA fragment comprising of
the entire 800 bp target flank, a short (approx. 200 bp) region of the opposite flank, and any
nucleotides located between the two flanks. As demonstrated in Figure 3.8A, integration of
pK18-popZ-KO within the corresponding homologous flank would yield a PCR product of
approximately 1 kb, referred to here as an ‘integration’ PCR product. In instances where
integration of the vector did not occur within the targeted flank, a larger 1.8 kb ‘wildtype’ PCR
product would be obtained following amplification of both the targeted flanking region(s) and

the popZ gene (882 bp).

In addition to the four primary integrant gDNA samples, gDNA isolated from wildtype (WT) R.
leguminosarum 3841 was also subjected to this screen. In the case of WT gDNA, amplification
with either primer pair should yield a PCR product of approx. 1.8 kb. Following amplification, the
products generated by this PCR screen were then analysed by agarose gel electrophoresis
(Figure 3.8B). This screen clearly identified integration of pK18-popZ-KO within the 3’ flanking
region in all four cultures screened, demonstrated by the presence of a 1 kb fragment in all four
integrant gDNA samples amplified with the 3’ integration screening primers (popZ_5’-flank_Fwd
and popZ_KO_screen_Rev). The absence of vector integration within the 5’ flanking region in
these samples, inducated by the presence of a 1.8 kb ‘WT’ PCR product following amplification
with the 5’ integration screening primers (popZ_KO_screen_Fwd and popZ_3’-flank_Rev), was

consistent with the presence of a band of identical size within the WT gDNA sample.
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Figure 3.8. PCR-based confirmation of the integration of pK18-popZ-KO into the genome of
R. leguminosarum. (A) Integration of the knockout (KO) vector pK18-popZ-KO within each
flank was screened for using primer pairs (half arrows) comprising of one genome-specific
primer (orange dashed/red solid), and one flank-specific primer (indigo solid/green dashed).
Although flank-specific primers have two binding sites, binding to the distant site would result
in amplification of the entire vector, including the sacB gene (burgundy) and kan resistance
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cassette (blue), generating a product too large to be obtained in this PCR reaction.
Amplification of the wildtype (WT) popZ region using either primer pair would generate a 1.8
kb PCR product. If no integration occurred, this same product would be generated. However, if
integration of pK18-popZ-KO occurred within the targeted flank, a 1 kb PCR product would be
obtained. (B) Genomic DNA (gDNA) isolated from four primary integrants (following a 2-day
non-selective culture) and WT R. leguminosarum 3841 was amplified using the primers
depicted in Part A, and the PCR products analysed by agarose gel electrophoresis (1% w/v).
Lane L; GeneRuler 1kb Plus DNA ladder. 5’ and 3’ lane annotations depict the screening
primers used. Square brackets (bottom) indicate the gDNA sample amplified, with 1-4
depicting the four primary integrants. DNA fragments in dashed boxes were purified and sent
for Sanger sequencing.

Evidence of integration of pK18-rcy-KO was screened for using the following primer pairs:
rcy_KO_screen_Fwd and rcy_3’-flank_Rev, to screen for integrations within the 5’ flank; and
rcy_5’-flank_Fwd and rcy_KO_screen_Rev, to screen for 3’ flank integrations. Details of these
primers can be found in Table 2.7. These primers anneal to the same respective locations within
rcy gene region as their popZ equivalents, generating a screening process identical in principle
to the popZ screen depicted in Figure 3.8. The integration of pK18-rcy-KO within the targeted
flank (i.e. flank corresponding to the primer pair used) would yield a 1 kb PCR product, as
observed with popZ (Figure 3.8A). Within wildtype R. leguminosarum 3841, or in instances
where no vector integration occurred within the targeted flank, a PCR product of approximately
8 kb would be obtained following amplification of the full-length rcy gene (7128 bp) located
between the flanking regions amplified. However, in contrast to the 1.8 kb popZ WT product,
amplification of this 8 kb rcy WT product would not be possible within the cycle parameters used
in this PCR screen. Therefore, an absence of a PCR product was considered indicative of a lack

of integration/WT genotype within the screened flanking region.

Agarose gel electrophoresis analysis of the PCR products obtained in this screen (Figure 3.9)
identified evidence of integration of pK18-rcy-KO within both the 5’ and 3’ gene-flanking regions
in all four primary integrant cultures, indicated by the presence of a 1 kb PCR product in all
culture gDNA samples amplified (Figure 3.9A). Non-specific amplification with the 5’ flank
screening primers (rcy_KO_screen_Fwd and rcy_3’-flank_Rev) was observed within this first PCR

screen (Figure 3.9A), yielding a product of approximately 1.4 kb in all gDNA samples amplified.
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However, this non-specific amplification was resolved following optimisation of the PCR cycle
parameters for this primer pair (Figure 3.9B). This second PCR screen generated clear, single 1
kb DNA fragments indicative of plasmid integration within the 5’ flanking regions of all primary

integrant cultures with clear absence of product in the WT control sample (as expected).

Evidence of the integration of pK18-rcy-KO within both the 5" and 3’ gene-flanking regions of the
gDNA isolated from these primary integrant cultures was suggestive of one of two possible
scenarios. Firstly, and preferably, further recombination of pK18-rcy-KO may have occurred.
Although the initial primary integrant colonies picked should have possessed either a 5’ or a 3’
integration event (i.e. a homogenous colony), further recombination between the vector and
the genome during non-selective growth would give rise to a heterogenous culture, comprising
of primary integrants, wildtype revertants, and even the possibility of successful knockout
mutants. Genomic DNA isolated from these cultures would therefore contain a mixture of these
genotypes. If knockout gDNA was present, in which recombination between the knockout vector
and genome has occurred within both flanks, PCR amplification with either of the primer pairs
described above would yield a 1 kb PCR product. Alternatively, evidence of vector integration
within both flanking regions of a given gDNA sample could have arisen if the initial primary
integrant colonies picked for non-selective growth were not derived from a single colony
forming unit (i.e. an isogenic colony), but were in fact a mixed colony derived from a mixture of
cells with 5" and 3’ primary integrations. Screening of gDNA isolated from a culture derived from
such a population would therefore produce evidence of integration events of pK18-rcy-KO
within both the 5’ and 3’ flanking regions, even if no further recombination occurred between

the knockout vector and the genome.

111



bp L 5 3 & ¥ & ¥ &5 3 & I L
5000
4000
3000

2000
1500
1000

700
500

Amplification with &’
screening primers

Figure 3.9. PCR-based confirmation of integration of pK18-rcy-KO into the genome of R.
leguminosarum. (A) Genomic DNA (gDNA) isolated from four primary integrants (following a 2-
day non-selective culture) and wildtype (WT) R. leguminosarum 3841 was amplified using the
following primers: rcy_KO_screen_Fwd / rcy_3’-flank_Rev, to screen for integrations within the
5’ flank; and rcy_5’-flank_Fwd / rcy_KO_screen_Rev, to screen for 3’ flank integrations. In WT
samples, and those where no integration occurred in the targeted flank, no PCR product
should be obtained. If integration of the vector occurred within the targeted flank, a 1 kb PCR
product should be generated. PCR reactions were then analysed by agarose gel electrophoresis
(1% w/v). Lane L; GeneRuler 1kb Plus DNA ladder. 5’ and 3’ lane annotations depict the
screening primers used. Square brackets (bottom) indicate the gDNA sample amplified, with 1-
4 depicting the four primary integrant cultures. (B) All gDNA samples were amplified with the
5’ integration screening primers (rcy_KO_screen_Fwd / rcy_3’-flank_Rev), using slightly
modified PCR cycle parameters optimised for this primer pair. Lane L; GeneRuler 1kb Plus DNA
ladder. WT; WT gDNA template. Lanes 1-4; primary integrant culture gDNA. DNA fragments in
dashed boxes were purified and sent for Sanger sequencing.
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A DNA fragment representative of each of the unique PCR products obtained in these PCR
screens (Figures 3.7B, 3.8A & 3.8B, dashed boxes) was excised from the agarose gel and purified
(Section 2.3.3). These six fragments - three 1.8 kb bands, two obtained from amplification of WT
gDNA with both popZ-specific primer pairs and a third from the amplification of pK18-popZ-KO
integrant gDNA with the respective 5’ flank screening primers; one 1 kb fragment from the
amplification of a pK18-popZ-KO integrant with the 3’ flank screening primers; and two 1 kb
fragments from the screening of a pK18-rcy-KO integrant with both rcy-specific primer pairs —
were then sent for Sanger sequencing with their respective PCR primers, generating a forward
and reverse sequencing read for each (Section 2.3.6). For all 1.8 kb fragments, indicative of an
absence of vector integration (i.e. WT genotype), the full-length popZ gene sequence was clearly
identified between the two flanking regions, confirming that no disruption of genome occurred
within these regions. Furthermore, sequencing reads of all three 1 kb fragments, indicative of
vector integration, clearly identified disruption to these regions had occurred. The Pacl
recognition sequence located within the short nucleotide sequence between the 5’ and 3’
homologous flanks of the knockout constructs (Figure 3.3) was present in all three fragments,
confirming that the knockout vectors had successfully integrated into their target genomic

regions within the conjugants screened.
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3.2.3 Screening for knockout mutants

Following the conjugation of the knockout vectors pK18-popZ-KO and pK18-rcy-KO into R.
leguminosarum 3841, cells which had undergone primary integration events of the vector into
the genome (described above in Section 3.2.2) were subsequently cultured for two days under
non-selective conditions to allow for further recombination between the homologous regions
of the integrated knockout vector and the genome. These subsequent recombination events,
also referred to as double-crossover events, result in resolution of the vector backbone
generating either wildtype (WT) revertants, or successful knockout mutants (Figure 3.1). To
isolate cells which had undergone a double-crossover event, sucrose counter-selection was
used. As described at the beginning of this Chapter (Section 3.2), expression of the sacB gene on
pK18mobsacB following integration of this vector into the host genome results in lethal sucrose
sensitivity. Therefore, the presence of sucrose inhibits the growth of any cells in which the vector
has been retained (i.e. primary integrations). By contrast, cells in which the vector has been
excised from the genome following a double-crossover event will no longer be sensitive to

sucrose.

Serial dilutions of the non-selective primary integrant cultures were plated onto TY-sucrose
(10%) Agar plates containing streptomycin (str) (Section 2.8) and incubated for 2-3 days until
single colonies appeared. Typically, the colonies which arose on these sucrose plates varied in
diameter, but exhibited uniform morphology (circular, convex colonies). In comparison to
colonies on TY Agar plates, colonies on TY-sucrose Agar plates were more fluid in texture. To
avoid bias, colonies of all sizes were picked onto TY Agar (+ str) master plates, taking note of the
size of each initial colony picked. Master plates were then incubated for 1-2 days until visible
colonies were obtained. Colony growth on the master plates did not appear to correlate with
the original colony size, suggesting that small colonies picked from the sucrose plates were not
necessarily slow-growing colonies. One drawback of sacB-mediated sucrose counter-selection is
the sensitivity of sacB to suppressor mutations, giving rise to false positives i.e. sucrose-resistant
primary integration colonies (372). Therefore, all colonies from these master plates were replica
plated onto TY Agar plates containing kanamycin (kan), where resistance to kan indicated that
the knockout vector was still integrated into the genome. Following replica plating, a few kan-

resistant colonies were identified but the vast majority were kan-sensitive as expected.
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To distinguish between wildtype revertants and knockout mutants, kan-sensitive colonies from
replica plate screening were subjected to a colony PCR screen (Section 2.5.3). In this screen,
illustrated in Figure 3.10A, colony genomic DNA was amplified using the following primer pairs:
popZ_KO_screen_Fwd / popZ KO_screen_Rev, and rcy_KO_screen_Rev / rcy KO_Screen_Fwd.
These primer pairs, each consisting of a forward primer which anneals upstream of the 5’ flank
and a reverse primer annealing downstream of the 3’ flank, amplify regions of the R.
leguminosarum genome encompassing the target gene and both 800 bp flanking regions. In the
event of a popZ or rcy knockout mutant, amplification of the colony template with the respective
primer pair would result in the generation of a 1.8 kb PCR fragment. In the event of a wildtype
revertant, amplification with of the popZ gene-region (primers popZ KO _screen_Fwd and
popZ KO screen_Rev) would yield a fragment of 2.5 kb, while amplification of the rcy gene
region (primers rcy_KO_screen_Rev and rcy_KO_Screen_Fwd) would generate a fragment of 8.9
kb. Similar to the primary integration PCR screen used in Section 3.2.2 (Figure 3.8), this 8.9 kb
WT rcy fragment would not be successfully amplified within the cycle parameters used in this
screen (extension time too short). Therefore, an absence of PCR product in colony samples

amplified with the rcy-specific primers was indicative of a WT genotype.

Figure 3.10 shows DNA electrophoresis analysis of products obtained from colony PCR of six
double-crossover colonies derived from pK18-popZ-KO (Part B) and pK18-rcy-KO (Part C)
integration events. A significant drawback of this PCR screen is the lack of positive control for
PCR reactions using primers rcy_KO_screen_Rev and rcy_KO_Screen_Fwd. Although primer
specificity and functionality were not a concern (successful amplification with these primers
previously demonstrated in Section 3.2.2), a lack of positive control would make difficult to
accurately determine whether an absence of product is a true knockout mutant, or the result
failed PCR reactions. Therefore, a small control PCR was set up in which three pK18-rcy-KO-
derived colonies were amplified using the popZ screening primers (Figure 3.10D). Here, a 2.5 kb
WT popZ product should be obtained, as no disruption to this genomic region should have
occurred within these samples. Of the 12 double-crossover colonies analysed in Figure 3.10 (6
per gene), only WT revertants were identified. For all six pK18-popZ-KO-derived colonies, a 2.5
kb WT popZ DNA fragment was obtained (Figure 3.10B). This same product was also obtained
following amplification of gDNA isolated from wildtype R. leguminosarum 3841, confirming that
these colonies were in fact WT revertant colonies. In the case of pK18-rcy-KO-derived colonies,
amplification with rcy screening primers primers rcy_KO_screen_Rev and rcy_KO_Screen_Fwd

did not yield a PCR product (Figure 3.10C). Successful amplification of the 2.5 kb control PCR
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product (Figure 3.10D) confirmed that the absence of PCR product in the rcy screening reactions

was the result of these colonies also being WT revertants.

Figures 3.10B and 3.10C show only a representative sample of the colonies screened. In total,
approximately 200 colonies per conjugation were screened using this colony PCR screen. Of the
~400 colonies screened, all pK18-rcy-KO double-crossover events yielded clear wildtype
revertants (indicated by absence of PCR product), while all but three pK18-popZ-KO double-
crossover colonies produced clear 2.5 kb bands demonstrating these also were WT revertants.
The three (of ~200) colonies which did not yield a clear 2.5 kb band instead exhibited an
unexpected triple banding pattern, with all three bands between 1.5 - 3 kb in size (data not
shown). This triple banding was consistent across all three colonies, and more pronounced
following amplification of gDNA isolated from these colonies. Although no biological/genetic
explanation of the middle-sized band (approx. 2 kb) could be determined (other than non-
specific primer binding), the presence of a larger (approx. 2.5-2.8 kb) and smaller (between 1.5-
2 kb) PCR product may have been indicative of heterogenous populations, comprising of both
WT revertants and knockout mutants. However, multiple attempts to separate these
(potentially) mixed populations into single homogenous colonies and isolate knockout mutants
was unsuccessful. Therefore, it was ultimately determined that the generation of unmarked
popZ and rcy knockout mutants using the knockout vectors pK18-popZ-KO and pK18-rcy-KO was

unsuccessful.

116



popZ_KO_screen_Fwd

Wildtype
popZ region [P
popZ_KO_screen_Rev
D et et >
2.5 kb WT product
rcy_KO_screen_Fwd
WiIdtyPe rcy
region

rcy_KO_screen_Rev
8.9 kb WT product - Too large

A

>

Fwd screening primer

Gene 5’ flank ——
knockout (KO) 800 bp P

Rev screening primer
>

A

1.8 kb KO product

O O
B X v c <¥.%
N = Z o o
<8‘%. o ¥ €
& 8 g °> © 8
oD © O E ¢ o
E ¥ o = 5 Z
bp L 2 § =z 1 2 3 4 5 6

L b ) )

@)
X
BY
<
©
2
X
[

No template

<
z
Q
(o]
[
=

Positive control PCR

Figure 3.10. Colony PCR screening of potential popZ and rcy knockout mutants. (A) Double-
crossover colony template was amplified in colony PCR reactions using genome-specific primer
pairs, comprising of a forward primer (orange half arrows) annealing upstream of the 5’ flank
(indigo), and a reverse primer (red half arrows) annealing downstream of the 3’ flank (green).
Primer names are noted next to each primer. Amplification of the wildtype (WT) popZ region
(i.e. WT revertant) with corresponding primers would yield a PCR product of 2.5 kb.
Amplification of WT rcy colonies would generate a theoretical product of 8.9 kb. However, this
product is too large to be successfully amplified within the extension time used. Hence, an
absence of PCR product is indicative of WT rcy colonies. (B-D) Agarose gel (1% w/v)
electrophoresis analysis of the colony PCR products. Lane L; GeneRuler 1 kb Plus DNA Ladder.
For amplification with each primer pair, three control reactions were performed using the
following templates: WT gDNA (positive for popZ, negative for rcy), pK18-popZ-KO/pK18-rcy-
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KO (negative) and dH,0 (i.e. no template) (negative). (B) Six pK18-popZ-KO double-crossover
colonies were screened with the primers popZ KO_screen_Fwd and popZ_KO_screen_Rev. (C)
Six pK18-rcy-KO double-crossover colonies were screened with the primers
rcy_KO_screen_Fwd and rcy_KO_screen_Rev. (D) Positive control PCR of three pK18-rcy-KO
double-crossover colonies amplified with the popZ screening primers.

3.3 Generation of marked knockout mutants

Given the difficulty of generating and isolating unmarked popZ and rcy mutants, a different
strategy of mutant generation was undertaken to enable generation of marked knockout
mutants. In these mutants, the entire gene length is replaced with a tetracycline resistance (tet®)
cassette, intended to facilitate the isolation and identification of a successful gene knockout. To
generate these mutants, the same pK18mobsacB-mediated homologous recombination-based
system (as described in Section 3.2) is used, but this time using a modified tet® knockout vector.
This section describes the generation of these tet® knockout vectors, and their subsequent use

in the attempted generation of marked parA1, popZ and rcy knockout mutants.

3.3.1 Cloning of tetracycline-resistant marked knockout vectors

To generate the knockout constructs required for the generation of tet? marked mutants, the
tet? gene (tetA) of pSUP3535, a pSUP202 derivative (356, 357), was subcloned into the
previously-generated unmarked knockout vectors (pK18-parA1-KO, pK18-popZ-KO and pK18-
rcy-KO, Section 3.2.1). This vector was chosen as the source of the tetA gene as
pSUP3535/pSUP202 has been demonstrated to confer effective tetracycline resistance in
members of the Hyphomicrobiales, such as various Bradyrhizobium and Rhizobium species
(including R. leguminosarum 3841) (224, 343, 357, 373, 374). The tet® cassette was amplified
from pSUP3535 using the primers pSUP_tet_Pacl_Fwd and pSUP_tet_Pacl_Rev (Table 2.7),
designed to introduce flanking Pacl recognition sites to each end of the tet® cassette fragment.
The purified PCR product was then subcloned as a Pacl-Pacl fragment directly into the Pacl site
of the unmarked knockout vectors, introducing the tet® cassette between the 5 and 3’

homologous flanks of the knockout construct (see Figures 3.4, 3.5 and 3.7 for plasmid maps of
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pK18-popZ-KO, pK18-rcy-KO, and pK18-parA1-KO respectively). Successful clones, referred to
from here on as pK18-parAl-tet?-KO, pK18-popZ-tet®-KO and pK18-rcy-tet®-KO, were then
identified based on their resistance to tetracycline. An overview of the cloning of these vectors

can be found in Section 2.6.2.

Due to the non-directional nature of this cloning, two possible orientations of the tet® cassette
within the knockout vectors could be obtained; a forward and reverse compliment (Figure
3.11A). Although either orientation would confer tetracycline resistance within a successful
knockout mutant, the reverse orientation of this cassette within the knockout construct was
desired for the generation of knockout mutants. By introducing the tet® cassette into the
genome in the opposite direction to neighbouring genes, polar effects on downstream gene
expression as a result of the introduction of the tet® promoter are avoided. Therefore, to confirm
the orientation of the tet® cassettes within the knockout constructs, another PCR screen was
employed. In Figure 3.11B, a schematic of the use of this PCR screen on pK18-popZ-tet®-KO
clones has been shown. In this screen, the pK18-popZ-tet®-KO vectors were each amplified with
two pairs of primers. The same 5 homologous flank-specific forward primer (popZ 5'-
flank_Fwd) was used within each primer pair. To screen for clones possessing a tet® cassette in
the forward orientation, the second primer within this pair was a reverse primer annealing to
the 3' end of the tet® cassette (pSUP_tet_Pacl_Rev). To screen for the reverse-orientation tet®
cassette, the second primer within this pair was a ‘reverse’ primer which anneals to the 5’ end
of the tet® cassette (pSUP_tet_Pacl_Fwd). Although this primer is technically a ‘forward’ primer
when described in the context of a forward-oriented tet® cassette, it is important to note that if
the tet® cassette is in the reverse orientation, the tet®-specific primers take on the opposite
function i.e. a forward primer functions as a reverse primer. Following amplification, if the
screening primer pair and orientation of tet® cassette are complimentary, a 1.6 kb PCR product
would be generated. If the primers and tet? cassette orientation are not compatible, no PCR
product would be obtained. Therefore, each vector should produce a 1.6 kb band with one of

each primer pair, but not both.

Figure 3.11C shows the results of this PCR screen performed on seven pK18-popZ-tet®-KO clones.
In this screen, amplification of clones 1, 3, 4, 5 and 7 with the reverse-orientation screening
primers produced a clear 1.6 kb band, with clones 2 and 6 generating this band following

amplification with the forward-orientation screening primers. An identical screen was
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performed on several pK18-parA1-tet®-KO and pK18-rcy-tet?-KO clones. The same tet® cassette-
specific primers (pSUP_tet_Pacl Fwd and pSUP_tet Pacl_Rev) were used for each of these
screens, along with the parA1 5’ flank-specific primer parA1_5’-flank_Fwd for pK18-parA1-tet®-
KO screening, and the rcy 5 flank-specific primer rcy 5'-flank_Fwd for pK18-rcy-tet?-KO
screening (data not shown). Following screening, two clones for each pK18-tet®-KO vector (one
for each tet® orientation) were sent for Sanger sequencing to confirm their identity. Each vector
was sequenced with four sequencing primers (pK18 MCS Fwd, pSUP_tet Pacl_Fwd,
pSUP_tet_Pacl_Rev and pK18 MCS_Rev) to ensure sequencing reads spanning the entire
knockout construct were obtained. Analysis of sequencing reads confirmed no mutations within

the knockout constructs within all six vectors sequenced.
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Figure 3.11. Directional PCR screen of the tetracycline resistance cassette within the
knockout vector pK18-popZ-tet®-KO. (A) Following non-directional cloning of the tetracycline
resistance cassette (Tet®) (orange) into the Pacl site of the pK18-popZ-KO vector two possible
orientations of the cassette within the resulting vector (pK18-popZ-tet?-KO) may be obtained.
(B) To determine the orientation of tet® cassettes, pK18-popZ-tet®-KO vectors were screened
with two primer pairs (primers indicated with half arrows), where each primer pair screened
for a single orientation. If the orientation of the cassette and primer pair were complementary
(i.e. forward-oriented cassette screened with forward orientation screening primers), a 1.6 kb
PCR product would be obtained. If cassette orientation and primer pair not complementary, no
PCR product would be obtained. (C) Agarose gel electrophoresis (1% w/v) of the PCR products
following the directional screening of seven pK18-popZ-tet®-KO vectors. Lane L; GeneRuler 1 kb
Plus DNA Ladder. Lane annotations 1-7 denote each of the seven pK18-popZ-tet®-KO vectors
screened. Amplifications with the reverse-orientation screening primers popZ_5’-flank_Fwd
and pSUP_tet_Pacl_Fwd are shown on the left-hand of this gel. Amplifications with the
forward-orientation screening primers popZ 5’-flank_Fwd and pSUP_tet_Pacl_Rev are shown
on the right-hand side.
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3.3.2 Screening for tetracycline-resistant knockout mutants

As described during the attempted generation of unmarked mutants, the marked knockout
vectors pK18-parAl-tetR-KO, pK18-popZ-tett-KO and pK18-rcy-tetR-KO (collectively referred to
as the pK18-tet®-KO vectors) were introduced into R. leguminosarum 3841 via tri-parental
conjugation. Rhizobium transconjugants possessing a primary integration event of the knockout
vector into the genome were selected by plating the conjugation mixture onto TY Agar
containing streptomycin (str), tetracycline (tet) and kanamycin (kan) (Section 2.8). Primary
integrants were subsequently grown under non-selective conditions for 2 days to allow for
further recombination between the knockout vectors and the genome. Following this non-
selective growth, serial dilutions of the pK18-tet®-KO primary integrant cultures were then
plated onto TY Agar medium containing 10% (w/v) sucrose, str and tet. Excision of the
pK18mobsacB vector backbone from the genome (i.e. double crossover event) would result in
either allelic exchange of the target gene with the tet® gene, or a reversion to the WT genotype.
Therefore, only double-crossover events which yielded successful knockout mutants should
grow on these plates as sucrose counter-selection selects against cells expressing sacB (i.e.

primary integrants), and the presence of tet selects against any WT revertants.

Following incubation of the TY-sucrose plates (2-3 days), a surprisingly high number of single
colonies were observed. Many of these serial dilution plates had similar, and in some cases
greater, numbers of colonies than their unmarked knockout vector counterparts (comparison
only applicable for popZ and rcy as unmarked parAl knockouts were not attempted). As the
antibiotic selection in these plates selected for knockout mutants only, these high colony counts
were very unexpected given the previous difficulty in generating unmarked knockout mutants.
This raised concerns about this reliability of this screening step. A control plating of each tri-
parental mating strain (WT R. leguminosarum 3841, E. coli pRK2013 and each E. coli pK18-tet®-
KO donor strain) onto TY-sucrose containing str only, tet only, and both str and tet combined (at
concentrations used for R. leguminosarum selection) confirmed that this antibiotic selection was
sufficient to select against each of these strains independently. To determine the reliability of
the sacB-mediated counter-selection, approximately 100 colonies from each conjugation (300
total) were picked onto TY Agar master plates containing both streptomycin and tetracycline.
Colonies were then replica plated onto TY Agar plates containing streptomycin and kanamycin,
alongside a WT R. leguminosarum 3841 control streak. In contrast to observations made during

the generation of unmarked knockout mutants where replica plating of double-crossovers
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identified only a few kan-resistant colonies, the vast majority of the tet-resistant ‘knockout
mutants’ obtained here were found to be resistant to kanamycin, suggesting that these colonies
were not true knockout mutants but were in fact still primary integrants. This observation
highlighted potential complications with the sucrose sensitivity of all three tet® knockout vectors

following their integration into the genome.

In an attempt to address this reduced sucrose-sensitivity, the selection for double-crossovers
was reattempted using TY-sucrose containing 15% (w/v) sucrose. Although the number of
emerging colonies was only slightly (but not significantly) reduced when compared to 10%
sucrose, the increased sucrose concentration had a markedly detrimental impact on colony
morphology. Instead of the round, off-white, convex colonies observed on 10% sucrose, colonies
on 15% sucrose were more irregular in morphology, with a watery consistency. Within these
‘colonies’ were off-white granule-like structures. These observations were consistent with the
formation Rhizobial micro-colonies surrounded by secreted exopolysaccharides (EPS), often
observed in the presence of high sucrose and/or during biofilm formation (375-377). The
secretion of EPS protects these cells from osmotic stresses, such as high sugar concentrations.
This altered colony morphology made the isolation of single colonies difficult. Therefore, this

concentration of sucrose was simply not viable for this protocol.

As increasing sucrose concentration was not viable, the generation of tet® mutants was
attempted once more using an extended selection process. In this modified protocol, non-
selective primary integrant cultures were plated onto TY-sucrose (10%) Agar plates containing
streptomycin only. Three colonies (per knockout attempt) were picked from the TY-sucrose
plates and streaked onto TY Agar plates containing streptomycin (str) and tetracycline (tet).
These plates were incubated until single colonies appeared (2-3 days). One colony from each
plate was then streaked back onto TY-sucrose (10%) plates containing streptomycin, and
incubated for a further 2 days before streaking a single colony back onto TY (+str and tet) plates.
This re-streaking of a single colony between TY-sucrose (+str) and TY (+str and tet) plates was
repeated until the colony had been exposed to each media type a total of 4 times. As discussed
previously, sacB is sensitive to suppressor mutations which can render this counter-selection
method ineffective (372), therefore this repeated exposure to sucrose runs the risk of increasing
the likelihood of false positives. As a result, and sucrose-sensitivity/resistance not used as a
marker for whether a colony possessed a primary integration or double-crossover event.
Instead, antibiotic selection was used to identify mutants. As the driving of homologous

recombination using sacB-mediated sucrose counter-selection was more likely to be ineffective,
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repeated re-streaking increased the likelihood of generating a knockout mutant by allowing

more time for resolution of the pK18 mobsacB vector from the genome to occur.

Between 100-150 colonies for each gene knockout (taken across all three final streak plates)
were picked onto TY Agar master plates containing streptomycin and tetracycline. Streak plates
were then incubated for a further 1-3 days, or until the plate became over-populated. Each day,
the original streak plates were checked, and any later-emerging colonies were also picked onto
master plates. Colonies on the TY (+str and tet) master plates were replica plated onto TY Agar
plates containing streptomycin and kanamycin identify whether these colonies were kanamycin-
sensitive, demonstrating successful knockout generation. Unfortunately, no kanamycin-
sensitive colonies were identified following the integration of pK18-parA1-tet?-KO into the R.
leguminosarum genome. Therefore, all colonies were determined to be primary integrations still
possessing this vector. As a result, no further screening of these colonies was conducted, and

the generation of marked parA1 knockout mutants was considered unsuccessful.

When screening for popZ and rcy knockout mutants, a small number of kan-sensitive, tet-
resistant colonies were identified. To confirm whether these colonies were in fact true knockout
mutants, colonies were screened using the same colony PCR screen as described in Section 3.2.3,
Figure 3.10. Although the amplification of WT revertant gDNA would still produce a PCR product
of the same size as in the previous PCR screen (i.e. 2.5 kb for popZ, and an unobtainable 8.9 kb
fragment for rcy), the substitution of popZ/rcy with the tet? gene cassette following successful
gene knockout would result in a PCR fragment of 3.3 kb, as opposed to the 1.8 kb fragment
generated following amplification of gDNA from an unmarked knockout mutant. Analysis of the
products obtained from this PCR screen demonstrated that despite being resistant to
tetracycline, all nine kan-sensitive popZ ‘knockout’ colonies identified were wildtype in genotype
at the targeted region. Four of the nine colonies screened gave a distinct 2.5 kb WT band, with
the remaining five producing a faint band of the same size (Figure 3.12A). A fragment of this size
was also produced following amplification of WT template gDNA, supporting conclusion these
colonies were wildtype in genotype at this region. Conversely, all eight potential rcy knockout
colonies screened produced a faint 3.3 kb PCR product, indicating that successful allelic
exchange and subsequent deletion of the rcy gene had occurred within these samples. A small
degree of non-specific amplification was also observed, indicated by a very faint 1.5 kb band in

all samples (including the WT gDNA sample), but this was not of concern given intensity of band.
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Figure 3.12. Colony PCR screening of potential tetracycline-resistant popZ and rcy knockout
mutants. Potential popZ and rcy marked knockout mutants were subjected to a colony PCR
screen designed to identify successful gene deletion. In this PCR, genome-specific primer pairs
comprising of a forward primer annealing upstream of the 5’ flank, and a reverse primer
annealing downstream of the 3’ flank were used. PCR reactions were then analysed by
electrophoresis on a 1% (w/v) agarose gel. (A) Nine potential popZ mutants (Lanes 1-9) were
screened with the primers popZ KO_screen_Fwd and popZ KO_screen_Rev. If template
colony was a knockout, a 3.3 kb band would be obtained. If a WT revertant, a band of 2.5 kb
would be obtained. (B) Eight potential rcy mutants (Lanes 1-8) were amplified with primers
rcy_KO_screen_Fwd and rcy_KO_screen_Rev. Again, if the template colony was a knockout
mutant, a 3.3 kb band would be obtained. However, if a WT revertant, theoretical band of 8.9
kb would be generated (too large to obtain in the PCR cycle). Common annotations: Lane L;
GeneRuler 1 kb Plus DNA Ladder. For each PCR screen, two control reactions were performed
using dH,0 (i.e. no template) (negative control) and WT R. leguminosarum 3841 gDNA
(positive for popZ, negative for rcy).

125



Unfortunately, the results of this PCR screen were not as promising or straightforward as first
hoped. All tetracycline-resistant, kanamycin-sensitive colonies screened in this PCR were
identified following a 2-day incubation of the replica plates. Following an additional overnight
incubation, all 17 colonies (9 ‘popZ’ and 8 ‘rcy’) exhibited growth in the presence of kanamycin.
This raised one of two questions: how were tetracycline and kanamycin-resistant WT colonies
obtained following attempted deletion of popZ; and how did rcy ‘knockout mutants’ grow on

kanamycin?

Firstly, the growth of R. leguminosarum colonies resistant to both tetracycline and kanamycin
following attempted generation of popZ knockout mutants demonstrated primary integrations
of the pK18-popZ-tet?-KO vector within the genome. However, the presence of a WT PCR
product (Figure 3.12A) following amplification of the popZ gene region suggests that integration
may not have occurred within this region of the genome (i.e. off-target integration). Secondly,
the presence of kanamycin-resistant rcy ‘knockout’ colonies in conjunction with the faint
knockout PCR product bands observed in Figure 3.12B indicated that these colonies may once
again have been mixed populations containing a small number of knockout mutants amongst
mostly primary integrant colonies. Similar to attempts to isolate potential unmarked popZ
knockout colonies in Section 3.2.3, multiple attempts to isolate these marked rcy knockout
colonies (including re-streaking and serial dilutions) did not yield distinct kan-sensitive, tet-
resistant colonies which produced a clear PCR product indicative a successful knockout (data not
shown). The inability to isolate knockout mutants despite their apparent presence within these
colonies may suggest that these mutants were sick or even non-viable, but that trace amounts
of their gDNA present within the colonies was still amplified by the colony PCR screen shown in

Figure 3.12B.
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3.4 Discussion

3.4.1 Unsuccessful deletion of parA1 may be attributed in part to its genomic context

During the attempted generation of marked parA1 gene deletions (Section 3.3.2), the resolution
of pK18-parAl-tet?-KO from the R. leguminosarum genome following primary integration was
not observed. All colonies screened following sucrose counter-selection were resistant to both
kanamycin and tetracycline, demonstrating that sacB-mediated excision of the vector from the
genome had not occurred. In contrast to unmarked gene deletion attempts (Section 3.2.2, not
performed for parAl), tet®-marked primary integrants were not screened to identify which
homologous flank vector integration occurred within. Nevertheless, the genomic context of

parA1l sheds a potential light on why the deletion of this gene was not successful.

The R. leguminosarum parA1 gene is located only 19 bp downstream and 32 bp upstream of its
neighbouring genes, with all three genes encoded on the same DNA strand (Table 3.1). While
the expression of the upstream gene (rsmG) was unlikely to be affected, the deletion of parAl
from the R. leguminosarum 3841 genome was likely to have impacted the expression of the
downstream gene. Almost immediately downstream of parAl gene is the gene parB, which
encodes the DNA binding protein ParB. As reviewed in Chapter One (Section 1.2.4), the ParA and
ParB proteins work together (in conjunction with the parS sequence) to segregate chromosomal
plasmids during cell replication (206, 344). The ParA and ParB proteins are typically encoded
within the same operon, with the downstream parS sequence either within or nearby this
operon (220, 343, 344). Given their proximity, it appears that the ParABS system of R.
leguminosarum 3841 is also encoded within an operon, possibly under the control of a single

promoter.

The disruption of genomic regions within operons, even if in-frame, can impact the expression
of downstream genes often resulting in either up- or downregulation of the downstream genes
(378, 379). The integration of the pK18-parA1-tet®-KO allelic exchange vector into the 5’ flanking
region (i.e. upstream) of parA1 is likely to have allowed the R. leguminosarum 3841 parABS
operon structure to remain intact. However, an integration event of this vector within the 3’
(downstream) flank would disrupt the operon downstream of parAl. Any double crossover

event which resulted in the deletion of parAl may also have disrupted this operon and
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subsequently the expression of parB downstream. Within several Gram-negative species
including Caulobacter crescentus, the parABS locus has been demonstrated to be essential for
cell viability (380-383). In species where the ParABS system is not essential, disruption or loss
of the parABS locus impacts cell growth and DNA segregation, often resulting in the formation
of cells lacking nucleoid DNA (384—389). Hence, it seems likely that the deletion of parA1 within
R. leguminosarum 3841 and subsequent disruption of the parABS locus would be detrimental or
potentially even lethal, making the generation of a whole-gene parAl knockout mutant
unfavourable. That being said, a parA null mutant (in-frame partial gene deletion) within the
rhizobial species Azorhizobium caulinodans (belonging to the Xanthobacteraceae family) has
been successfully generated (227). Although AparA A. caulinodans cells displayed pleiomorphic
morphologies and dramatic defects in chromosome segregation, the deletion of parA was
seemingly not lethal within this species. In support of this, ParA deletion (truncation mutants)
in Pseudomonas aeruginosa (Gram-negative rod) impacts growth rate and chromosome
segregation, leading to the formation of anucleate cells. ParA inactivation also made ParB
unstable, leading to increased degradation of ParB (390). However, it is very important to note
that the gene deletions mentioned above were not whole-gene deletions like those attempted
in this study, but instead partial gene deletions. Hence, disruption to the parABS locus

downstream of parA may have been minimised within these other studies.

Table 3.1. Genomic context of parA1, popZ and rcy within R. leguminosarum 3841. The
distances of parA1, popZ and rcy from their neighbouring genes have been detailed in this
table. Predicted/hypothetical gene products have been provided instead of gene names as
many of these genes remain uncharacterised. The Rhizobium leguminosarum bv. viciae 3841
genome sequence and gene predictions were sourced from ref. (329).

Target Distance 5’ gene Distance 3’ gene 3’ gene
g from 5’ . & . 5’ gene product from 3’ . & . §
gene orientation orientation  product
gene (bp) gene (bp)
16s rRNA
19 F d 32 F d ParB
(LA orwar methyltransferase G orwar ar
Protein-L- .
. Valine—
popZ 334 Forward isoaspartate O- 115 Forward :
tRNA ligase
methyltransferase
Hptd in- Cystei
rcy 462 Reverse > ‘."T"a'” . 111 Forward ySieine
containing protein hydrolase
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During the attempted generation of unmarked popZ knockout mutants, the integration of pK18-
popZ-KO only occurred within the 3’ flanking region of this gene and attempts to delete this gene
were unsuccessful. Unfortunately, unlike parA1, the genomic context of popZ provides little
insight as to why this may have been the case. The popZ gene sits over 100 bp from each of its
neighbouring genes (Table 3.1) and does not appear to be encoded within an operon. Within
Agrobacterium, the loss of popZ and results aberrant cell division, defects in chromosome
segregation, and even cell mortality (326). Potential detrimental deletion phenotypes of popZ
within R. leguminosarum may be the reason double crossover events yielding successful popZ
deletion were not easily isolated, but the reason behind the lack of plasmid integration within

the 5’ flank remains unknown.

3.4.2 Deletion of rcy in R. leguminosarum may reduce cell viability

Of all three gene deletion attempts, rcy was the only gene which demonstrated the potential for
successful knockout mutant generation using the pK18mobsacB-mediated knockout protocol
adopted within this thesis. Although the generation of unmarked mutants was unsuccessful
yielding only wildtype (WT) revertants, evidence of integration of the unmarked allelic exchange
vector within both flanking regions was observed. Attempts to generate tetracycline-resistant
marked knockout mutants resulted in the identification of R. leguminosarum colonies which
appeared to produce a colony PCR product indicative of a successful knockout genotype. Yet,
unexpected resistance to kanamycin led to the conclusion that these colonies comprised of a
mixed population of knockout mutants and primary integrants. Attempts to isolate knockout
mutants from primary integrants were unsuccessful, ultimately leading to the suggestion that

rcy knockout mutants were likely to be very sick or potentially non-viable (Section 3.3.2).

The possibility of a severely detrimental phenotype following rcy deletion is consistent with
phenotypes observed following the loss or depletion of other ‘Rcy-like’ proteins. Within
Agrobacterium, the loss of GPR (a protein with very similar domain architecture to Rcy - see
Section 1.5.2) was often lethal (278). In cells which did survive, loss of GPR resulted in slow-
growing cells with doubling time 2-3 times longer than wildtype cells. Not only were these Agpr
cells slow-growing, but they also exhibited significant morphological and growth defects (278).

Additionally, the loss of Scy within Streptomyces causes developmental defects including smaller
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colony size and reduced sporulation (182). Ultimately, a reduced viability of rcy knockout
mutants may explain why even though potential mutants were identified following colony PCR,
attempts to isolate these mutants were unsuccessful. It is probable that rcy knockout mutants,

if obtained, were repeatedly outcompeted by colonies still expressing Rcy.

3.4.3 Potential off-target integration of the pK18-popZ-tet®-KO allelic exchange
vector

Following the attempted generation of marked popZ deletions, a number of R. leguminosarum
colonies were identified which were resistant to both kanamycin and tetracycline (indicative of
a primary integration of the allelic exchange vector) yet appeared to be undisrupted at the
genomic region surrounding popZ (Section 3.3.2, Figure 3.12A). These observations were
suggestive of primary integrations of the pK18-popZ-tet®-KO vector at a location other than the
targeted genomic region (i.e. the popZ flanking regions). In contradiction, the integration of the
unmarked popZ allelic exchange vector (pK18-popZ-KO) appeared to occur within targeted
regions only. Evidence of pK18-popZ-KO integration within the targeted flanking regions was
observed following colony PCR screening (Section 3.2.2, Figure 3.8) (albeit only within the 3’
flank), and the resolution of the vector from the genome following sucrose counter-selection

restored kanamycin sensitivity (Section 3.2.3).

A nucleotide BLAST (BLASTN) of the tet® cassette introduced into these vectors against the R.
leguminosarum 3841 genome highlighted two short regions with some degree of homology; a
66 bp region with 77% homology, and 83 bp region with 72% homology. However, given their
short length and relatively low homology, these regions are not enough to be a convincing site
of vector integration. Interestingly, both of these regions lie within a gene (RL3414) predicted to
encode a tetracycline MFS (major transporters facilitator superfamily) efflux pump, similar in
function to that encoded by the tetA gene introduced into these vectors (329, 356, 391). Despite
its predicted function, this putative tetracycline-resistance gene did not confer resistance to
tetracycline within wildtype R. leguminosarum 3841 at the concentrations used within this study
(5 pg mL?t in TY media), and therefore does not in itself explain the tetracycline resistance

observed within WT revertants.
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3.4.4 Other complications: antibiotic resistance, reduced sucrose-sensitivity, and
mixed colonies

The sacB counter-selection system used in this thesis (i.e. pK18mobsacB, with selection on TY
containing 10% sucrose) has been successfully used to delete the R. leguminosarum 3841 genes
ribN (RL1692), encoding the riboflavin transporter RibN (363) and rapD (RL2702) which encodes
a biofilm matrix-associated calcium-binding protein RapD (364). Although the deletion of parA1,
popZ and rcy from R. leguminosarum 3841 was ultimately unsuccessful, the use of this system
during the attempted generation of unmarked knockout mutants appeared to work as expected.
Colonies carrying primary integrations of the unmarked knockout vector were kanamycin
resistant, those which had undergone a double crossover event (i.e. WT revertants) were
kanamycin sensitive, and sacB-mediated resolution of vectors from the genome was reasonably
efficient. A few primary integrants remained following sucrose counter-selection, but this is not

unusual given the high suppressor mutation rate of sacB (372).

Despite observing effective antibiotic selection and sucrose counter-selection during the
generation of unmarked mutants, issues with these screening steps were encountered following
the introduction of the tetracycline resistance (tet?) cassette to the unmarked pK18-derived
allelic exchange vectors. Following sucrose counter-selection of primary integrants carrying
these tetf-marked vectors, all isolated colonies appeared to be resistant to both kanamycin and
tetracycline. As resistance to both antibiotics indicated primary integration of the vector into
the genome, this demonstrated a significant reduction in sucrose sensitivity within cells carrying
these vectors. The exact reason for this sudden loss of sucrose sensitivity following introduction
of tetA remains unknown, but it is likely to have been the result of poor optimisation of the
selection media. The use of tetA-sacB selection/counter-selection systems has been
demonstrated to be highly sensitive to selection conditions, often requiring species-specific
optimisation of the selection media (392-394). TetA has also been associated with increased
osmotic sensitivity of cells (395), which may have further influenced the effectiveness of sucrose

counter-selection within this study.

While the sensitivity of tetA-sacB selection systems and the use of an inappropriate or poorly-
optimised selection media may explain the issues with sucrose-sensitivity and/or tetracycline

resistance observed within this thesis, the question still remains as to why widespread
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kanamycin resistance was observed. Although the introduction of additional antibiotic
resistance genes can also increase a cell’s resistance to other antibiotics, the introduction of tetA
has been linked to an increase in sensitivity to kanamycin, not resistance (394, 396). Therefore,
it seems most likely that the widespread resistance to kanamycin observed during the
attempted generation of tetf-marked knockout mutants is not a direct result of tetA
introduction, but is instead the consequence of reduced sucrose sensitivity, allowing for the

vector to remain integrated within the genome following sucrose counter-selection.

One final issue encountered during the generation of gene knockouts was genetically
heterogeneous colonies. The observation of such colonies was not unique to either marked or
unmarked gene deletion attempts. Additionally, the use of higher concentrations of sucrose
within the selection media gave rise to unusual colony morphologies comprising of ‘micro-
colonies’ surrounded by exopolysaccharides (EPS) (Section 3.3.2). These colony morphologies
are common in the formation of biofilms, and in the presence of high sucrose (or similar osmotic
stresses) (375—377). If these knockout attempts were to be repeated, the use of a minimal or
low-salt media may help to resolve the difficulties with isolating single colonies in presence of
sucrose. The use of low salt selection media can enhance sensitivity to sucrose during sacB
counter selection (397), allowing for the use of lower sucrose concentrations, as demonstrated
by the successful deletion of regions within an uncharacterised R. leguminosarum 3841 operon
(RL3499-RL3502) associated with cell membrane integrity (398). Here, Vanderlinde et al.
selected for double crossover mutants on Vincent's minimal medium (VMM) with only 5%
sucrose. In this study, sucrose sensitivity was conferred by the sacB gene of the vector pJQ200SK
(398, 399). A reduction in sucrose concentration may therefore help isolation of single colonies
by minimising the formation of heterogeneous biofilm-like colonies and the secretion of EPS
which may have interfered with various screening steps and mutant colony isolation throughout

this chapter.
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3.4.5 Alternative gene deletion approaches

There are of course a great number of other gene deletion approaches which could have been
used to generate parAl, popZ and rcy deletions, ranging from the generation of different types
of mutations (e.g. partial deletions, truncations and frameshifts), to the use of different gene
editing techniques altogether. Within this section, a handful of accessible alternative
approaches which align most closely to those used within this thesis have been discussed.
Despite unsuccessful attempts to generate parAl, popZ and rcy gene knockouts within R.
leguminosarum (this study), viable deletions of parA, popZ and the putative rcy homolog gpr
have been achieved within other members of the Hyphomicrobiales. Within Agrobacterium
tumefaciens, both whole-gene and various in-frame deletions of popZ have been generated, as
well as a partial deletion of gpr (2378 bp deletion consisting of the first 2140 bp of gpr (6345 bp)
and 238 bp upstream) (278, 282, 326). In the rhizobial species Azorhizobium caulinodans,
deletion of ParA was achieved by generating a partial deletion (codons 7-150) of the parA gene
(227). The generation of each of these mutants was achieved using various sacB-based suicide
plasmid-mediated genome editing approaches, and in the case of parA deletion, a
pK18mobsacB-mediated gene deletion approach was used. However, one key difference
between the knockouts attempted in this thesis and those described above is the type of
deletion generated. With the exception of a popZ whole-gene deletion, all other deletions were
instead partial gene deletions. Attempts to generate similar partial gene deletions within the R.
leguminosarum genome may prove a successful alternative approach to gene knockout,
particularly for parAl where whole-gene deletion was predicted to have downstream polar

effects on the parABS locus (see Section 3.4.1).

Despite widespread use of sacB counter-selection systems (including pK18 mobsacB) within the
Hyphomicrobiales, potential issues with this selection system were encountered within this
thesis. Many of the suicide vectors available for use in Gram-negative bacteria utilise the sacB
gene (399, 400). However, alternative compatible counter-selectable markers such as pheS
(confers sensitivity to the phenylalanine analog p-chloro-phenylalanine) and thyA (confers
sensitivity to trimethoprim) are available (401-405). Substitution of the sacB gene encoded on
the pK18mobsacB-derived knockout plasmids generated in this chapter with an alternative
counter-selectable marker may therefore provide a relatively straightforward solution to the
sacB/sucrose-related complications encountered within this study. Such counter-selectable

markers could also be used to generate a valuable additional resource intended to facilitate the
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characterisation of these potentially essential R. leguminosarum genes. To delete genes which
encode proteins essential for cell viability, a complementing copy of the gene must first be
introduced to the cell (typically encoded on a plasmid). However, in order to study the effects
of gene deletion, the complementing copy must subsequently be inactivated or lost (406, 407).
Typically, the loss of this copy can be achieved using either a counter-selectable marker also
encoded on the plasmid, or by expressing the gene under the control of a tightly regulated
inducible promoter. In Chapter Four, IPTG-inducible parAl, popZ and rcy expression plasmids
were generated (see Section 4.2 for further details). Although the IPTG-inducible promoter of
these plasmids was not tightly regulated within Rhizobium (see Section 5.4.2), the incorporation
of a counter-selectable marker would generate a gene expression plasmid suitable for
complementation during genomic gene deletion attempts. Transformation of these counter-
selectable complementation plasmids into R. leguminosarum 3841 cells may permit
pK18mobsacB-mediated deletion of the genomic parA1, popZ and rcy genes should they indeed
by essential. Adoption of this approach may be of particular value for the characterisation of rcy,

which has been proposed here to encode a protein essential for cell viability.

In addition to suicide plasmid-mediated techniques, other commonly-used genome editing
techniques include Red homologous recombination and CRISPR/Cas9-based systems (362, 408,
409). Of these two methodologies, Red homologous recombination (also referred to as Red
recombineering) is particularly relevant to this thesis. Red recombineering exploits the functions
of three lambda (A) Red bacteriophage proteins (Gam, Exo and Beta) to facilitate recombination
between genomic (or plasmid) DNA and a linear allelic exchange construct in vivo (410, 411).
Within Chapter Five, a A Red recombineering system developed by Datsenko and Wanner (2000)
(and further modified by Gust et al. (2002)) was successfully employed to incorporate EGFP
cassettes into plasmids within E. coli (349, 351). However, this exact system (which has been
described in detail in Section 5.2.1) cannot readily be applied to the generation of gene
knockouts within R. leguminosarum without substantial modification. Firstly, expression of the
A Red genes (bet, gam, exo) (encoded on a plasmid referred to as the A Red recombination
plasmid) was driven by an arabinose-inducible promoter (pBAD). This A Red gene expression
system has previously been demonstrated to be ineffective within Agrobacterium, and therefore
is likely to be ineffective within Rhizobium also given the close phylogenetic relationship of these
genera (412). Secondly, a temperature sensitive replicon present on the A Red recombination
plasmid was used to inhibit expression of the A Red genes following plasmid modification. In this

step, a temperature shift from 30°C to 37°C was required, which would not be compatible with
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R. leguminosarum which has an optimal incubation range of 25°C to 31°C (413). Finally, host
compatibility issues resulting from differences in the function of the A Red proteins within
different species makes Red recombineering in species more distantly related to E. coli
substantially less effective (362, 414). It is worth mentioning that the modification and
optimisation of phage recombineering for use within ‘non-conventional’ species is not
impossible, and both A Red and ET (the RecE/RecT recombinase system from the Rac prophage)
phage recombinase gene editing systems have been successfully employed within
Agrobacterium (362, 412, 414). However, these systems are still a long way off becoming
commonplace, and therefore have not been considered an accessible alternative approach to

gene knockout within the scope of this thesis.
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Chapter Four — Characterisation of ParA1, PopZ and Rcy by
protein overexpression

4.1 Introduction

Following unsuccessful attempts to generate parAl, popZ and rcy gene knockout mutants
(Chapter Three), the overexpression of these genes was employed as an alternative approach to
study gene function. In this study, protein overexpression was achieved in vivo by expression of
the full-length parA1, popZ and rcy genes from the isopropyl B-D-1-thiogalactopyranoside
(IPTG)-inducible promoter of plasmid pIND6. Following the introduction of these plasmids into
R. leguminosarum 3841, novel overexpression phenotypes within these strains were analysed
to determine the involvement of these genes, and their encoded proteins, in the regulation of
growth and cell morphology within R. leguminosarum. In this chapter, the growth of these IPTG-
inducible gene overexpression strains was monitored through the generation of growth curves.
Total protein extracts were then isolated from culture samples and analysed using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to identify expression of the
ParAl, PopZ and Rcy proteins following induction of gene overexpression. Finally, R.
leguminosarum cells overexpressing ParAl, PopZ and Rcy were viewed using phase contrast
microscopy to observe any changes in cell morphology resulting from the overexpression of

these proteins.

4.2 Generation of R. leguminosarum gene overexpression strains

4.2.1 The IPTG-inducible expression vector pIND6

Overexpression of parAl, popZ and rcy within R. leguminosarum 3841 was achieved using the
IPTG-inducible expression vector pIND6 (Kelemen, unpublished. Figure 4.1). This vector is a
direct derivative of the vector pIND4 (355), differing only by a few modifications to restriction
sites within the multiple cloning site (MCS). The vector pIND4 was originally developed for use
in the Alphaproteobacteria species Rhodobacter sphaeroides and Paracoccus denitrificans,
thereby making its derivative pIND6 a suitable choice of expression vector for use within R.
leguminosarum. Within pIND4, cloning of a given gene into the Ncol site within the MCS allows

for the expression of C-terminally histidine-tagged proteins from the IPTG-inducible lac
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promoter of this vector. To generate pIND6, additional Ndel and EcoRlI sites were introduced
into the MCS of pIND4 (not utilised in this thesis, therefore not included in Figure 4.1). However,
it important to note that these modifications to pIND4 resulted in the removal of the hexa-

histidine tag (6xHis-tag) within this vector, meaning pIND6 lacks this feature.

IPTG-inducible expression from this vector is achieved by the presence of lacl? (lacl driven by the
modified /acl’ promoter), in conjunction with an IPTG-inducible expression cassette. This
cassette (comprising of the Pa1j04/03 promoter (a modified lac promoter), a ribosome binding site
(RBS), a multiple cloning site, and a transcriptional terminator) allows for IPTG-inducible
expression of genes following cloning of these genes downstream of the Paijos03 promoter
within this cassette. Importantly, expression levels from this plasmid are sensitive to the
concentration of IPTG present in the growth medium, allowing for dose-dependent induction of
gene expression (355). In addition to IPTG-inducible gene expression, pIND6 also confers
kanamycin resistance via the presence of a kanamycin resistance gene (kan®) encoding
aminoglucoside phosphotransferase. The backbone of this vector is derived from the naturally
occurring Rhodobacter plasmid pMG160 allowing for stable replication of this vector within R.
leguminosarum 3841 (355, 415), while the presence of the ColE1 origin of replication allows for

stable replication within E. coli (Figure 4.1).
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Figure 4.1. The IPTG-inducible expression vector pIND6. Inducible expression of genes within
R. leguminosarum 3841 was achieved using the vector pIND6, a derivative of pIND4 (355). A
plasmid map of this vector has been shown in Part A of this figure. Gene sequences were
cloned downstream of the Pai/os/03 promoter region (burgundy) allowing for IPTG-inducible
gene expression. Key features of this plasmid include the /acl gene (encodes lac repressor
protein) (indigo), driven by lacl? promoter (orange), a kanamycin resistance (Kan®) gene (blue),
a ribosomal binding site (RBS) (red), origin of transfer (oriT, purple), and the lambda t0 and
rrnB T1 transcriptional terminators (grey & white). The ColE1 origin of replication (light green)
allows for replication of this plasmid in E. coli. The backbone of this vector (between oriT and
ColE1) is derived from the naturally occurring Rhodobacter plasmid pMG160, allowing for
stable replication of this vector within R. leguminosarum 3841 (355, 415). Restriction sites
relevant to this thesis have been shown in this plasmid map. (B) Linear representation of the
IPTG-inducible expression cassette of pIND6, showing the lac operator regions (black) within
the Pai/04/03 promoter region, an RBS (red), and the lambda t0 transcriptional terminator (grey).
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4.2.2 Generation of pIND6-derived expression vectors

Similar to the generation of the unmarked knockout constructs (Section 3.2.1), gene expression
constructs were designed in silico and generated by commercial gene synthesis (Section 2.3.7).
In this study, the expression of N-terminal His-tagged R. leguminosarum proteins (ParAl, PopZ
and Rcy) from pIND6 was required to allow for immunodetection of the expressed protein. To
achieve this, relatively simple expression constructs were generated, comprising of an RBS,
6xHis-tag, a thrombin site, and the full-length wildtype R. leguminosarum 3841 gene sequence
(Figure 4.2A). Incorporation of 5’ Xbal and 3’ BamHI restriction sites to each of these constructs
allowed for the subcloning of these synthetic constructs (as Xbal-BamHI fragments) into the Xbal
and Bglll sites of pIND6 (located downstream of the Pai/04/03 promoter) (Figure 4.2B), generating
the plasmids pIND6-parA1, pIND6-popZ and pIND6-rcy (Figures 4.3 and 4.4). Even though the
recognition sequences of BamHI and Bglll differ, these enzymes are isocaudomers and generate
complimentary overhangs allowing for the ligation of the BamHI-digested construct fragments
into Bglll-digested pIND6 (Figure 4.2C). Despite pIND6 possessing an RBS within its IPTG-
inducible expression cassette (Figure 4.1), incorporation of an RBS into the synthetic expression
constructs was necessary as Xbal-Bglll digestion of pIND6 resulted in the excision of the RBS
from this vector. Here, the bacteriophage T7 gene 10 ribosome binding site (RBS) sequence was
used to enhance translation of these genes (416). Although not relevant in this thesis, a
thrombin cleavage site was included within the linker region between the hexa-histidine (6xHis)
tag and the gene sequence to allow for cleavage of the His tag from the protein if desired in

future work. The full sequence of these expression constructs can be found within Appendix A.3.

Following subcloning of the synthetic constructs into pIND6 (Section 2.6.3), the resulting pIND6-
parA1l, pIND6-popZ and pIND6-rcy clones were validated by restriction enzyme digestion. In this
digest, illustrated in Figure 4.2D, Xbal digestion was used to linearise the ligated plasmids. This
endonuclease was also used for a double-digestion of these plasmids which was designed to
liberate the gene expression constructs from the pIND6 vector backbone. However, as the
BamHI and Bglll recognition sites were lost during subcloning, a Hindlll site downstream of the
expression constructs was used as the second enzyme for this double-digest. For the plasmids
pIND6-parA1 and pIND6-popZ, Xbal-Hindlll digestion cleaves the complete expression construct
from pIND6 backbone, generating two DNA fragments of 8.3 kb (backbone) and either 958 bp

(parA1 expression construct) or 1 kb (popZ expression construct). However, due to an internal
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Hindlll site within the rcy gene sequence, Xbal-HindlIl digestion of pIND6-rcy generates three
DNA fragments of 8.3, 5.9 and 1.4 kb.

Figure 4.2E shows gel electrophoresis of DNA fragments generated following the digestion of a
single pINDG6 (control), pIND6-parA1, pIND6-popZ and pIND6-rcy plasmid. Except for a small 51
bp fragment generated following the digestion of pIND6 with Xbal and Hindlll which was not
resolved, all expected fragments described above were identified. Following successful
validation, pIND6-derived expression vectors were then conjugated into R. leguminosarum 3841
via triparental mating (Section 2.4.2) to generate the R. leguminosarum strains used for gene
overexpression studies throughout the remainder of this chapter. Hereafter, these strains are
referred to as R.leg-pIND6-parA1, R. leg-pIND6-popZ and R.leg-pIND6-rcy. In addition to the
pIND6-derived expression vectors described here, an empty pIND6 vector was also conjugated

into R. leguminosarum 3841 to generate the empty vector control strain R./leg-pIND6.
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Figure 4.2. Generation and validation of pIND6-derived parA1, popZ and rcy expression
plasmids. (A) Expression constructs comprising of a ribosomal binding site (red)
(TTTGTTTAACTTTAAGAAGGAGA), a hexa-histidine tag (CATCATCATCATCATCAC) (turquoise),
thrombin cleavage site (CTGGTGCCGCGCGGCAGC) (yellow), and the full-length R.
leguminosarum gene sequence parAl, popZ or rcy (pink) were synthesised by artificial gene
synthesis. Flanking Xbal (5’) and BamHI (3’) restriction sites allowed for subcloning into the
Xbal and Bglll sites of pIND6 (Part B). (C) BamHI and Bglll generate complementary overhangs,
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allowing for ligation of fragments produced by these enzymes. However, ligation of these
fragments destroys each recognition sequence. (D) Plasmids pIND6-parA1, pIND6-popZ and
pIND6-rcy were subjected to two validation digests: an Xbal digest to linearise the vectors, and
an Xbal/Hindlll double digest designed to cleave the expression constructs from the pIND6
backbone. Approximate fragment sizes are shown in this schematic. (E) Agarose gel
electrophoresis (1% w/v) of restriction digest products. Lane L: GeneRuler 1kb Plus DNA
ladder. Letters above sample lanes indicate the enzymes used for digestion (X: Xbal, H: Hindlll).
Exact digest product sizes (bp) were as follows: (pIND6) X: 8358, X+H: 8307, 51; (pIND6-parA1)
X: 9265, X+H: 8307, 958; (pIND6-popZ) X: 9350, X+H: 8307, 1043; (pIND6-rcy) X: 15598, X+H:
8307, 5868, 1423.
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Figure 4.3. The IPTG-inducible parA1 and popZ expression vectors pIND6-parA1 and pIND6-
popZ. Synthetic gene expression constructs comprising of a ribosomal binding site (red), 6xHis-
tag (turquoise), thrombin cleavage site (yellow) and the parA1l or popZ gene sequence were
subcloned downstream of the Paij04/03 promoter region (burgundy) of pIND6 generating the
plasmids pIND6-parA1 (Part A) and pIND6-popZ (part B). Key features of these plasmids include
the lacl gene (indigo) driven by lac/? promoter (orange), a kanamycin resistance (Kan®) gene
(blue), origin of transfer (oriT, purple), the lambda t0 and rrnB T1 transcriptional terminators
(grey & white) and a ColE1 origin of replication (light green).

143



ColE1 ori lacIg promoter
PA1/04/03
T ' _Xbal (1568)
; .
~6xHis
thrombin site
Ndel (1667)
BglII (2063)
—— HindIII (2991)

PINDG6-rcy
15,598 bp

oriT|

rrnB T1 terminator

lambda t0 terminator
(8859) HindIII

(8066) BglII

Figure 4.4. The IPTG-inducible rcy expression vector pIND6-rcy. The synthetic rcy expression
construct, consisting of a ribosomal binding site (red), 6xHis-tag (turquoise), thrombin cleavage
site (yellow) and the rcy gene, was subcloned downstream of the Paijo4/03 promoter region
(burgundy) of pIND6. Key features of this plasmid include the lac/ gene (indigo) driven by lac/?
promoter (orange), a kanamycin resistance (Kan®) gene (blue), origin of transfer (oriT, purple),
the lambda t0 and rrnB T1 transcriptional terminators (grey & white) and a ColE1 origin of
replication (light green).
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4.3 Impact of parA1, popZ and rcy overexpression on R. leguminosarum
growth

The first step in the effort to characterise parAl, popZ and rcy within Rhizobium was to study
the impact of their overexpression on the growth of R. leguminosarum. To achieve this, growth
curves of the gene overexpression strains described in Section 4.2 were generated to monitor
the effect of overexpression of these genes. If the proteins encoded by these genes contribute
to the coordination of polar growth, then it is likely that disruption of their normal regulation
(i.e. through overexpression) would subsequently alter the growth of cells. Furthermore, to
develop a more thorough understanding of the roles of these genes, gene overexpression was
induced at various phases of growth to determine any growth phase-dependent overexpression

phenotypes.

4.3.1 Establishment of experimental parameters

For R. legquminosarum growth curves, the gene overexpression strains R./leg-pIND6-parA1, R.leg-
pIND6-popZ, R.leg-pIND6-rcy and R.leg-pIND6 (empty vector control) were each cultured in 50
mL of Tryptone-Yeast extract broth (TY), a rich growth medium. The procedure for the set-up
and monitoring of these growth curve cultures is described in Section 2.1.3. To ensure high levels
of overexpression, the induction of gene expression from the pIND6-derived plasmids was
achieved by the addition of a final concentration of 1 mM IPTG to the growth medium (355). The
impact of gene overexpression on the growth of these strains was then assayed by monitoring

the optical density of the cultures at a wavelength of 600 nm (ODso) as a function of time.

Before studying the overexpression of parAl, popZ and rcy, a preliminary growth curve was
performed. In this curve, shown in Figure 4.5, the pIND6 empty vector control strain R.leg-pIND6
and wildtype R. leguminosarum 3841 were each grown in the presence and absence of 1 mM
IPTG. This preliminary assay served multiple purposes, including checking the suitability of
experimental conditions, determining the approximate durations of each growth phase, and
ultimately deciding whether the R.leg-pIND6 control strain was a suitable comparison to the
wildtype strain R. leguminosarum 3841. To ensure the retention of pIND6 and pIND6-derived
expression plasmids, all pIND6-possessing R. leguminosarum strains were cultured in the

presence of kanamycin (200 pug mL?). Therefore, it was important to understand how the growth
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of these strains in the presence of kanamycin may differ from non-selective growth of wildtype

R. leguminosarum 3841.

These preliminary growth curves (Figure 4.5) showed that the presence of 200 pg mL?
kanamycin slightly slowed the growth of R. leguminosarum when compared to non-selective
wildtype R. leguminosarum 3841 cultures, delaying exponential growth phase by approximately
6 hours. This extended lag phase is most likely a result of the metabolic burden associated with
the replication and expression of exogenous plasmids i.e. pIND6 and the KanR® resistance gene
(aminoglucoside phosphotransferase) encoded on this plasmid (417). However, the addition of
IPTG (final concentration of 1 mM) to the growth medium did not significantly impact the growth
of either strain. Furthermore, the presence of either kanamycin or IPTG in these cultures did not
impact the max ODeoo reached by all cultures. Therefore, it was concluded that these
experimental conditions (i.e. 200 ug mL* kanamycin, 1 mM IPTG) were suitable for this study,
but it is important to be mindful that direct time-dependent comparisons between R./leg-pIND6
and R. leguminosarum 3841 should not be made due to slightly delayed growth in the presence
of kanamycin. For R.leg-pIND6 (grown in the presence of kanamycin), the transition from lag
phase to exponential growth occurred between approximately 18 and 24 hours, with cultures
reaching stationary phase by around 60 hours. In these cultures, a maximum ODggo of 2.0 was
reached. By 84 hours of growth, no clear death phase had been observed, with cultures
remaining in stationary phase. These growth phase timepoints were subsequently used as a
basis for determining the point of induction of R.leg-pIND6-parA1, R.leg-pIND6-popZ and R.leg-

pIND6-rcy in later growth experiments.
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Figure 4.5. Growth curve of R. leguminosarum in TY medium in the presence and absence of
IPTG. R. leguminosarum 3841 (wildtype) and R./eg-pIND6 (empty vector control strain) were
grown in TY medium in the presence and absence of 1 mM IPTG. Cultures were incubated at
30°C with shaking. To ensure plasmid retention, strains possessing pIND6 were grown in the
presence of 200 pg mL* kanamycin (+Kan). The optical density of samples was measured at a
wavelength of 600 nm (ODsoo). Data points represent means + SD (n = 4).
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4.3.2 Impact of gene overexpression

First, the impact of parAl, popZ and rcy overexpression during early exponential growth was
studied. During this growth phase, cultures transition from lag phase, within which cells adjust
and prepare for growth, to a period of active cell division (418). Therefore, induction of
overexpression during this growth phase should help to elucidate the role of these genes during
cell division. The preliminary growth curve of R.leg-pIND6 (Figure 4.5) indicated that early
exponential phase occurred between 18-24 hours. Due to the low resolution of this growth
curve the exact time-point of the transition from lag phase to exponential phase could not be
determined, therefore 20 hours was chosen as an appropriate timepoint for induction of gene
overexpression. At this timepoint, cultures of the overexpression strains were likely to have

progressed from lag phase into early exponential phase.

Of all three genes, overexpression of parA1 during early exponential phase resulted in the most
substantial growth defect. In uninduced cultures, R.leg-pIND6-parA1 and R.leg-pIND6 exhibited
no clear difference in growth, with both strains reaching a maximum ODego of 2.0 (Figure 4.6A).
Following induction with 1 mM IPTG, the growth of R.leg-pIND6-parAl1 was impacted, with
cultures showing a reduction in growth from around 12 hours post-induction (Figure 4.6B). In
contrast to R.leg-pIND6 and uninduced R.leg-pIND6-parA1 cultures where a max ODgg of
approximately 2.0 was reached, induced R.leg-pIND6-parA1 cultures reached a max ODeggo of
only 1.1. However, it is important to note that any conclusions drawn from Figure 4.6B are
limited by the fact that the R.leg-pIND6-parA1 curve in this figure was generated from only two
biological replicates following the omission of the third replicate which displayed abnormal
growth. Hence, this curve (and the corresponding uninduced curve) was repeated. Again,
uninduced R./eg-pIND6 and R.leg-pIND6-parA1 cultures displayed no clear difference in growth
(Figure 4.6C), although a slightly lower max ODegyo of ~1.7 for both strains was observed
(compared to an ODggo of 2.0 observed in Figure 4.6A). From around 12 hours post-induction,
R.leg-pIND6-parA1 cultures once more showed a reduction in growth, while the induction of
R.leg-pIND6 did not impact the growth of this strain (max ODego of 1.7, reached at 50 hours). By
24 hours post-induction (44 hours) the ODgqo of these cultures was significantly lower than those

of R.leg-pIND6 cultures, with R.leg-pIND6-parA1 reaching max ODgoo of only 0.9 after 68 hours.
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Figure 4.6. Impact of the overexpression of parA1 on the growth of R. leguminosarum. R.
leguminosarum strains R.leg-pIND6 (empty vector control) and R.leg-pIND6-parA1 (parAl
expression strain) were grown in TY medium (30°C), in the presence of 200 pg mL* kanamycin.
To monitor growth, the optical density of culture samples was measured at a wavelength of
600 nm (ODeno). The overexpression of parA1 was achieved by the induction of cultures with
IPTG at a final concentration of 1 mM. Points of induction have been indicated by red arrows.
Data points and error bars represent means +SD ((A)n=3,(B)n=2,(C&D)n=3,(E&F)n=
4). Dashed boxes in Parts A and B indicate timepoints where samples were taken for further

analysis (SDS-PAGE and microscopy).
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By contrast, the overexpresison of popZ and rcy at this timepoint (20 hours) did not result in
such distinct impacts to the growth of R. leguminosarum. Although no clear changes in the
perceived rate of growth were observed, the induction of R.leg-pIND6-popZ may have slightly
impacted the ODsoo Of these cultures (Figure 4.7B). Induced R.leg.pIND6-popZ cultures reached
a slightly lower max ODggo of 1.7 compared to uninduced R.leg-pIND6-popZ (1.9, Figure 4.7A)
and induced R.leg-pIND6 (1.95, Figure 4.7B) cultures. Cultures overexpressing popZ appeared to
have a lower ODggo at both 44 and 51 hours (24 and 31 hours post-induction). However, as
uninduced R.leg-pIND6-popZ cultures also exhibited a lower ODggo than uninduced R./leg-pIND6
cultures at 44 hours (Figure 4.7A), the impact of popZ overexpression on ODgq at this timepoint
was inconclusive. Similarly, the induction of R./leg-pIND6-rcy did not result in a noticeable change
to the growth of this strain (Figure 4.8A & 4.8B). While the ODgyo of induced R.leg-pIND6-rcy
cultures at 24 hours post-induction appeared to be slightly lower than that of induced R.leg-
pIND6 cultures, suggested by non-overlapping standard deviation error bars (Figure 4.8B), the

ODego readings at all other timepoints were not distinctly different.

Despite efforts to standardise the generation of these growth curves, the growth of these strains
was not always consistent between replicates. As a result, despite a consistent timepoint of
induction (20 hours, pressumed to be early exponential phase), the ODggo values and respective
growth phases at induction actually varied substantially between strains. The mean ODggo values
at the point of induction of pIND6-parA1 cultures were 0.40 (Figure 4.6B) and 0.30 (Figure 4.6D).
The growth cruves of this strain indicate that as expected, these cultures were within early
exponential phase when induction of gene overexpression occurred. Conversely, R.leg-pIND6-
popZ and R.leg-pIND6-rcy cultures were actually induced at a higher ODggo, With @ mean ODego
at induction of 0.65 (Figure 4.7B) and 0.53 (Figure 4.8B) respectively. Unlike R.leg-pIND6-parA1
cultures which were within early exponential phase, R.leg-pIND6-popZ and R.leg-pIND6-rcy
cultures were further into exponential phase at the point of induction. Interestingly, the
overexpression of parA1 (which occurred at the lowest ODgoo) had the clearest negative impact
on the growth of R. leguminosarum, raising the question whether the severity of overexpression
phenotypes is not only dependent on the gene expressed, but also the growth phase of the

culture during overexpression.
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Figure 4.7. Impact of popZ overexpression on the growth of R. leguminosarum. R.
leguminosarum strains R.leg-pIND6 (empty vector control) and R.leg-pIND6-popZ (popZ
expression strain) were grown in TY medium (30°C), in the presence of 200 ug mL* kanamycin.
To monitor growth, the optical density of samples was measured at a wavelength of 600 nm
(ODeoo). Overexpression of popZ was achieved by the induction of cultures with 1 mM IPTG.
Time points of induction are indicated by red arrows. Data points and error bars represent
means + SD ((A & B) n =3, (C & D) n = 4). Dashed boxes in Parts A and B indicate timepoints
where samples were taken further analysis by SDS-PAGE and microscopy.
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Figure 4.8. Impact of the overexpression of rcy on the growth of R. leguminosarum. R.
leguminosarum strains R.leg-pIND6 (empty vector control) and R.leg-pIND6-rcy (rcy expression
strain) were grown in TY medium (30°C), in the presence of 200 pg mL* kanamycin. To monitor
growth, the optical density of samples was measured at a wavelength of 600 nm (ODgoo).
Overexpression of rcy was achieved by the induction of R.leg-pIND6-rcy cultures with 1 mM
IPTG. Time points of induction are indicated by red arrows. Data points and error bars
represent means = SD ((A & B) n =3, (C & D) n =4). Dashed boxes in Parts A and B indicate
timepoints where samples were taken for further analysis (SDS-PAGE and microscopy).
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To determine whether the growth phase at the point of induction influences the severity of
overexpression phenotpyes, gene overexpression during both lag and mid-exponential phase
was studied. In contrast to exponential phase, where cells divide at a constant rate, lag phase is
a period of limited cell division in which cells adapt to new environmental conditions. Although
minimal cell division occurs during this phase, cells are still metabolically active, prioritising the
synthesis of cellular components required for growth (419, 420). To study the impact of gene
overexpression during lag phase, IPTG was added to the culture media at the point of inoculation
(i.e. 0 hrs). To study overexpression during mid exponential phase, cultures were induced
between 24-28 hours, aiming for an approximate ODgsoo of between 0.8 and 1.0. As the typical
max ODgoo of (uninduced) R. lequminosarum cultures was approximately 2.0, an ODggo 0f 0.8-1.0

(i.e. % of max ODego) served as a good approximate for mid-exponential phase.

Overexpression of parAl at 24 hours (ODggo 0.95) resulted in a noticable reduction in growth
between 36 and 60 hours (12-36 hours post-induction) when compared to uninduced R.leg-
pIND6-parA1 cultures (Figure 4.6E). Unexpectedly, the R.leg-pIND6 control strain cultured
appeared to exhibit poorer growth when compared to R./leg-pIND6-parA1 cultures. This was not
observed in prior growth curves (Figures 4.6A-D), and was most likely due to an issue with the
R.leg-pIND6 starter culture. Consequently, comparisons to this strain (R./leg-pIND6) cannot
justifiably be made for this cruve. In addition to a reduction in growth rate, induction of R.leg-
pIND6-parA1 cultures also led to a slight reduction in max ODeggo (2.1 vs 1.9 of uninduced R.leg-
pIND6-parA1l cultures) (Figure 4.6E). The induction of R.leg-pIND6-popZ cultures at 24 hours
(ODg0o 1.0), shown in Figure 4.7C, also appeared result in a small reduction in max ODggo of these
cultures. Induced R.leg-pIND6-popZ cultures reached a max ODeggo of 2.1, with (induced) R.leg-
pIND6 and uninduced R.leg-pIND6-popZ cultures reaching a max ODgw of 2.3 and 2.4
respectively. However, overlapping standard deviation bars suggest that this reduction in max
ODeoo is unlikely to actually be significant. Finally, the overexpression of rcy during mid-
exponential phase did not appear to significantly impact the growth of R. leguminosarum.
Shown in Figure 4.8C, the induction of R.leg-pIND6-rcy at 28 hours (ODego 0.72) did not alter the
growth of this strain, with no clear differences in the growth of R./leg-pIND6, R.leg-pIND6-rcy and

uninduced R.leg-pIND6-rcy cultures observed.

In contrast, the overexpression of parA1, popZ and rcy during lag phase all greatly inhibited the

growth of R. leguminosarum. Growth curves generated following the overexpression of these
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genes have been shown in Figures 4.6F (parA1), 4.7D (popZ) and 4.8D (rcy). When cultured in
the presence of IPTG, R.leg-pIND6-parA1 cultures exhibited little to no growth for the first 60
hours (Figure 4.6F). However, after 60 hours these cultures began to display the beginnings of a
‘typical’ growth curve. The ODgoo of these cultures gradually increased between 60 and 72 hours
(from 0.07 to 0.19), suggestive of a lag phase, followed by a sharp increase in ODggo (from 0.19
to 0.80) between 72 and 84 hours, suggestive of an exponential growth phase. The
overexpression of popZ during lag phase resulted in reduced but steady growth of R.
leguminosaurm (Figure 4.7D). R.leg-pIND6-popZ cultures displayed a gradual increase of ODgno
over the observed growth period, reaching a final ODego of approximately 0.8 by 84 hours. In
comparison, R.leg-pIND6 cultures reached a max ODeggo of 2.41 (Figure 4.7D), while uninduced
R.leg-pIND6-popZ cultures reached a max ODgoo of 2.43 (Figure 4.7C). As observed with the
overxpression of both parA1 and popZ, the induction of rcy overexpression during lag phase also
significantly impeded growth. R.leg-pIND6-rcy cultures grown in the presence of 1 mM IPTG

displayed very little growth, reaching a final ODgg of only 0.2 by 82 hours (Figure 4.8D).

A summary of the effects of gene overexpression on population growth described in this section
has been shown in Table 4.1. Overall, the growth of R. leguminosarum was most strongly
impacted by gene overexpression during lag phase, with induction of gene expression during
this growth phase inhibiting growth. Of all three genes, the overexpression of parA1 was most
detrimental to growth (Figure 4.6), independent of the growth phase of the culture when
overexpression occurred. A small caveat of this was the overexpression of parAl during lag
phase. Although next to no growth was observed for the first 60 hours, R.leg-pIND6-parA1l
cultures appeared to display ‘normal’ growth towards the very end of the growth period
observed (Figure 4.6F). It is also important to note that due to unexpected differences in the
growth of cultures between independent growth curve experiments, only R.leg-pIND6-parA1l
cultures were induced during early exponential phase. Differences between the impact of
overexpression of popZ and rcy were harder to distinguish. Generally, the overexpression of
popZ appeared to be the least detrimental to the growth of R. legquminosarum (Figure 4.7). The
induction of R.leg-pIND6-popZ cultures during lag phase inhibited growth the least of all three
strains, while induction during exponential phase had only minimal impact on the growth of
these cultures. Interestingly, despite having no observable impact on ODgoo or growth when
overexpressed during exponential phase, the overexpression of rcy during lag phase almost
completely inhibited the growth of R. leguminosarum (Figure 4.8). In conclusion, these findings

demonstrate that the effect of misregulation of these genes through their overexpression are
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not only gene-specific, but the severity of the given impact is also influenced by the ODggo of the
culture (and ultimately growth phase) at the point of gene overexpression. The observation of
growth-related phenotypes, such as delayed growth and reduction in max ODgo following
overexpression support the involvement of these genes in controlling and coordinating the

growth of R. leguminosarum.

Table 4.1. Summary of the impacts of parA1, popZ and rcy overexpression on R.
leguminosarum cultures. The impact of gene overexpression was determined by the
generation of growth curves of the gene expression strains R.leg-pIND6-parA1, R.leg-pIND6-
popZ and R.leg-pIND6-rcy, and the empty vector strain R.leg-pIND6. This table summarises the
changes in each growth curve, and the ODggo and corresponding growth phase of each culture
at the point of induction of gene overexpression. Comparisons to ‘max ODgoo’ refer to the max
ODeoo of uninduced cultures and the control strain R./leg-pIND6.

Gene ODsoo Growth Impact(s) of gene overexpression
phase

No growth between 0-60 hours
0.01 Lag
‘Normal’ growth between 60-84 hours

Reduction in growth rate (~12 hours post-induction)
0.30-0.40 Early exp. h
parAl ~50% reduction in max ODsoo
Slight reduction in growth rate (12-36 hours post-
0.95 Mid exp. induction)
~10% reduction in max ODeoo
Minimal growth

0.03 Lag Final ODggo of 0.8 by 84 hours (~30% of max ODggo of
popZ uninduced cultures

0.65 Mid exp. ~10% reduction of max ODego

1.0 Mid exp. No clear impact

Severely inhibited growth
0.02 Lag Final ODggo of 0.2 by 82 hours (~10% of max ODggo of
rcy uninduced cultures
0.53 Mid exp. No clear impact
0.72 Mid exp. No clear impact
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4.4 Confirmation of protein expression

To determine whether gene overexpression from pIND6-derived expression vectors
corresponded to protein overexpression, R. leguminosarum total protein extracts were analysed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Section 2.9). Samples
were isolated from R.leg-pIND6-parAl, R.leg-pIND6-popZ, R.leg-pIND6-rcy, and R.leg-pIND6
cultures at 24 hours post-induction, from cultures induced at 20 hours (Figures 4.6B, 4.7B and
4.8B), with control samples taken from uninduced cultures at the equivalent timepoint (Figures
4.6A, 4.7A and 4.8A). Samples taken 24 hours post-induction were chosen for the initial protein
analysis as growth-related phenotypes were typically most noticeable at this time point. The
preparation and standardisation of samples for SDS-PAGE analysis is described in Section 2.9.1.
In short, cells from 1 mL of culture were pelleted and resuspended in a 10 mM Tris, 5 mM MgCl,
buffer. Samples were then standardised to ensure equal loading of protein into each well, before
boiling in sample buffer to lyse cells. Polyacrylamide gels for SDS-PAGE were prepared as
described in Section 2.9.3. To achieve the best resolution of the proteins of interest, R.leg-
pIND6-parA1 and R.leg-pIND6-popZ samples were analysed on 15% polyacrylamide gels (His-
ParAl: 31.1 kDa, His-PopZ: 33.7 kDa), while R.leg-pIND6-rcy samples were analysed on 10%
polyacrylamide gels (His-Rcy: 255.6 kDa). As all proteins expressed from the pIND6 expression
vectors were His-tagged, all protein masses stated throughout this section refer to the His-

tagged versions of these proteins.

Coomassie staining of acrylamide gels following SDS-PAGE of whole-cell protein samples, shown
in Figure 4.9, identified a distinct protein band at approximately 255 kDa, consistent with His-
Rcy (255.6 kDa) in the induced R.leg-pIND6-rcy sample (Figure 4.9B). Faint bands of this size in
the uninduced R./leg-pIND6-rcy sample and both (induced and uninduced) R./leg-pIND6 samples
clearly demonstrate the overexpression of this protein following induction. Although Coomassie
staining highlighted clear overexpression of His-Rcy in induced R.leg-pIND6-rcy cultures, no
distinct differences in banding patterns were observed between R.leg-pIND6-parA1, R.leg-
pIND6-popZ and R.leg-pIND6 samples (Figure 4.9A). Many other strong protein bands similar in
size to His-ParA1 (31.1 kDa) and His-PopZ (33.7 kDa) were present in these samples, making the

identification of these proteins challenging.
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Figure 4.9. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of whole-cell R.
leguminosarum protein samples following overexpression of pIND6-parA1, pIND6-popZ and
pIND6-rcy. Whole-cell protein samples, isolated from induced (Ind) and uninduced R.
leguminosarum cultures 24 hours post-induction, were analysed by SDS-PAGE. This figure
shows InstantBlue™ Coomassie staining of SDS gels. (A) 15% polyacrylamide gel for the
visualisation of His-ParAl (31.1 kDa) and His-PopZ (33.7 kDa). (B) 10% polyacrylamide gel for
the visualisation of His-Rcy (255.6 kDa). Lane legends denote the gene expression vectors
carried by each R. leguminosarum strain. Lane L; BLUeye Prestained Protein Ladder.

Since Coomassie staining of protein samples following SDS-PAGE was not sufficient to identify
the expression of His-ParAl and His-PopZ in these samples (Figure 4.9A), western blotting was
used instead (Section 2.9.4). Following SDS-PAGE, separated proteins were transferred onto a
polyvinylidene difluoride (PVDF) membrane. Proteins were then probed with an anti-Hise-
Peroxidase monoclonal antibody (Sigma-Aldrich) to detect the His-tagged ParAl and PopZ
proteins. Figure 4.10 shows the western blot of these samples, and an accompanying Ponceau
S stain of the membrane. As observed with Coomassie staining, Ponceau S staining of the
membrane did not reveal any noticeable differences in protein expression between samples. In
addition to R.leg-pIND6-parA1, R.leg-pIND6-popZ and R.leg-pIND6 control samples, a sample of
wildtype R. leguminosarum 3841 (isolated from a stationary-phase culture) was also analysed.
Ponceau S staining indicated that less protein was loaded onto the gel for the wildtype sample,

most likely as a result of poor standardisation of this sample.
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Although Ponceau S staining did not identify differences in the expression of ParAl and PopZ
between induced and uninduced R.leg-pIND6-parAl1 and R.leg-pIND6-popZ samples, western
blotting identified a clear signal in the induced culture samples (Figure 4.10). Unexpectedly, the
western signal for His-PopZ was much stronger than that of His-ParA1l, potentially suggesting a
higher abundance of His-PopZ in these samples (compared to His-ParAl in R.leg-pIND6-parA1).
In this blot, His-PopZ appeared to be slightly larger than expected (appearing approximately
between 5 and 15 kDa larger). While this may have been the result of incomplete denaturation
or post-translational modifications, it was likely due to the biochemical properties of this
protein. His-PopZ has a pl (isoelectric point) of 4.75, and it is well-documented that acidic
proteins (i.e. those with a higher abundance of acidic residues) have slower mobility during SDS-

PAGE (421, 422). As a result, these proteins can appear larger than their true size following

electrophoresis.
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Figure 4.10. Western blot analysis of whole-cell R. leguminosarum protein samples following
overexpression of parA1 and popZ. Whole-cell protein samples, isolated from induced (Ind)
and uninduced R. leguminosarum cultures 24 hours post-induction, were analysed by western
blot analysis. PVDF membranes were sained with Ponceau S (left), destained, then probed with
an anti-Hise-Peroxidase monoclonal antibody (right). Lane labels denote the gene expression

vectors possessed by each strain. Lane L; BLUeye Prestained Protein Ladder. WT; wildtype R.
leguminosarum 3841.
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Following the confirmation of ParAl, PopZ and Rcy overexpression at 24 hours post-induction,
protein expression at this time point was compared to that observed 6 hours post-induction. R.
leguminosarum is categorised as a “fast growing” species of rhizobia, broadly defined as those
with a mean generation time (MGT) of less than 6 hours, with “slow growing” species having a
MGT of greater than 6 hours (423, 424). Therefore, by 6 hours post-induction, most R.
leguminosarum cells were likely to have undergone one round of division in the presence of the
inducer (IPTG). Culture samples were taken from induced R./eg-pIND6-rcy cultures at 0, 6 and
24 hours post-induction, with control samples taken from uninduced R.leg-pIND6-rcy cultures
at the equivalent timepoints. As before, these samples were isolated from cultures induced 20
hours into their growth i.e. exponential phase (Figure 4.8). ParAl and PopZ expression was not
assessed here as these proteins could only be identified following Western blot analysis (Figure
4.10). Again, whole-cell total protein samples were analysed by SDS-PAGE, then Coomassie
stained to visualise protein. This gel image, shown in Figure 4.11, confirmed once more that
overexpression of His-Rcy at both 6 and 24 hours post-induction was clearly observed, with little

difference in band intensity, suggesting a similar abundance of protein at both timepoints.
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Figure 4.11. SDS-PAGE analysis of R. leguminosarum total protein samples following
induction of rcy overexpression. Culture samples were taken from induced (+ IPTG) R.leg-
pIND6-rcy cultures at 0, 6 and 24 hours post induction. Control samples were taken from
uninduced R./eg-pIND6-rcy cultures at the equivalent timepoints. Whole-cell protein samples
were analysed by SDS-PAGE (15% polyacrylamide gel), then gels stained with InstantBlue™
Coomassie stain. Lane L; BLUeye Prestained Protein Ladder. Numbers above lanes indicate
hours (hrs) post-induction.
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4.5 Impact of ParAl, PopZ and Rcy overexpression on R. legquminosarum cell
morphology

4.5.1 Morphological phenotypes following protein overexpression

While the growth-related impacts of protein overexpression described in Section 4.3.2 shed light
on the importance of controlled regulation of parA1, popZ and rcy (and their encoded proteins)
during growth, these observations alone are not sufficient to characterise the exact role of these
proteins during cell growth and division. Therefore, morphological phenotypes arising from
ParAl, PopZ and Rcy overexpression were studied to characterise the role of these proteins in
vivo and determine the mechanisms underpinning the growth characteristics described in
Section 4.3.2. Samples isolated from cultures at 6 and 24 hours post-induction (Figures 4.6, 4.7
and 4.8, parts A & B, induced at 20 hours) were analysed by phase-contrast microscopy to study
any morphological changes following protein overexpression. To minimise physiological stresses
to cells such as dehydration, which can arise from traditional fixing methods (e.g. heat or
methanol), culture samples were mounted on top of agarose pads (Section 2.10.1). This enabled

the ‘fixing” of motile cell samples while preserving cell morphology.

Phase-contrast microscopy identified distinct morphological defects following overexpression of
ParA1l, PopZ and Rcy (Figure 4.12). By 6 hours post-induction (or equivalent timepoint), cells
within all uninduced cultures and the induced control R./leg-pIND6 culture displayed rod-shaped
morphology, with no distinct differences in cell size. Induced R.leg-pIND6-popZ cells exhibited
very little difference in morphology to uninduced R.leg-pIND6-popZ and R.leg-pIND6 cells,
maintaining a rod morphology. Cells overexpressing PopZ appeared slightly shorter than the
uninduced control samples but remained similar in width. While the overexpression of ParAl
did not alter cell morphology, with cells exhibiting a rod-shaped morphology, an increased
prevalence of what appeared to be morphologically asymmetric cell division was observed
(Figure 4.12, hollow arrowheads). Rcy overexpression resulted in the most distinct change to R.
leguminosarum morphology. At 6 hours post-induction, the majority of induced R./leg-pIND6-rcy
cells appeared to be enlarged. Although similar in length, these cells appeared broader than
their uninduced counterparts and the R./leg-pIND6 control cells. Furthermore, some cells also

exhibited an unusual, ‘budding-like’ morphology (Figure 4.12, asterisks).
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At 24 hours post-induction, induced R./leg-pIND6-parA1 samples continued to display evidence
of asymmetric cell division, yielding daughter cells of notably different size. Typically, cells
overexpressing ParAl retained their normal rod-shaped morphology. However, ParAl
overexpression occasionally resulted in branched Y-shaped cells (Figure 4.12, solid arrowhead).
Although not shown in Figure 4.12, V-shaped branched cells were also observed within these
samples. While Y- and V-shaped branched cells were markedly more prominent in induced R.leg-
pIND6-parA1 samples, these cells only made up approximately 1 in every 100 cells. Hence,
although cell branching was observed, it was not considered a predominant phenotype of ParAl

overexpression within R. leguminosarum.

Overexpression of PopZ resulted in an increased prevalence of small, spherical cellular bodies
within cultures 24 hours post-induction (Figure 4.12, arrows). Although these cells appeared
shorter than uninduced R.leg-pIND6-popZ cells at 6 hours post-induction, cell length between
both induced and uninduced R./leg-pIND6-popZ cells at 24 hours did not appear to be so distinctly
different. This ‘shortening’ of uninduced cells between 6 and 24 hours was observed (to varying
extents) across all strains and was most likely due to the age of these cultures. It has been
demonstrated previously that rod-shaped bacterial regulate their cell morphology dependent
on their growth rate. During stationary phase, where nutrients are limited and growth rate
slows, cells within a culture are typically smaller (425). At 24 hours post-induction (44 hours
total growth), the cultures observed here were all approaching (or already in) stationary phase
(Figures 4.6, 4.7 and 4.8). By contrast, cells observed at 6 hours post-induction (26 hours growth)
were taken from cultures within exponential phase, where growth rate is fastest and cells are
typically at their largest (425). Given this, comparisons of cell morphology (particularly cell size)

were made only between cells isolated from cultures within the same growth phase.

Rcy overexpression gave rise to by far the most distinct morphological change. At 24 hours post-
induction, most induced R./leg-pIND6-rcy cells displayed a phenotype which mimicked ‘swelling’
of these cells. In contrast to the rod-shaped cells observed in within the uninduced R./leg-pIND6-
rcy culture sample, the overexpression of Rcy resulted in the formation of enlarged coccoid cells.
In addition, some cells also displayed the same budding-like morphology as observed at 6 hours
post-induction (Figure 4.12, asterisks). As opposed to true budding, it is most likely that these
cells were in fact dividing cells where each of the two developing daughter cells displayed an

irregular or spherical morphology and a variation in size, giving the appearance of budding.
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Figure 4.12. Morphological phenotypes of R. leguminosarum overexpressing ParAl, PopZ and
Rcy. The R. leguminosarum strains R.leg-pIND6-parA1, R.leg-pIND6-popZ, R.leg-pIND6-rcy and
R.leg-pIND6 (control) were cultured in TY medium, with and without induction (1 mM IPTG).
Samples were isolated from cultures at 6 and 24 hours post-induction (or equivalent timepoints
for uninduced cultures), and viewed using phase-contrast microscopy. Phenotypes observed
include asymmetric division (hollow arrowheads), branching (solid arrowhead), small cellular
bodies (arrows) and budding-like morphologies (asterisks). Scale bars represent 2 um.
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4.5.2 Quantitative analysis of overexpression phenotypes

The cell morphology images shown in Figure 4.12 display only a representative snapshot of the
cells observed within these samples. To obtain a better understanding of the morphologies of
all cells within these populations, whole field of view phase-contrast microscopy images were
analysed using the image processing software Imagel. This software was used to measure a
range of parameters including cell area, perimeter, length, and width for all cells within these
samples. In this study, Feret diameter (also referred to as calliper diameter) was used as a
measure of cell length and width (covered later in this section). The image analysis workflow
used to obtain these measurements has been outlined in Section 2.10.3, with examples of the
images used for analysis displayed in Appendix A.4. As part of this analysis, cells smaller than 0.3
x 0.3 um (Feret diameter) were omitted from datasets. ‘Cells’ of this size were identified in all
samples, and corresponded to either debris or falsely-identified cells during the image

processing workflow.

As described in Section 4.5.1, the overexpression of ParAl, PopZ and Rcy resulted in various
morphological changes to R. legquminosarum. By 24 hours post-induction, two distinct ParAl
overexpression phenotypes were observed; asymmetric division, and occasional branching of
cells. The overexpression of PopZ appeared to increase frequency of small cellular bodies in
these samples, while overexpression of Rcy resulted in enlarged, spherical cells. To determine
whether the observed differences in cell size were in fact genuine overexpression phenotypes
representative of the whole population, measurement data from 580 cells per overexpression
culture were analysed. Even though analysis of protein expression did not clearly identify
elevated expression in uninduced cultures (Section 4.4), it is still possible that leaky expression
of genes from the pIND6-derived plasmids could result in low-level overexpression of these
proteins (355). Even at a low level, protein overexpression could result in slight morphological
changes of cells within uninduced cultures. Therefore, all cell morphology data collected from
the induced expression strains (R.leg-pIND6-parA1, R.leg-pIND6-popZ and R.leg-pIND6-rcy)
were compared to the R.leg-pIND6 control strain, and not the corresponding uninduced
cultures. For the remainder of this section, the terms R.leg-pIND6, R.leg-pIND6-parAl, R.leg-
pIND6-popZ and R.leg-pIND6-rcy refer to samples collected from induced cultures.
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The first step in analysis of the overexpression phenotypes observed in Figure 4.12 was the
plotting of cell area histograms to visualise the overall size distribution of cells within these
populations. Within R.leg-pIND6 cultures, approximately half of cells analysed had an area of
between 0.64 and 0.88 um?, with over 90% of the cells within the sampled population between
0.48 and 1.36 um? in size (Figure 4.13A). Cells observed in cultures overexpressing ParAl
exhibited a more even distribution of cell area (Figure 4.13B). Unlike R.leg-pIND6, where around
50% of cells had an area of between 0.64 and 0.88 um?, only 20% of R.leg-pIND6-parA1 cells
were this size. A higher frequency of smaller cells (< 0.64 pm?) was observed, likely reflecting an
increase in smaller cells arising from asymmetric cell division (Figure 4.12), along with a small
increase in cells > 1.52 pum?. Cross-referencing of area data to microscopy images confirmed that
these larger cells corresponded to the branched Y- and V-shaped cells observed within these
samples. Analysis of cells isolated from R.leg-pIND6-popZ cultures, shown in Figure 4.13C,
highlighted an increased frequency of cells with an area of less than 0.5 um? within this
population, corresponding to the small cellular bodies observed in Figure 4.12. In contrast to
R.leg-pIND6 samples, where only around 3% of cells were smaller than 0.5 um?, 16% of cells
within the R.leg-pIND6-popZ culture were < 0.5 um?2. No distinct difference in the frequency of
cells > 1.2 um?was observed, suggesting that the overexpression of PopZ did not result in an
increase in cell area. Similar to ParAl, the overexpression of Rcy also resulted in a more evenly-
spread distribution of cell area within the R.leg-pIND6-rcy population (Figure 4.13D). However,
in contrast to ParAl overexpression which gave rise to an increase in smaller cells within this
population (Figure 4.13B), Rcy overexpression resulted in a distinct increase in the frequency of
much larger cells (Figure 4.13D). While only approximately 3% of R.leg-pIND6 cells were larger
than 1.36 um?, 42% of R.leg-pIND6-rcy cells had an area of > 1.36 um?, suggesting a strong Rcy

overexpression phenotype.

The area of cells within the overexpression strain samples were then compared to those of the
R.leg-pIND6 control strain, visualised with box-and-whisker plots (Figure 4.13E). Additional
details of all statistical analyses performed in this thesis can be found in Section 2.11. As
Kolmogorov-Smirnov (K-S) tests demonstrated that none of the four datasets were normally
distributed (p < 0.01), differences in the datasets were determined using Mann—Whitney U
(MWU) tests. This statistical analysis suggested that the observed differences in cell areas within
R.leg-pIND6-parAl1 and R.leg-pIND6-rcy cultures were statistically distinct from the areas of
R.leg-pIND6 control cells (p < 0.01). However, despite an apparent increase in smaller cellular

bodies within R./leg-pIND6-popZ samples, overall differences in cell area between this population
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and R.leg-pIND6 cells was not statistically significant (p = 0.13). In conjunction with comparisons
of the distribution of these datasets with Mann—Whitney U tests, median area values were also
compared with independent samples Median tests. As expected, the median cell areas for R.leg-
pIND6-popZ and R.leg-pIND6 sample (0.82 and 0.83 pum? respectively) were not significantly
different (p = 0.597). The median R.leg-pIND6-parA1 cell area (0.70 pm?) was significantly
smaller than that of R.leg-pIND6 (p < 0.01), with the R.leg-pIND6-rcy median cell area (1.22 pm?)
significantly larger than that of R./leg-pIND6 (p < 0.01).

In addition to comparisons of cell areas, the perimeters of these same cells were also analysed
(Figure 4.13F). K-S tests showed that perimeter data for R.leg-pIND6, R.leg-pIND6-parA1 and
R.leg-pIND6-popZ cultures were not normally distributed (p < 0.01), whereas R.leg-pIND6-rcy
data was normally distributed (p = 0.200). Therefore, Mann-Whitney U and Medians tests were
again employed to compare these datasets. Typically, differences in the perimeters of cells
overexpressing these proteins were consistent with observations made for the areas of these
cells. As observed with the cell area data, the perimeters of cells within R.leg-pIND6-parA1
cultures were significantly more varied than those of R.leg-pIND6 cells (p < 0.01), with the
median R.leg-pIND6-parA1 cell perimeter of 3.40 um significantly smaller than that of R.leg-
pIND6 samples (3.57 um) (p < 0.05). The perimeters of R.leg-pIND6-rcy cells were larger (p <
0.01), as clearly visualised by the box-and-whisker plot of this strain (Figure 4.13F).
Unsurprisingly, the median perimeter of this strain (4.27 pm) was significantly larger than that
of the R.leg-pIND6 culture (p < 0.01). Mean cell perimeter of this strain was 4.29 um. This mean
perimeter value is likely a slightly more accurate reflection of this population given the normal
distribution of this dataset. Based on the very small difference in mean and median values
(difference of 0.02 um), and large difference between these values and the median of the R./eg-
pIND6 data (R./eg-pIND6 median: 3.57 um), it is possible to conclude that this mean perimeter

value is also statistically larger than the median R.leg-pIND6 cell perimeter.

The morphological impact of PopZ overexpression within R. leguminosarum was less conclusive.
In contrast to the area of cells within this population, which did not differ from the R./leg-pIND6
population (p = 0.13), the perimeters of R.leg-pIND6-popZ cells were significantly smaller than
those of pIND6 (p < 0.01). However, comparison of median values suggested that the median
R.leg-pIND6-popZ cell perimeter of 3.50 um was unlikely to be significantly smaller than that of
R.leg-pIND6 cells (3.57 um) (p = 0.06).
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Figure 4.13. Cell area and perimeter phenotypes of ParAl, PopZ and Rcy overexpression R.
leguminosarum strains. Computational analysis of phase-contrast microscopy images was
used to obtain the cross-sectional cell area and perimeter measurements of cells within liquid
cultures of the R. leguminosarum strains R.leg-pIND6 (control), R.leg-pIND6-parA1, R.leg-
pIND6-popZ and R.leg-pIND6-rcy. Cell samples were isolated from cultures at 24 hours post-
induction of protein overexpression. Data from 580 cells per strain are shown in these figures.
The distribution of cell areas within these populations was visualised with histograms (A — D).
Optimal bin size of histograms was determined using the R.leg-pIND6 dataset. All bin labels
represent the upper limit of each bin. Differences in the distribution of the cell area (E) and
their corresponding perimeters (F) were then compared. Asterisks indicate significant
differences with R.leg-pIND6 cells (Mann—Whitney U tests, p < 0.01).
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Following comparisons of overall cell size (area and perimeter), cell length and width
measurements were analysed to obtain a better understanding of how the overexpression of
ParAl, PopZ and Rcy alters the shape of R. leguminosarum cells. In this study maximum Feret
(Fmax) diameter, defined as the greatest distance between two parallel tangents (Figure 4.14A)
was selected as the measure of cell length, with the minimum Feret (Fmin) diameter representing
cell width. To study the proportions of these cells, length (Fmax) and width (Fmin) measurements
for each cell were plotted against each as scatter plots. Figure 4.14B shows a combined scatter
plot of all four R. leguminosarum strains, with each dataset then plotted individually in Figures
4.14C-F. On first inspection, the combined plot (Figure 4.14B) suggests that the overexpression
of these proteins had a greater impact on the width of R. lequminosarum cells than their length.
The R.leg-pIND6-parA1 culture sample appeared to contain more cells with a smaller width (Frmin)
than the R.leg-pIND6 control sample. A few very large outliers were also observed within this
sample, corresponding to the irregularly-shaped branched cells observed previously. The R.leg-
pIND6-popZ sample contained a few cells smaller in both length and width, but generally cells
within this sample appeared to be similar in size to R./leg-PIND6 cells. Most strikingly, the
overexpression of Rcy resulted in a much higher proportion of wider cells within this population.
With the exception of the few large R.leg-pIND6-parAl cells, the maximium cells lengths

observed in these samples did not appear to differ much between all four strains.

Most R.leg-pIND6 cell parameters clustered at an Fmin of 0.7-0.9 pm and Fmax of 1.2-1.5 um
(Figure 4.14C). Although the R.leg-pIND6-popZ sample appeared to contain a greater proportion
of cells <1 x 0.5 um, many of the R.leg-pIND6-popZ cells also appeared to cluster within the
same range of Fmin and Frax values as the R.leg-pIND6 sample (Figure 4.14E). R.leg-pIND6-parA1
cells exhibited less clustering, suggesting a more even distribution of cell sizes within this
population (Figure 4.14D). Two very large cells were observed in this sample (1.85 x 3.86 um and
1.02 x 3.82 um) along with several other large cells including cells of 1.36 x 2.96 um, 1.24 x 2.89
pm and 0.96 x 2.93 um. Consistent with the R.leg-pIND6 and R.leg-pIND6-popZ samples, no
R.leg-pIND6-rcy cells longer than 3 um were observed (Figure 4.14F). In the R.leg-pIND6 control
sample, no cells were found to have a Fnin value of above 1.1 um. However, many of the cells
overexpressing Rcy were found to have a Fpin > 1.1 um (with cells up to 1.65 um wide) suggesting
that the overexpression of Rcy results in cells which are not necessarily much longer, but are

markedly broader.
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Comparison of the Fmin and Fmax values of cells within these populations, visualised as box-and-
whisker plots (Figures 4.14G & 4.14H respectively) highlighted the greater variation in cell width
(Fmin) than length (Fmax) following ParAl, PopZ and Rcy overexpression. The R.leg-pIND6 control
sample was found to have a median cell width of 0.84 um, with a median length of 1.37 um,
consistent with the size of wildtype R. leguminosarum strains (426). Comparisons of cells
isolated from the overexpression cultures to those from the R.leg-pIND6 control sample using
Mann-Whitney U and Medians tests (non-normal distribution of all datasets, p < 0.01)
demonstrated that cells within the R.leg-pIND6-parA1 culture typically had a smaller minimum
Feret diameter (p < 0.01). The median cell width within this culture was 0.72 um, significantly
smaller than that of R.leg-pIND6 cells (p < 0.01). Cultures overexpressing ParAl exhibited a
greater variation in cell length. However, the median length of cells within of these cultures (1.36
um) was not significantly different to that of R./leg-pIND6 control cells (p = 0.518). R.leg-pIND6-
popZ cultures exhibited a greater range of cell widths (p < 0.01), and a greater median Fuin of
0.86 um (p < 0.01). Although wider, cells overexpressing PopZ were generally shorter than R.leg-
pIND6 cells (p < 0.01), with a statistically smaller median length of 1.31 um (p < 0.01). Finally,
both the width and length of cells within the R.leg-pIND6-rcy culture sample were statistically
greater than those of R.leg-pIND6 (p < 0.01), with cells from this culture having a significantly
greater median width (1.16 um) and length (1.49 um) (p < 0.01). The box-and-whisker plots of
this data highlight that the increase in cell length was not as pronounced as the increase in cell
width (Figures 4.14G & 4.14H). This observation, in conjunction with fact that the width of these
cells was generally similar to their length, reflects the spherical ‘swollen’ morphologies exhibited

by these cells (Figure 4.12).

169



B 2
A Max Feret . 18
4 > -
i_'-'ih E, 16 1
=14 4
e | 2
B 812 ]
| > 2 1
I
e 5081
| @ Los -
] - £ 04 -
= 0
v 0.2
" T 0 ! ' ! ' ' : ! ' '
___--"‘ 0 05 1 15 2 25 3 35 4 45
e Max Feret Diameter (um)
opINDE «pINDB-parA1 « pIND6-popZ » pINDB-rcy
C . D :,
18 1.8
E16 E 16 1
S 14 5 14
© o _
g 1.2 g 12
a ! . 6 ']
B 038 © 08 -
£ o0s £ 06 -
= . =
s 04 - S04
02 pIND6 02 4 pIND6-parA1
05 1 15 2 25 3 35 4 45 0 05 1 15 2 25 3 35 4 45
Max Feret Diameter (um) Max Feret Diameter (um)
E - F -,
18 1.8
g_ 16 51.6 J
T~ 14 =14 -
&
[+ o
g 12 E 12
5 ' g ']
B 08 08 -
£ o6 £ o6 -
= = -
S 04 = 04 -
0-3 pIND6-popZ 02 1 pIND6-rcy
05 1 15 2 25 3 35 4 45 0 05 1 15 2 25 3 35 4 4.5
Max Feret Diameter (um) Max Feret Diameter (um)
2 * %* * 454 * * *
18 : 44
16 354
E 14 . £
3 2 S 3 . : .
5 3 [ T ®
% 1-2 g . - E 25‘ ‘ :
g & . N ®
g a H
T B 27 ]
e w
£ o6 ~ % 151
S o L | : 3 I:I
04 . : 1
. - ° E
0.2 0.5 4 . g
0 0

W pIND6 [IpIND6E-parA1 [£pIND6-popZ mpINDE-rcy mpIND6 mpIND6-parA1 [1pIND6-popZ mpINDG-rcy

Figure 4.14. Cell length and diameter phenotypes arising from ParAl, PopZ and Rcy
overexpression within R. leguminosarum. Computational analysis of phase-contrast
microscopy images was used to obtain data on the length and width of cells within liquid
cultures of the R. leguminosarum strains R.leg-pIND6 (control), R.leg-pIND6-parA1, R.leg-
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pIND6-popZ and R.leg-pIND6-rcy. Cell samples were isolated from cultures 24 hours after
induction of protein overexpression. Data from the same 580 cells per strain are shown in this
figure as in Figure 4.13. (A) In this study, minimum (min) and maximum (max) Feret diameters
were used as measurements of cell width and length respectively. Combined (B) and individual
(C-F) scatter plots of min and max Feret diameters of cells from these strains were plotted to
visualise and compare the proportions of these cells. Differences in the distribution of min (G)
and max (H) Feret diameters were then compared. Asterisks indicate significant differences
with R.leg-pIND6 cells (Mann—Whitney U test, p < 0.01).

A summary of the median values of all cell parameters analysed in this section (area, perimiter,
length and width) has been shown in Table 4.2. Indisputably, the overexpression of Rcy within
R. leguminosarum resulted in the most distinct morphological change of all three proteins. These
cells were larger, with phase-contrast microscopy releaving a distinct enlarged coccoid
morphology of these cells 24 hours post-induction of protein overexpression (Figure 4.12). The
overexpression of ParAl gave rise to a number of possible cell morphologies. It could be
considered that there were three overlapping cell types within these cultures: ‘normal’ cells,
rod-shaped in morphology and similar in size to R.leg-pIND6 cells; ‘smaller’ rod-shaped cells
which arose from asymmetric cell division, and the occasional (approximately 1 in 100 cells)
large Y- and V-shaped branched cells. These morphologies were not detectable as defined sub-
populations, but instead resulted in an even distruption of cell sizes within this population.
Overall, cells overexpressing ParAl were statistically more likely to be shorter than R.leg-pIND6
(and by extension wildtype R. leguminosarum 3841) cells, with a smaller area and perimiter.
Lastly, the overexpression of PopZ had the least significant impact on the morphology of R.
leguminosarum. Cells within the R.leg-pIND6-popZ population sample were statisitcally shorter,
but wider, than those of the R.leg-pIND6 control sample. The median area and perimiter values
were not significantly different to those of the R.leg-pIND6 sample, suggesting the
overexpressopn of PopZ resulted a slight change in cell shape, but not nescessarily overal size.
A decrease in cell length coupled with an increase in cell width suggests that cells within this
population were more spherical in morphology than the rod-shaped R.leg-pIND6 cells, which
was consistent with the cell morphologies observed in Figure 4.12. Although an increased
prevalence of very small cellular bodies was observed in cultures overexpressing PopZ, the

formation of these small cells was not a considered a prominent phenotype.
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Table 4.2. Summary of morphological overexpression phenotypes. This table summarises the
median area, perimeter, width (minimum Feret diameter) and length (maximum Feret
diameter) measurements for cells of the R. leguminosarum strains R.leg-pIND6 (empty vector
control), R.leg-pIND6-parA1l, R.leg-pIND6-popZ, R.leg-pIND6-rcy. All samples were taken from
cultures 24 hours post induction of protein overexpression. To allow for quick visual
comparisons of the data, annotations are included next to values to identify values which are
statistically greater than ("), smaller than (J/) or the same as (-) the R.leg-pIND6 empty vector
control strain. N = 580 cells (per strain). Asterisks indicate significant differences of medians
compared to R.leg-pIND6 (empty vector) values following independent sample Medians tests
(* denotes p < 0.05, ** denotes p < 0.01).

. Area Perimeter Width Length
Protein )
(Hm?) (nm) (Hm) (nm)
Empty vector 0.83 3.57 0.84 1.37
ParAl J 0.70%* J 3.40* J 0.72%* -1.36
Popz -0.82 -3.50 ™ 0.86** J 1.31**
Rcy N 1.22%* ™ 427 N 1.16%* ™ 1.49*+
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4.6 Discussion

4.6.1 Severe lag phase growth defects suggest a role of these proteins in preparing
for growth

Lag phase remains one of the less understood bacterial growth phases. However, it is widely
acknowledged that this growth phase serves as a period of adaptation to a new environment
and preparation for cellular division. Although minimal cell division occurs during this phase,
bacterial cells are still highly metabolically active, prioritising the synthesis of cellular
components required for growth and the coordination of the first cellular divisions (419, 420). If
ParA1l, PopZ and Rcy are solely required during active cell divison, it might be expected that their
misregulation during lag phase would have minimal impact on the growth of R. leguminosaurm
cultures. However, as demonstrated within Section 4.3.2, this is clearly not the case. In this
thesis, it was found that the overexpresison of parAl, popZ and rcy during lag phase severly
impacted the growth of R. leguminosarum cultures, suggesting that the proteins encoded by
these genes are not only involved in active cell growth and division, but may also play key roles

as cell organisers during preperation for the replication of R. leguminosarum cells.

Before cell division can occur, a vast number of cellular components including plasmid and
genomic DNA, cell wall synthesis machinery and respiratory complexes need to be localised to
the correct regions of the cell, be that the poles or the midcell (131, 427). As reviewed within
Chapter One, it is widely documented that a vast array of cytoskeletal (and associated) proteins
are involved in the subcellular organisation of bacterial cells, many of which are involved in
multiple growth-related cellular processes. ParA proteins are primarily attributed to the
segregation of chromosomal plasmids during cell division (reviewed in refs. (203, 206, 428)), but
can also serve roles during the transport of other non-genetic cellular cargo (429). Initially
described as a polarity determinant which marks the new (growth) pole, the Agrobacterium
tumefaciens homolog of PopZ has also been linked to coordinating cytoplasmic organisation and
chromosome segregation (273, 324, 326). Although very few ‘homologs’ of Rcy have been
extensively characterised, it is believed that both Scy and GPR function as polar hub proteins
within Streptomyces and Agrobacterium respectively, facilitating the organisation of other
polar-localised proteins including membrane and peptidoglycan synthesis proteins (175, 182,

278, 279). The observation of such strong lag phase overexpression phenotypes within this

173



chapter supports the suggestion that the Rhizobial homologs of these proteins may serve similar

organisational roles within this genus.

On the other hand, it is possible that the severe growth defects observed following the induction
of overexpression during lag phase may have been exaggerated by metabolic overloading of the
cells. The translation, folding, and modification of proteins is a resource-demanding process,
therefore strong overexpression of proteins can drain cellular resources and subsequently
impact growth (430). Throughout this chapter, ‘strong’ protein overexpression was induced with
a final concentration of 1 mM IPTG regardless of the growth phase of the culture. During lag
phase, culture density (i.e. cell number) is low and therefore the ratio of IPTG to cell biomass is
high. This relatively high concentration of IPTG can result in an increased uptake of the inducer,
thereby causing stronger overexpression and consequently a greater metabolic burden of
protein overexpression (431). During exponential phase, the ratio of IPTG to cells is lower,
overexpression is more likely to occur at a comparatively lower level, and the metabolic burden

of overexpression is lessened.

Finally, one of the more surprising observations following the induction of protein
overexpression during lag phase was the sudden growth of cultures overexpressing ParAl after
around 60 hours of growth (Figure 4.6F). While this could have been the result of a drastically
extended lag phase, alternative hypotheses may include an accumulation of suppressor
mutations which rendered the overexpressed ParAl protein non-functional, a degradation of
the antibiotic selection within the media allowing for cells to lose the parA1 expression plasmid,
or the introduction of a contaminant to the media during sampling. Unfortunately, without
further experimentation it is impossible to ascertain the cause of this seemingly delayed growth,
therefore it should not be assumed that this sudden growth was a direct result of ParAl

ove FEXPFESSiOH .
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4.6.2 The Rcy overexpression growth curve seemingly did not reflect population
changes

The impact of ParAl and PopZ overexpression on bacterial population growth and cell
morphology generally appear to have been consistent with one another. The overexpression of
PopZ during exponential growth phase was associated with the formation of cells which
although similar in area (cross-sectional), were typically slightly shorter yet wider than R.
leguminosarum control cells (Figure 4.12, Table 4.2). Not only did these cells most closely
resemble the rod-shaped morphology of wildtype R. lequminosarum, but the overexpression of
PopZ (during exponential phase) had minimal impact on the growth of these cultures (Figures
4.7Band 4.7C, Table 4.1). ParA1l overexpression gave rise to alterations in cell morphology which
were slightly more pronounced. With the exception of occasional elongated branched cell
morphologies, cells overexpressing ParAl were typically smaller in area than their control strain
counterparts, with cells similar in length but narrower (Figure 4.12, Table 4.2). This more
pronounced morphological impact of ParAl overexpression was reflected by the corresponding
growth curves, with the overexpression of ParAl clearly inhibiting population growth (Figures

4.6B, 4.6D and 4.6E, Table 4.1).

Although the overexpression of ParAl and PopZ resulted in changes in cell morphology which
were determined to be statistically significant in at least one parameter e.g. length, width, area,
or perimeter, the majority of cells within these overexpression populations typically still
resembled a rod or rod-like morphology. By contrast, the overexpression of Rcy (during
exponential phase) resulted in the formation of enlarged, coccoid cells. Yet, despite clear
morphological defects, these cells seemingly exhibited no population growth-related defects
(Figures 4.8B and 4.8C, Table 4.1). Although possible, it seems highly unlikely that such drastic
changes in cell morphology would not also impact the growth of R. leguminosarum cultures
given how closely-linked cell morphology and growth are. This disparity between the observed
impacts on cell morphology and culture growth is instead most likely to be a consequence of the

method in which the growth of these cultures was determined.

In this thesis, the extent of bacterial growth was determined based on the optical density
(measured at a wavelength of 600 nm, ODgno) of the bacterial culture. ODgoo is a widely used

measure of bacterial culture growth, and for cultures with uniform cell size it provides a
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reasonably good estimate of the density of a culture. However, as ODis influenced by the scatter
of light as well as absorbance, ODgsoo readings are sensitive to the size and shape of cells as well
as simply the number of cells present. Changes in cell morphology can alter ODgo readings, even
if the number of cells within a culture does not increase, thereby augmenting the perceived
density of the culture (432). Instead, alternative measurements of bacterial growth such as
those which determine the number of cells within a culture (e.g. flow cytometry or colony-
forming unit (CFU) counts) would likely have served as a better approximation for the impact of
protein overexpression on bacterial growth within this thesis. It is also worth noting that
discrepancies between changes in cell morphology and ODeoo readings may have been further

influenced by changes in cell volume, which was not directly assessed within this thesis.

4.6.3 Impacts of ParAl, PopZ and Rcy overexpression support role of these proteins
in controlling growth and morphology

Overall, the data collected within this chapter supports the proposed involvement of ParAl and
PopZin coordinating growth and division within R. leguminosarum. The overexpression of ParAl
not only impacted the growth of R. leguminosarum cultures but was also associated with
asymmetric cell division and occasional cellular branching. PopZ overexpression typically
resulted in formation of slightly smaller cells. Although not a prominent phenotype, clusters of
small spherical cells were also observed within these populations (Figure 4.12), potentially as a
result of uncoordinated cell division. The morphological impact of PopZ overexpression within
the Rhizobiaceae is not well-documented. However, the loss or depletion of PopZ within
Agrobacterium tumefaciens (a member of the Rhizobiaceae) has been linked to aberrant cell
division and minicell formation (282), suggesting role of PopZ may be conserved within R.
leguminosarum and by extension across the Rhizobiaceae. Within Caulobacter, although the
precise mechanism of PopZ function differs to that of Agrobacterium, the overexpression of
PopZ was also associated with minicell formation, with multiple cell divisions occurring at the
new (growth) pole (294). Somewhat conflictingly however, although the loss of parA within
Azorhizobium caulinodans (strain ORS571) has been documented to result in defects in
chromosome segregation and variable cell morphology, Chein et al. reported that the
overexpression of this gene had no impact on growth, cell morphology or even chromosome
segregation within free-living cells (227, 433). Naturally, relative overexpression levels between

the system used by Chein et al. and that used within this thesis will vary, which may account for
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differences in the observed morphologies following overexpression. However, both systems
involved ‘strong’ overexpression of this gene, either via constitutive expression from the strong
promoter Pnptll (Chein et al. (433)), or the induction of expression from the IPTG-inducible
Pa1/0aj03 promoter with relatively high IPTG concentrations (this study). Therefore, this may
highlight that the precise function or requirement of ParA proteins may differ between different
rhizobial families, potentially as a result of their genome structure. Unlike R. leguminosarum
3841 which possesses a multipartite genome, the A. caulinodans ORS571 genome consists of a

single chromosomal plasmid (226, 329).

The role of Rcy plays in controlling cell morphology and growth within Rhizobium is a little less
clear. Drastic changes in cell morphology coupled with minimal impacts in culture growth
suggest that Rcy may be more heavily involved in regulating R. leguminosarum morphology than
in coordinating its division. However, as discussed in Section 4.6.2, it may be the case that
growth-related impacts (measured by ODsoo of overexpression cultures) were masked by
significant changes in cell morphology. Although the reliability of the observed impact of Rcy
overexpression on growth is up for debate, there is little doubt that the observed cell
morphologies are not a direct result of the overexpression of this protein. Not only were these
morphologies unique to the overexpression of Rcy, but both the overexpression and deletion of
GPR (considered here to be a homolog of Rcy given its similarity) has been associated with the
formation of enlarged, coccoid Agrobacterium cells very similar to those observed within this
chapter (278). Such striking changes in cell morphology following Rcy overexpression may also
indicate that this protein is usually present at much lower concentrations within R.
leguminosarum cells than ParAl and PopZ. Although the expression of all three proteins was
induced with the same concentration of IPTG from the same IPTG-inducible promoter (i.e.
‘absolute’ overexpression of these proteins was the same), the relative overexpression of these
proteins would differ based upon the native abundance of each protein within the cell, with
proteins that are usually present at lower molecular concentrations exhibiting a much stronger
relative overexpression than those which were already more abundant (430). Interestingly,
similar enlarged spherical morphologies within R. leguminosarum 3841 have been observed
following the disruption of genes encoding proteins predicted to be involved in cell envelope
development and membrane integrity (398, 434). These proteins include the carboxy terminal
protease CtpA (434), and an uncharacterised operon (genes RL3499-RL3502) encoding a
putative moxR-like AAA(+) ATPase, two hypothetical membrane proteins, and an protein of

unknown function (398). Similarities between Rcy overexpression phenotypes and those
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observed following the disruption of these genes may indicate a tentative link between Rcy and
the organisation of these cell membrane proteins. This proposed link is further strengthened by
the presence of two predicted transmembrane domains within the N-terminus of Rcy which may

anchor this protein within the cell membrane (Section 1.5.2).

Ultimately, while the overexpression phenotypes observed within this chapter support the
importance of ParAl, PopZ and Rcy in controlling R. leguminosarum growth, division and/or cell
morphology, these observations alone are not enough to determine their function. Therefore,
the next chapter of this thesis will study the localisation of these proteins, with the aim of better

understanding their function within R. leguminosarum 3841.
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Chapter Five — Localisation of EGFP fusion proteins

5.1 Introduction

As demonstrated throughout Chapter Four, the overexpression of ParAl, PopZ and Rcy within
Rhizobium leguminosarum 3841 resulted in both growth and morphological defects. The
overexpression of each of these three proteins during lag phase significantly impeded the
growth of R. leguminosarum cultures. Although the impact on growth following their
overexpression during exponential phase was less pronounced, the overexpression of these
proteins during this growth phase did give rise to cell morphologies which significantly differed
from the uniform rod-shaped morphology of wildtype R. leguminosarum 3841. The most distinct
of these morphologies was the formation of enlarged spherical cells following the
overexpression of Rcy. Furthermore, the overexpression of ParAl was associated with an
increased occurrence of asymmetric cell division (yielding daughter cells of differing size) and

occasional cellular branching.

Having therefore established that these proteins are likely involved in the coordination of
growth, division, and cell morphology within Rhizobium, it was imperative to determine their
intracellular localisation in order to better understand their function and how their
misregulation following overexpression resulted in the previously-observed phenotypes. To
localise ParAl, PopZ and Rcy within R. leguminosarum 3841, proteins were tagged with an
enhanced green fluorescent protein (EGFP) tag. Enhanced GFP is a modified variant of the
wildtype Aequorea GFP protein with improved folding efficiency and a stronger emission signal,
making it a more suitable fluorescent marker for intracellular protein localisation than wildtype
GFP particularly at low molecular concentrations (435, 436). Imaging of fluorescently tagged
proteins in both live and fixed cells has been a core technique for the visualisation and
characterisation of numerous members of the bacterial cytoskeleton. The localisation of ParA-
YFP (yellow fluorescent protein), CFP (cyan fluorescent protein) and GFP fusions within
Caulobacter crescentus and Vibrio cholerae facilitated the formulation of the now out-of-favour
spindle-based mechanism of plasmid segregation by ParA (208, 315, 437). Later localisation
studies of ParA-YFP within Caulobacter subsequently provided early support for the now-
favoured diffusion-ratchet model of ParA function (342). Localisation of PopZ-YFP in Caulobacter
was vital for its initial characterisation as a pole-organising protein within this species (294, 309),

while studies of PopZ-GFP enabled the determination of PopZ as new-pole-specific marker in

179



Agrobacterium tumefaciens (273). Finally, observations of EGFP- and mCherry-Scy, and GFP-GPR
fusion proteins enabled the characterisation of these proteins as polar organisers within
Streptomyces and Agrobacterium respectively, as well as revealing the hexameric ring structure

of GPR (182, 278).

In this thesis, translational EGFP fusions were generated by the introduction of an EGFP-
Apramycin resistance (Apra®) cassette into the existing pIND6-derived expression plasmids used
throughout the overexpression studies performed within Chapter Four. The introduction of this
cassette into these plasmids allowed for IPTG-inducible expression of N-terminal His-tagged
proteins with a C-terminal EGFP tag. Unlike previous plasmid synthesis steps which used
traditional cloning methods, these plasmids were generated using bacteriophage lambda (A) Red
recombineering. In this chapter, the intracellular localisation of the ParA1-EGFP, PopZ-EGFP and
Rcy-EGFP fusion proteins following their overexpression during exponential phase was studied.
The expression of these EGFP fusion proteins was then induced with minimal IPTG
concentrations in order to determine the localisation of these proteins at lower molecular
concentrations within the cell. By studying changes in cell morphology and protein localisation
following both ‘high’ and ‘low’ levels of overexpression, the localisation studies performed
within this chapter aimed to shed light on the role of these proteins during unipolar growth, and
how their misregulation gave rise to the overexpression phenotypes and growth defects
previously described. Furthermore, any observation of similar localisation patterns between
ParA1-EGFP, PopZ-EGFP and Rcy-EGFP may suggest potential co-localisation or interaction of

these proteins within R. leguminosarum.

5.2 EGFP-tagging of ParA1l, PopZ and Rcy proteins

5.2.1 Bacteriophage lambda (A) Red recombination-mediated genetic engineering

Incorporation of EGFP tags to the protein coding sequences within the pIND6-derived expression
plasmids was achieved using an adaptation of a bacteriophage lambda (A) Red recombinase-
mediated protocol for gene disruption. This genetic engineering protocol was initially developed
by Datsenko and Wanner (2000) for use in E. coli, and subsequently modified by Gust et al.
(2002) for gene disruption within Streptomyces (349, 358). In short, this protocol exploits the A

Red recombinase genes (gam, bet, exo) to promote recombination between a target gene region
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and a linear DNA fragment (i.e. a disruption cassette). The A Red recombinase genes bet and exo
promote recombination, while gam prevents the endogenous nucleases RecBCD and SbcCD
degrading the linear DNA fragment introduced into the cell (351, 438, 439). The A Red genes are
encoded on the A Red recombination plasmid pll790 (349, 358), a modified version of the
plasmid pKD20 (351) in which the ampicillin resistance gene bla was replaced with the
chloramphenicol resistance gene cat. This plasmid also encodes the L-arabinose operon
regulator protein AraC, enabling the expression of the A Red genes from the L-arabinose-
inducible promoter Parsap. Genetic manipulation using this protocol is therefore performed
within the E. coli strain BW25113, which is unable to metabolise arabinose (AaraBAD) (Table
2.1). Finally, the temperature sensitive low-copy origin of replication (oriR101 & repA101-ts) of
plJ790 facilitates the loss of this plasmid from E. coli BW25113 following incubation at an

elevated temperature (37°C as opposed to 30°C).

An overview of the use of this protocol to generate the EGFP fusion proteins used for localisation
studies within this thesis has been shown in Figure 5.1. A detailed methodology of this protocol
can be found in Section 2.7, with the application of this method covered in further detail within
Section 5.2.2. EGFP translational fusion proteins were generated by introducing an egfp-Apra®
cassette immediately downstream of the parA1, popZ and rcy gene sequences within the pIND6-
derived plasmids generated in Section 4.2.2. This cassette consisted of the egfp gene, and the
apramycin resistance (Apra®) gene aac(3)-IV. Immediately upstream of the EGFP coding region
was a 12 bp linker sequence (CCGGTCGCCACC), introduced to facilitate proper folding and
maturation of both EGFP and the tagged protein (i.e. ParAl, PopZ or Rcy). Also included within
this cassette but not used within this thesis (and therefore not illustrated) were FRT sequences
(FLP recognition targets) flanking the ApraF region of the cassette to allow for FLP recombinase-
mediated removal of this resistance cassette if desired (440). To enable A Red-mediated
homologous recombination between this cassette and the pIND6-derived expression plasmids,
the egfp-Apra® cassette was extended by PCR to introduce 40 bp target-specific homologous
flanking sequences. The primers used for this PCR amplification comprised of a 5’ 40 nucleotide
(nt) sequence homologous to the target region of the plasmid, followed by a 22 nt region specific
to the cassette (Figure 5.1A). For forward primers, the 5’ 40 nt sequence was homologous to the
coding strand sequence immediately upstream of the stop codon of the target gene, with the
cassette-specific 22 nt sequence annealing to the 12 bp linker sequence and the first 10 bp of
egfp. For the reverse primers, the 5’ 40 nt sequence was homologous to the complimentary

strand sequence immediately downstream of the target gene, with the cassette-specific 22 nt
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binding downstream of Apra®. Importantly, the regions of homology incorporated into the
extended cassette did not encompass the stop codon at end of the targeted gene, thereby
allowing for the generation of a translational fusion following allelic exchange between the

plasmid and the cassette.

In order to introduce the egfp-Apra® cassette into pIND6-parAl, pIND6-popZ and pIND6-rcy,
these plasmids were first electroporated into E. coli BW25113 cells carrying the A Red
recombination plasmid plJ790 (BW25113/plJ790) (Figure 5.1B). Expression of the A Red genes
within the resulting BW25113/plJ790/pIND6 strains was then induced by culturing these strains
in the presence of L-arabinose. Following induction, the extended egfp-Apra® cassettes were
electroporated into their corresponding BW25113/plJ790/pIND6 strains (Figure 5.1C). A Red-
mediated recombination between homologous regions of the cassette and pIND6-derived
expression plasmid resulted in the integration of the egfp-Apra® cassette immediately
downstream of the target gene. During allelic exchange, the stop codon of the targeted gene is
lost, generating a translational fusion. Incubation of these cells at 37°C drives the loss of the
temperature sensitive plasmid plJ790 (Figure 5.1D). Plasmid preparations containing only

pIND6-derived plasmids can then be isolated from the BW25113 cells for further screening.
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Figure 5.1. The generation of translational EGFP fusions using phage lambda (A) Red

recombination-based genetic engineering. C-terminal EGFP tagged proteins were generated

by the introduction of an egfp-Apra® cassette into the pIND6-derived parAl, popZ and rcy

expression plasmids using phage lambda (A) Red-mediated homologous recombination. This

protocol was initially developed by Datsenko and Wanner (2000), and subsequently modified
by Gust et al. (2002) (349, 351, 358). (A) Homologous flanking regions were introduced to the
egfp-Apra® cassette via PCR amplification. These flanking regions were homologous to the 40
bp immediately upstream and downstream of (but not including) the stop codon (red) of the
gene of interest (GO, pink). (B) pIND6-derived expression plasmids were electroporated into

the E. coli strain BW25113, carrying the A Red recombination plasmid plJ790
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(BW25113/plJ790). This plasmid carries the A Red genes gam, bet and exo, driven by the L-
arabinose-inducible P.rasap promoter (abbreviated to Pgap). This plasmid also encodes the
arabinose activator AraC (araC), and a chloramphenicol resistance (ChlI?) gene. Presence of a
temperature sensitive replicon (t°) on this plasmid means cells carrying plJ790 must be
cultured at 30°C to retain this plasmid. Kanamycin resistance (Kan®) conferred by the pIND6-
derived plasmids allows for kanamycin-based selection of transformants. (C) The expression of
the A Red genes is induced in the presence of L-arabinose. Following induction, the extended
egfp-Apra® cassette is electroporated into BW25113/plJ790/pIND6 cells. Red-mediated
homologous recombination results in the introduction of the egfp-Apra® cassette into pIND6-
GOl immediately downstream of the target gene, generating a translational fusion. (D)
Incubation at 37°C results in the loss of plJ790, leaving the newly-generated plasmid pIND6-
GOl-egfp within E. coli BW25113.

5.2.2 Generation of the ParA1l-, PopZ-, and Rcy-EGFP expression plasmids

As depicted in Figure 5.1, one of the first steps in the generation of EGFP-tagged ParAl, PopZ
and Rcy proteins was the electroporation of the pIND6-derived expression plasmids pIND6-
parAl, pIND6-popZ, and pIND6-rcy (Table 2.3) into the E. coli strain BW25113/plJ790 (Table 2.1).
Electrocompetent BW25113/plJ790 cells were prepared as described in Section 2.4.1. Following
electroporation of pIND6-parA1, pIND6-popZ and pIND6-rcy into BW25113/pll790 (Section
2.4.1), electroporation reactions were plated onto LB Agar containing 50 pg mL™? kanamycin
(kan) and 25 pug mL™ chloramphenicol (chl) to select for successful transformants. Due to the
temperature sensitive replicon of plJ790, plates were incubated at 30°C as opposed to 37°C
(typically used for E. coli) to ensure retention of this plasmid. For simplicity, these transformants
have been collectively referred to as BW25113/plJ790/pIND6 strains within this chapter. To
generate the extended egfp-Apra® cassette required for successful integration into pIND6-
parA1, pIND6-popZ and pIND6-rcy, the egfp-Apra® cassette was amplified with three distinct PCR
primer pairs designed to incorporate target-specific homologous flanks onto this cassette. These
primer pairs were as follows: egfp parAl Fwd & egfp_parAl _Rev, egfp popZ Fwd &
egfp_popZ Rev and egfp_rcy Fwd & egfp _rcy Rev. The sequences of these primers can be
found in Table 2.7. Successful amplification of this cassette with each of these three primer pairs
generated a 2.2 kb PCR product, comprising of the 2142 bp egfp-Apra® cassette with 40 bp 5’

and 3’ homologous flanking regions (Figure 5.2A).
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Following PCR amplification (Section 2.5.2), 3 uL samples of each PCR reaction were analysed by
agarose gel electrophoresis to confirm successful amplification of this cassette and determine
the appropriate method of purification of the extended cassette. As shown in Figure 5.2B,
successful amplification of the cassette with all three gene-specific primer pairs was achieved.
However, as non-specific amplification of the cassette also occurred, the extended egfp-Apra®

cassettes were purified from the remaining PCR reaction volume by gel purification (Section

2.3.3).
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Figure 5.2. Extension the egfp-Apra® cassette using PCR amplification. (A) An extended egfp-
Apra® cassette was generated by PCR amplification with primer pairs designed to introduce 40
bp flanking regions to the cassette. The forward PCR primer (pink and green half arrow) was
designed to incorporate a sequence homologous to the final 40 bp of the target gene
(excluding the stop codon), with the reverse primer (purple and black half arrow) designed to
incorporate a 40 bp sequence homologous to the region immediately downstream of the gene.
(B) Agarose gel electrophoresis (1% w/v) of the DNA fragments generated following PCR
amplification of the egfp-Apra® cassette with the extension primers depicted in Part A. Lane L:
GeneRuler 1kb Plus DNA ladder. Remaining lane labels represent the gene-specific primer pairs
used for amplification: parA1: egfp_parAl Fwd & egfp_parAl Rev; popZ: egfp_popZ Fwd &
egfp_popZ Rev; and rcy: egfp_rcy Fwd & egfp_rcy Rev.
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Once the extended egfp-Apra® cassettes were purified, 10 mL overnight cultures of the
BW25113/plJ790/pIND6 strains were set up as described in Section 2.7. These overnight
cultures were then subcultured in 10 mL SOB media (Table 2.2) containing 50 ug mL ™ kanamycin,
25 pg mLt chloramphenicol and 10 mM L-arabinose. The presence of L-arabinose within these
culture volumes induced the expression of the A Red genes (bet, gam, exo) encoded on plJ790.
Following a 3-4 hour subculture, cells were prepared for electroporation and the purified
extended egfp-Apra® cassettes were subsequently electroporated into the corresponding
BW25113/pll790/pINDG6 strains. Electroporation reactions were plated onto LB Agar containing
50 pug mL? of both kanamycin and apramycin to select for cells carrying plasmids which had
undergone successful recombination events, and incubated overnight at 37°C to promote the
loss of plJ790 from the cells. It is important to note that multiple copies of the pIND6-derived
expression plasmids will be present within a single BW25113 cell. However, not all copies will
have undergone a successful recombination event. Therefore, BW25113 colonies which grow in
the presence of kanamycin (kan) and apramycin (apra) will likely contain a mixture of ‘tagged’
and ‘non-tagged’ plasmids. Given this, plasmid was isolated from these colonies, and
subsequently transformed (via heat-shock) into E. coli DH5a to obtain isogenic E. coli colonies.
Once more, transformation reactions were plated onto LB Agar plates containing kan and apra
(as above) to select for cells carrying successfully ‘tagged’ plasmids. These tagged plasmids are

referred to as pIND6-parAl-egfp, pIND6-popZ-egfp and pIND6-rcy-egfp hereafter.

Plasmid isolated from three DH5a colonies (per gene) was validated with an Xbal restriction
digest, illustrated in Figure 5.3A. Xbal-digestion of pIND6-parAl-egfp, pIND6-popZ-egfp and
pIND6-rcy-egfp produced three distinct DNA fragments: a fragment of variable size containing
the egfp-tagged gene sequence (parA1: 1688, popZ: 1775, rcy: 8021 bp), a fragment of 1301 bp
containing the Apra® gene, and a pIND6 backbone fragment of 8415 bp. Agarose gel
electrophoresis of the products of these digestions (Figure 5.3B) highlighted incomplete
digestion of these plasmids, demonstrated by the presence of a > 10 kb band within pIND6-rcy-
egfp digests, and an approximately 3 kb band within pIND6-parA1-egfp and pIND6-popZ-egfp
digests. However, although the 8.0 kb (gene fusion) and 8.4 kb (backbone) fragments of pIND6-
rcy-egfp did not fully resolve, clear parAl-eqgfp and popZ-egfp fragment bands were observed
(1.7 and 1.8 kb respectively). Furthermore, 1.3 kb Apra® fragments were clearly identified in all
plasmid digests. The observation of these digest fragments was consistent with the isolation and

digestion of correct pIND6-parAl-egfp, pIND6-popZ-egfp and pIND6-rcy-egfp clones.
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As an additional confirmatory step, the E. coli DH5a colonies from which the digested plasmids
(Figure 5.3) were isolated were streaked onto LB Agar plates containing 0.5 mM IPTG to induce
expression of the EGFP fusion proteins. A reduced IPTG concentration was used in these plates
as it was previously found that 1 mM IPTG was detrimental to the growth of E. coli cells carrying
the pIND6-derived expression plasmids, presumably as a result of overexpression of
heterologous ParA1l, PopZ and Rcy proteins (data not shown). Following an overnight incubation
of these plates, the E. coli strains were checked for EGFP expression by epifluorescence
microscopy (Section 2.10). EGFP signal was detected in all E. coli strains (data not shown),
confirming that the plasmids screened within Figure 5.3 had been successfully tagged with
functional EGFP. The plasmids pIND6-parAl-egfp, pIND6-popZ-egfp and pIND6-rcy-egfp were
then conjugated into R. leguminosarum 3841 (Section 2.4.2), to generate the ParAl-, PopZ-, and
Rcy-EGFP expression strains (referred to as R.leg-parAl-egfp, R.leg-popZ-egfp and R.leg-rcy-egfp
respectively) used for localisation studies throughout the remainder of this chapter. It is worth
noting that as EGFP tags were introduced to the His-tagged protein-coding sequences within
pIND6-parA1, pIND6-popZ and pIND6-rcy, the resulting fusion proteins possessed both an N-
terminal His tag, and a C-terminal EGFP tag (Figures 5.4, 5.5 and 5.6).
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Figure 5.3. Xbal validation digests of the ParA1l-, PopZ- and Rcy-EGFP fusion protein
expression plasmids. (A) Xbal restriction digestion was used to screen for successful
integration of the egfp-Apra® cassette into the pIND6-derived parA1, popZ and rcy expression
vectors. Xbal digestion of pIND6-parA1-egfp, pIND6-popZ-egfp, and pIND6-rcy-egfp should
generate an 8.4 kb pIND6 backbone fragment containing the kanamycin resistance (KanR)
gene (blue), a 1.3 kb Apra®-containing fragment (ApraR, orange), and third fragment of
variable length containing the egfp fusion protein sequence (parAl-egfp: 1.7 kb, popZ-egfp: 1.8
kb, rcy-egfp: 8 kb). (B) Agarose gel electrophoresis (1% w/v) of the Xbal restriction digest
products obtained following digestion of three independent putative pIND6-parA1-egfp,
pIND6-popZ-egfp, and pIND6-rcy-egfp plasmid preparations. Lane L: GeneRuler 1kb Plus DNA
ladder. Labels above wells denote the plasmid samples within each well.
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Figure 5.4. The IPTG-inducible ParA1-EGFP expression plasmid pIND6-parA1-egfp. An egfp-
Apra® (apramycin resistance) cassette was introduced into pIND6-parA1, generating pIND6-
parAl-egfp. This plasmid encodes a ParA1-EGFP translational fusion protein with an N-terminal
His-tag (turquoise) and thrombin cleavage site (yellow). A 12 bp linker sequence (grey) located
between egfp (green) and parA1 (pink) facilitated proper folding of both EGFP and ParAl in the
fusion protein. The Apra® gene (orange) encoded the aminoglycoside acetyltransferase AAC(3)-
IV. IPTG-inducible expression of this fusion protein was driven by the Pai/0s/03 promoter
(burgundy). Other key features of this plasmids include the lacl gene (indigo) driven by the
lacl® promoter (light orange), a kanamycin resistance (Kan®) gene (blue), ribosomal binding site
(red), origin of transfer (oriT, purple), the lambda t0 and rrnB T1 transcriptional terminators
(grey & white) and a ColE1 origin of replication (light green). Xbal recognition sites, used for
validation digests have been highlighted. Xbal* denotes an Xbal recognition site which is
blocked by dam methylation.

189



_ A laclq promoter
o CO\QVO‘.'F-, e
> y, (PA1/04/03)

A Xbal (1568)
(RBS)
6xHis
thrombin site
°,

=
Linker:
pPINDG6-popZ-egfp g
11,489 bp &
o
Xbal* (3289)
Xbal (3343)

&

&

oriT {
2 __/ Xbal (4644)
lambda t0 terminator

rmnB T1 terminator

Figure 5.5. The IPTG-inducible PopZ-EGFP expression plasmid pIND6-popZ-egfp. An egfp-
Apra® (apramycin resistance) cassette was introduced into pIND6-popZ, generating pIND6-
popZ-egfp. This plasmid encodes a PopZ-EGFP translational fusion protein with an N-terminal
His-tag (turquoise) and thrombin cleavage site (yellow). A 12 bp linker sequence (grey) located
between egfp (green) and popZ (pink) facilitated proper folding of both EGFP and PopZ in the
fusion protein. The Apra® gene (orange) encoded the aminoglycoside acetyltransferase AAC(3)-
IV. IPTG-inducible expression of this fusion protein was driven by the Paijos/03 promoter
(burgundy). Other key features of this plasmids include the lacl gene (indigo) driven by the
lacl? promoter (light orange), a kanamycin resistance (Kan®) gene (blue), ribosomal binding site
(red), origin of transfer (oriT, purple), the lambda t0 and rrnB T1 transcriptional terminators
(grey & white) and a ColE1 origin of replication (light green). Xbal recognition sites, used for
validation digests have been highlighted. Xbal* denotes an Xbal recognition site which is
blocked by dam methylation.
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Figure 5.6. The IPTG-inducible Rcy-EGFP expression plasmid pIND6-rcy-egfp. An egfp-Apra®
(apramycin resistance) cassette was introduced into pIND6-rcy, generating pIND6-rcy-egfp.
This plasmid encodes an Rcy-EGFP translational fusion protein with an N-terminal His-tag
(turquoise) and thrombin cleavage site (yellow). A 12 bp linker sequence (grey) located
between rcy (pink) and egfp (green) facilitated correct folding of both EGFP and Rcy in the
fusion protein. IPTG-inducible expression of this fusion protein was driven by the Pa1/04/03
promoter (burgundy). The Apra® gene (orange) encoded the aminoglycoside acetyltransferase
AAC(3)-IV. Other key features of this plasmids include the lacl gene (indigo) driven by the lacl?
promoter (light orange), a kanamycin resistance (Kan®) gene (blue), ribosomal binding site
(red), origin of transfer (oriT, purple), the lambda t0 and rrnB T1 transcriptional terminators
(grey & white) and a ColE1 origin of replication (light green). Xbal recognition sites, used for
validation digests have been highlighted. Xbal* denotes an Xbal recognition site which is
blocked by dam methylation.
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5.3 Localisation of overexpressed EGFP fusion proteins

To study the localisation of ParAl, PopZ and Rcy during their overexpression, the R.
leguminosarum EGFP fusion expression strains R.leg-parAl-egfp, R.leg-popZ-egfp and R.leg-rcy-
egfp (Section 5.2.2) were cultured in the same conditions as those used for the overexpression
studies performed throughout Chapter Four. Details of these conditions can be found in Sections
2.1.2 and 2.1.3. In short, strains were grown in 50 mL TY cultures in the presence of 200 pg

mL?* kanamycin. Although also resistant to apramycin, the EGFP fusion strains were grown in the
presence of kanamycin only to ensure that more reliable comparisons between the localisation
patterns observed within this chapter and the overexpression phenotypes analysed within
Chapter Four could be made. The overexpression of ParA1-EGFP, PopZ-EGFP and Rcy-EGFP was
induced with the addition of a final concentration of 1 mM IPTG to the cultures at 20 hours (i.e.
during exponential phase). The localisation of these proteins at both 6 and 24 hours post-
induction was then determined by epifluorescence microscopy. Details of slide preparation and
epifluorescence microscopy can be found within Sections 2.10.1 and 2.10.2 respectively. Before
performing any localisation studies, the pIND6 empty vector control strain R.leg-pIND6 was
checked for any intrinsic cellular fluorescence (autofluorescence) which may interfere with the
localisation of EGFP-tagged proteins. To check for autofluorescence, this strain was cultured as
described above and analysed by epifluorescence microscopy with a GFP fluorescence filter set.
As shown in Figure 5.7, little-to-no detectable green autofluorescence signal was observed
within these samples. Therefore, any fluorescence emission signal detected within R.leg-parA1-
egfp, R.leg-popZ-egfp and R.leg-rcy-egfp was the direct result of excitation of EGFP and not

autofluorescence.
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Figure 5.7. Confirmation of the absence of detectable green autofluorescence within R.
leguminosarum. Phase contrast (left) and epifluorescence (right) microscopy was used to
check for autofluorescence within the R. leguminosarum pIND6 empty vector control strain
(R.leg-pIND®). Epifluorescence microscopy was performed using a GFP fluorescence filter set.
R.leg-pIND6 was cultured in TY media in the presence of kanamycin. At 20 hours, 1 mM IPTG
was added to the cultures. Cultures were then sampled at 6 and 24 hours after the addition of
IPTG.

When overexpressed, ParAl-EGFP did not exhibit a distinct localisation pattern within R.
leguminosarum cells (Figure 5.8). At both 6 and 24 hours post-induction, overexpression of
ParA1-EGFP resulted in homogeneous fluorescence signal throughout the cytoplasm of the
majority of cells sampled. A stronger EGFP signal was observed at 24 hours post induction,
suggesting a higher abundance of protein at this timepoint. Within some cells, a single
concentration of fluorescence signal (referred to as a focus) was also observed amongst the
whole-cell fluorescence signal. However, the localisation of these ParA1-EGFP foci was not
consistent between cells. Often foci were localised at a single cell pole, but concentrations of
ParA1-EGFP were also observed at the edge of some cells, and within the centre of others.
Somewhat surprisingly, no evidence of cellular branching was observed within samples isolated

at 24 hours post-induction. Figure 5.8 shows only a representative sample of the R.leg-parA1-
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egfp cells observed. In total, several hundred cells were imaged, none of which displayed the
distinct Y- and V-shaped branched morphologies previously observed following the
overexpression of ParAl within Chapter Four (Section 4.5.1, Figure 4.12). Figure 5.8 does
however show an irregularly shaped cell at 6 hours post induction, which may be displaying early
signs of cellular branching. While this could suggest that the functionality of ParA1-EGFP differs
to that of ParAl, cell branching was an infrequent phenotype of ParAl overexpression, arising
in approximately only 1 in 100 cells, therefore is possible this phenotype was simply not
observed within the R.leg-parAl-egfp samples taken here. Furthermore, evidence of what
appeared to be asymmetric division was frequently observed at both 6 and 24 hours post-
induction of ParAl-EGFP expression, indicating that the phenotypic impact of ParAl-EGFP

overexpression did not differ substantially from that of ParAl.
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Figure 5.8. Overexpression localisation of ParA1-EGFP within R. leguminosarum. The R.
leguminosarum strain R.leg-parAl-egfp carrying the ParA1-EGFP expression plasmid pIND6-
parAl-egfp was grown in TY media in the presence of kanamycin to maintain selection of this
plasmid. At 20 hours, overexpression of ParA1-EGFP was induced with the addition of 1 mM
IPTG to the growth media. Culture samples were isolated at 6 and 24 hours post induction and
viewed by epifluorescence microscopy (GFP filter set) to assess ParA1-EGFP localisation. Phase
contrast, epifluorescence (GFP) and overlayed (merge) images have been shown.
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In contrast to the localisation of ParA1-EGFP, PopZ-EGFP exhibited a distinct unipolar localisation
pattern in which a single, polar fluorescence focus was observed within the vast majority of cells
(Figure 5.9). The localisation pattern of these foci remained consistent between 6 and 24 hours
post induction. Small cellular bodies similar to those described in Chapter Four following PopZ
overexpression (Figure 4.12) were also observed following the overexpression of PopZ-EGFP.
These small spherical cells typically lacked EGFP signal suggesting an absence of PopZ-EGFP
within these cells (Figure 5.9, arrows). Analysis of cellular morphology may suggest that PopZ-
EGFP foci were located at the growth pole. Although research is more limited within Rhizobium
species, it is well established that Agrobacterium (a closely-related member of the Rhizobiaceae)
displays a tapered growth pole (127, 152, 273). As seen in Figure 5.9, many foci were located
within what appeared to be the narrower (i.e. tapered) end of the cell, which may be suggestive
of growth poles within R. leguminosarum. However, as previously demonstrated in Chapter
Four, the overexpression of PopZ resulted in defects in cell morphology. Hence, definitive
conclusions regarding the localisation of these foci based solely on cellular morphology cannot
be made. It was also observed that the signal from cells expressing PopZ-EGFP was generally
weaker than that of ParA1-EGFP when same intensity of excitation was used. It is important to
note that to optimise image acquisition, the excitation intensity was adjusted between samples.
Therefore, any comparisons of fluorescence intensity made throughout this chapter are
anecdotal, and not direct comparisons of the epifluorescence microscopy images shown within

the figures throughout this chapter.
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Figure 5.9. Overexpression localisation of PopZ-EGFP within R. leguminosarum. An R.
leguminosarum 3841 strain carrying pIND6-popZ-egfp (R.leg-popZ-egfp) was grown in TY
media in the presence of kanamycin to maintain selection of this plasmid. At 20 hours,
overexpression of PopZ-EGFP was induced with the addition of 1 mM IPTG to the growth
media. Culture samples were isolated at 6 and 24 hours post induction and viewed by
epifluorescence microscopy (GFP filter set) to assess PopZ-EGFP localisation. Phase contrast,
epifluorescence (GFP) and overlayed (merge) images have been shown. Arrows highlight small
cellular bodies which lack EGFP fluorescence signal.

Overexpressed Rcy-EGFP exhibited the most complex localisation pattern of all three fusion
proteins. Within R.leg-rcy-egfp samples, cells with morphologies which more closely resembled
a typical rod-shaped R. leguminosarum cell displayed clusters of Rcy-EGFP foci at each end of
the cell (i.e. bipolar localisation) (Figure 5.10). By 24 hours post induction, these foci often
appeared to cover the entire region of curvature at the ends of the cell. In rounded or ‘swollen’
cells, multiple foci were observed around the perimeter of the cell (Figure 5.10, hollow
arrowheads). Generally, the more spherical the cell, the more evenly distributed these foci were
around the cell perimeter. Within the samples isolated at 6 hours post-induction, a small number
of rod-shaped bacteria with only a single Rcy-EGFP foci at each end of the cell were observed

(Figure 5.10, asterisk), suggesting a potential association between altered cell morphology and
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the number of Rcy-EGFP foci within the cell. This association between the number of foci and
cell morphology was supported by the observation of more complex Rcy-EGFP localisation
patterns within cells which deviated from the normal rod-shaped morphology of R.
leguminosarum (as described above). As observed with PopZ-EGFP overexpression, a few cells
did display weak fluorescence signal or appeared to lack Rcy-EGFP altogether. However, unlike
R.leg-popZ-egfp cells where only small, spherical cells seemingly lacked Pop-EGFP signal, there
was no clear correlation between the size of R.leg-rcy-egfp cells and the intensity of their Rcy-

EGFP signal.
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Figure 5.10. Overexpression localisation of Rcy-EGFP within R. leguminosarum. An R.
leguminosarum strain carrying pIND6-rcy-egfp (R.leg-rcy-egfp) was grown in TY media in the
presence of kanamycin. At 20 hours, overexpression of Rcy-EGFP was induced with the
addition of 1 mM IPTG to the growth media. Culture samples were isolated at 6 and 24 hours
post induction and viewed by epifluorescence microscopy (GFP filter set) to assess Rcy-EGFP
localisation. Phase contrast, epifluorescence (GFP) and overlayed (merge) images have been
shown. Hollow arrowheads highlight spherical cells with clusters of Rcy-EGFP foci around the
cell perimeter. Asterisk marks a rod-shaped cell with one Rcy-EGFP focus at each end of the
cell.
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5.4 Protein localisation during low-level overexpression

To understand how the overexpression of ParAl, PopZ and Rcy gave rise to the impacts on cell
morphology and population growth previously observed within Chapter Four, it was important
to identify how the localisation of these proteins during overexpression differed from their
native localisation. As the EGFP fusion proteins were encoded by plasmid-borne genes (driven
by the IPTG-inducible Pa1/04/03 promoter), true native levels of protein expression could not be
achieved using this system. Nevertheless, lower levels of overexpression of the EGFP fusion
proteins from these plasmids may still facilitate the localisation of these proteins under ‘normal’

conditions.

5.4.1 Induction of overexpression with low IPTG concentrations

To attempt to mimic ‘native’ localisation, the expression of EGFP fusion proteins was induced
with a range of low IPTG concentrations (0.0025, 0.005, 0.01 and 0.02 mM) to identify an
expression level where EGFP signal could be detected, but no clear overexpression phenotypes
were observed (i.e. cells retained a rod-shaped morphology). Induction of ParAl-EGFP
expression with 0.0025 mM IPTG resulted heterogeneous expression of ParA1-EGFP within the
R.leg-parA1l-egfp population, ranging from strong whole-cell signal to cells where the expression
of this protein was not detected (Figure 5.11). Interestingly, unlike the overexpression of PopZ-
EGFP where smaller cellular bodies typically lacked fluorescence signal (Figure 5.9), ParA1-EGFP
was detected even within very small cellular bodies. Despite induction of ParA1-EGFP expression
with very little IPTG (0.0025 mM), R.leg-parAl-egfp cells still appeared to deviate from their
expected morphology (most noticeable at 24 hours post induction), indicating overexpression
of this protein. As seen following strong overexpression of this protein with 1 mM IPTG (Figure
5.8), ParA1-EGFP foci were observed within several cells but again did not appear to display a
uniform localisation pattern. One possible explanation of the inconsistent presence and
localisation of these foci could be the formation of protein aggregates or inclusion bodies in
response to the overexpression of this fusion protein (441, 442). Due to their increased density,
inclusion bodies within bacterial cells can often be identified by phase contrast microscopy.
Within these samples, no convincing evidence of inclusion bodies was observed (Figure 5.11).
Ultimately, the localisation of ParA1-EGFP at this expression level was deemed inconclusive,
particularly at 24 hours post induction, and unlikely to be an accurate reflection of native

localisation of ParAl.
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Figure 5.11. Localisation of ParA1-EGFP following induction with 0.0025 mM IPTG. The
ParA1-EGFP expression strain R.leg-parAl-egfp was cultured in TY media in the presence of
kanamycin. At 20 hours, expression of ParA1-EGFP was induced with the addition of a final
concentration of 0.0025 mM IPTG to the growth media. Bacterial samples were isolated at 6
and 24 hours post induction and viewed using epifluorescence microscopy to assess ParAl-
EGFP localisation. Phase contrast, epifluorescence (GFP) and overlayed (merge) images have
been shown.

The induction of PopZ-EGFP expression with 0.0025 mM and 0.005 mM IPTG resulted in very
weak fluorescence signal within R.leg-popZ-egfp cells, therefore induction with a final IPTG
concentration of 0.01 mM IPTG was used for these localisation studies. Consistent with
observations following higher levels of overexpression (Figure 5.9), PopZ-EGFP displayed almost
exclusively unipolar localisation following induction of overexpression with 1 mM IPTG (Figure
5.12). Again, the localisation of these foci appeared to be correlated with tapered cell poles,
which may be suggestive of PopZ-EGFP localisation at the growth pole. A small number of R.leg-
popZ-egfp cells showed PopZ-EGFP localisation at both poles (bipolar localisation) (Figure 5.12,
hollow arrows), as well as a few smaller cells with no signal (also observed in Figure 5.9).
Potentially one of the most interesting observations within these samples was the presence of

pairs of potential daughter cells which appeared to be undergoing (or had recently undergone)
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cellular division which displayed only one PopZ-EGFP foci within a single cell (Figure 5.12, solid
arrows). In these cells, PopZ-EGFP was localised at the tapered pole opposite the site of division.
During cell division in unipolar-growing bacteria, the existing growth pole (GP) transitions into a
non-growing old pole (OP) once the mature cell is of the correct length for cell division. Following
cell division, new growth poles are then formed at the division sites of the two daughter cells
(152). Therefore, these PopZ-EGFP foci were likely to have been located within either

transitioning (GP to OP) or newly-defined old poles during and shortly after cell division.
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Figure 5.12. Localisation of PopZ-EGFP following induction with 0.01 mM IPTG. The PopZ-
EGFP expression strain R.leg-popZ-egfp was cultured in TY media in the presence of
kanamycin. At 20 hours, expression of PopZ-EGFP was induced with the addition of a final
concentration of 0.01 mM IPTG to the growth media. Bacterial samples were isolated at 6 and
24 hours post induction and viewed using epifluorescence microscopy to assess PopZ-EGFP
localisation. Phase contrast, epifluorescence (GFP) and overlayed (merge) images have been
shown. Hollow arrowheads highlight cells displaying bipolar localisation of PopZ-EGFP. Solid
arrows highlight cells which appear to be undergoing, or have recently undergone, cellular
division.

As with ParA1-EGFP, the induction of Rcy-EGFP expression with 0.0025 mM IPTG was sufficient
to give a clear fluorescence signal (Figure 5.13). However, Rcy-EGFP signal was not detected in

every cell within the R.leg-rcy-egfp population. Although notably less severe than those
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observed with strong overexpression (1 mM IPTG), morphological defects were still observed
following induction with only 0.0025 mM IPTG. At 6 hours post induction, unipolar localisation
of Rcy-EGFP foci was observed within several cells. However, due to alterations in cell
morphology as a result of Rcy-EGFP overexpression, it is difficult to predict which pole these foci
may have been located at. Unipolar localisation of Rcy-EGFP was not observed following strong
overexpression (Section 5.3, Figure 5.10), suggesting that this localisation pattern could be a
more accurate reflection of the native localisation of Rcy. By 24 hours post induction, an array
of Rcy-EGFP localisation patterns was observed. These localisation patterns included both
unipolar and bipolar localisation, as well as the presence of irregular-shaped cells with foci
located at the end of each cellular protrusion. In some instances, these irregular shaped cells
contained more than one Rcy-EGFP focus within a single protrusion (Figure 5.13, hollow

arrowheads).
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Figure 5.13. Localisation of Rcy-EGFP following induction with 0.0025 mM IPTG. The Rcy-
EGFP expression strain R.leg-rcy-egfp was cultured in TY media in the presence of kanamycin.
At 20 hours, expression of Rcy-EGFP was induced with the addition of a final concentration of
0.0025 mM IPTG to the growth media. Bacterial samples were isolated at 6 and 24 hours post
induction and viewed using epifluorescence microscopy to assess Rcy-EGFP localisation. Phase
contrast, epifluorescence (GFP) and overlayed (merge) images have been shown. Hollow
arrowheads highlight cells with an irregular morphology where all protrusions of the cell
possess at least one Rcy-EGFP focus.
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5.4.2 Localisation of EGFP fusion proteins following leaky expression

Within Section 5.4.1, it was observed that the induction of ParAl-, PopZ- and Rcy-EGFP
expression even with very low IPTG concentrations gave rise to cells which deviated from the
expected rod morphology of R. leguminosarum, presumably as a direct result of the
overexpression of these proteins. This was particularly noticeable for ParA1-EGFP an Rcy-EGFP
expression, where induction with as little as 0.0025 mM IPTG resulted in distinct morphological
defects (Figures 5.11 and 5.13 respectively) consistent with those observed within Chapter Four.
Instead of inducing expression with even lower IPTG concentrations, the possibility of leaky
expression of pIND6-parAl-egfp, pIND6-popZ-egfp and pIND6-rcy-egfp within R. legquminosarum
was investigated. Detectable leaky expression from pIND4 (the ‘parental’ vector used to
generate pIND6) was identified within Paracoccus denitrificans, but not in Rhodobacter
sphaeroides (355). To check for leaky expression of the pIND6-derived expression plasmids
within R. leguminosarum, R.leg-parAl-egfp, R.leg-popZ-egfp and R.leg-rcy-egfp were cultured
as described previously, but this time without induction. Culture samples were then taken at
timepoints equivalent to 6 and 24 hours post induction (i.e. 26 and 44 hours of growth) and
checked for EGFP signal. At 26 hours, unipolar localisation of ParA1-EGFP was observed within
many cells (Figure 5.14). In a small number of cells, bipolar localisation of ParA1-EGFP foci was
observed (Figure 5.14, arrowheads). In these cells, weak ParA1-EGFP signal was also detected
throughout the cytoplasm. The presence of single ParAl-EGFP foci amongst whole-cell
cytoplasmic signal was concurrent with the previously observed localisation of this protein
following induction with IPTG. However, bipolar localisation of ParA1-EGFP foci was not typically
observed following induction with IPTG (Figures 5.8 and 5.11). By 44 hours, ParA1-EGFP signal
appeared to have dissipated. Fluorescence foci were less distinct, and the localisation of ParA1l-

EGFP could not clearly be determined.
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Figure 5.14. Leaky expression of ParA1-EGFP from pIND6-parA1l-egfp in R. leguminosarum.
R.leg-parAl-egfp was cultured in TY media in the presence of kanamycin to maintain selection
of pIND6-parAl1-egfp. To assess whether leaky expression of ParA1-EGFP occurred from this
plasmid, cultures were not induced with IPTG. Bacterial samples were isolated at 26 and 44
hours (equivalent timepoints to 6 and 24 hours post induction). Epifluorescence microscopy
was used to assess the presence and localisation of ParA1-EGFP. Phase contrast,
epifluorescence (GFP) and overlayed (merge) images have been shown. Where detected, most
cells exhibited unipolar ParA1-EGFP localisation. Solid arrowheads highlight cells with bipolar
localisation of ParA1-EGFP foci.

Minimal evidence of leaky expression from pIND6-popZ-egfp within R. leguminosarum was
observed, with almost no detectable PopZ-EGFP signal identified at either timepoint. Figure 5.15
shows potential polar localisation of PopZ-EGFP within a single cell sampled at 44 hours.
However, weak emission signal made the localisation of this fluorescence focus almost entirely
indistinguishable within the merged image. Given that induction of PopZ-EGFP expression with
0.0025 and 0.005 mM IPTG also resulted in weak EGFP signal within cells (data not shown), it is

not surprising that leaky expression of this protein did not result in detectable EGFP signal.
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Figure 5.15. Leaky expression of PopZ-EGFP from pIND6-popZ-egfp within R. leguminosarum.
R.leg-popZ-egfp was cultured in TY media in the presence of kanamycin to maintain selection
of pIND6-popZ-egfp. To assess whether leaky expression of PopZ-EGFP occurred, cultures were
not induced with IPTG. Bacterial samples were isolated at 26 and 44 hours (equivalent
timepoints to 6 and 24 hours post induction). Epifluorescence microscopy was used to assess
the presence and localisation of PopZ-EGFP. Phase contrast, epifluorescence (GFP) and
overlayed (merge) images have been shown.

Leaky expression of Rcy-EGFP from pIND6-rcy-egfp gave the strongest fluorescence signal of all
three fusion proteins, most noticeable at 44 hours (Figure 5.16). Fluorescence signal was not
detected within every cell, but where detected, Rcy-EGFP typically displayed unipolar
localisation. While most cells within this R.leg-rcy-egfp culture were rod-shaped, some irregular
cell morphologies were observed indicating that overexpression of Rcy-EGFP may still have been
an issue within these cultures. Figure 5.16 shows one of these irregular shaped cells, highlighted
with a hollow arrowhead. Within this cell, Rcy-EGFP foci were observed within each protrusion
of the cell. This localisation pattern was consistent with previous localisation patterns of
overexpressed Rcy-EGFP (Figures 5.10 and 5.13). A slight right shift in the EGFP signal image as
a result of a small shift in the focal plane resulted in a few foci falsely appearing to be located on
the outer edges of cells within the merged image. Widespread unipolar localisation of Rcy-EGFP

was only observed within uninduced cultures (Figure 5.16), and samples isolated at 6 hours post
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induction with 0.0025 mM IPTG (Figure 5.13). Cells within these samples most closely resembled
wildtype rod-shaped R. leguminosarum cells, suggesting that unipolar localisation is most likely

to be the native localisation pattern of Rcy.
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Figure 5.16. Leaky expression of Rcy-EGFP from pIND6-rcy-egfp within R. leguminosarum.
R.leg-rcy-egfp was cultured in TY media in the presence of kanamycin to maintain selection of
pIND6-rcy-egfp. To assess whether leaky expression of Rcy-EGFP occurred, cultures were not
induced with IPTG. Bacterial samples were isolated at 26 and 44 hours (equivalent timepoints
to 6 and 24 hours post induction). Epifluorescence microscopy was used to assess the presence
and localisation of Rcy-EGFP. Phase contrast, epifluorescence (GFP) and overlayed (merge)
images have been shown. The hollow arrowhead highlights an irregular shaped R.
leguminosarum cell in which Rcy-EGFP localised to each end of the cell.
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5.5 Identification of an intermediate Rcy overexpression phenotype

Induction of Rcy-EGFP expression with a range of low IPTG concentrations resulted in the
observation of an ‘intermediate’ overexpression phenotype. As described in Chapter Four,
strong Rcy overexpression (induced with 1 mM IPTG) typically resulted in swollen cells with
irregular morphologies at 6 hours post induction and enlarged spherical cells by 24 hours post
induction. However, analysis of R.leg-rcy-egfp cells at 6 hours post induction with 0.01 and 0.02
mM IPTG led to the identification of an overexpression phenotype not previously described
within this thesis. These cells, shown in Figure 5.17, displayed a three- or occasionally four-
armed branched morphology. However, these branched cells were less like the elongated Y- and
V-shaped branched cells observed following ParAl overexpression (Chapter Four, Figure 4.12),
and instead more closely resembled three- or four-pointed stars with roughly equally-spaced
protrusions. Rcy-EGFP foci were located at the ends of each of these protrusions. Following
induction with 0.01 mM IPTG, a single focus was typically observed within each end of the cell.
However, following induction with 0.02 mM IPTG, the resulting branched cells often had
multiple foci at the end of each branch of the cell. These localisation patterns, in combination
with the observation of numerous foci at the ends of the poles and protrusions of cells induced
with 1 mM IPTG (Figure 5.10) gave rise to the conclusion that instead of forming larger foci
following an increased abundance of protein (as observed with PopZ-EGFP expression), Rcy-
EGFP instead forms secondary (and eventually multiple) foci within the cell pole. By 24 hours
post induction, cells within cultures induced with 0.01 or 0.02 mM IPTG resembled the enlarged,
spherical and irregular swollen morphologies observed previously in this chapter, with multiple
foci located along regions of cell curvature (i.e. ends of irregular cells or the perimeter of

spherical cells) (data not shown).

206



Phase-contrast GFP Merge

Rcy-EGFP
0.01 mM IPTG

Figure 5.17. Overexpression localisation of Rcy-EGFP within R. leguminosarum cells
displaying an intermediate branched overexpression phenotype. R.leg-rcy-egfp was grown in
TY media in the presence of kanamycin to maintain selection of the Rcy-EGFP expression
plasmid pIND6-rcy-egfp. At 20 hours, cultures were induced with either 0.01 or 0.02 mM IPTG.
Bacterial samples were then isolated at 6 hours post induction and viewed by epifluorescence
microscopy (GFP filter) to determine Rcy-EGFP localisation. Phase contrast, epifluorescence
(GFP) and overlayed (merge) images have been shown.

Rcy-EGFP
0.02 mM IPTG
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5.6 Discussion

5.6.1 Inconsistent localisation of R. leguminosarum ParA1l may reflect its dynamic
nature

ParA1-EGFP within R. leguminosarum exhibited an inconsistent localisation pattern, which
appeared to differ depending on the extent of induction of protein overexpression. Following
strong overexpression (1 mM IPTG), homogeneous cytoplasmic ParA1-EGFP signal was observed
within almost all cells, with some cells also displaying a single, concentrated ParA1-EGFP focus
within the cell (often but not always polar-localised) (Figure 5.8). Low-level overexpression of
this protein (0.0025 mM IPTG) resulted in an inconsistent expression and localisation pattern
within the R. leguminosarum population, with some cells displaying strong whole-cell ParA1l-
EGFP signal, others exhibiting patchy cytoplasmic localisation with polar foci, and many lacking
fluorescence signal all-together (Figure 5.11). Finally, although fluorescence signal was weak and
not widely detected throughout the population, leaky expression of ParAl-EGFP from the
pIND6-derived expression plasmid within R. leguminosarum resulted in predominantly unipolar
(but occasionally bipolar) localisation of ParA1-EGFP foci, with patches of weaker ParA1-EGFP

signal throughout the cytoplasm (Figure 5.14).

Early localisation studies within Caulobacter crescentus and Vibrio cholerae demonstrated that
ParA formed localisation foci at the new pole within C. crescentus or at both poles within V.
cholerae, often surrounded by patchy or ‘cloud-like’ cytoplasmic localisations from the pole
towards the midcell (208, 315, 437). In V. cholerae, localisation of ParA was demonstrated to be
highly dynamic, and dependent upon the cell cycle. Younger cells were found to have foci at a
single pole, and a dense patch of ParA extending from the other pole towards the midcell.
Predivisonal cells displayed almost exclusively bipolar localisation, while older cells undergoing
cytokinesis had polar foci with smaller patches of ParA localised near the midcell (208). Improved
understanding of the mechanism of ParA and its localisation have yielded the hypothesis that
ParA proteins exhibit nucleoid-wide localisation throughout the cell (215, 341, 342). Increased
concentrations of ParA are typically associated with high-density chromosomal regions, as well
as the cell poles during later stages of the cell cycle (341), with polar concentration gradients of
ParA proposed to be maintained by direct interactions with other polar proteins such as TipN,

PopZ and Scy (183, 206, 314, 315).
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The dynamic, cell cycle-dependent localisation of ParA proteins could therefore explain (at least
in-part) why an inconsistent localisation pattern of ParA1-EGFP within R. leguminosarum was
observed within this thesis. With the exception of strongly overexpressed ParA-EGFP (Figure
5.8), the localisation patterns observed within this chapter may be a reasonably-accurate
representation of the localisation of ParA within R. leguminosarum. Various ParAl-EGFP
localisation patterns observed following induction of ParA1-EGFP expression with 0.0025 mM
IPTG or its leaky expression from pIND6-parAl-egfp (Figures 5.11 and 5.14) such as polar ParA-
EGFP foci amongst patchy cytoplasmic localisations show a strong resemblance to previously-

observed ParA localisation patterns within other Gram-negative model species (208, 315, 437).

The observation of polar ParAl-EGFP foci within R. leguminosarum and documented
interactions of ParA with polarity proteins within other polar-growing species may support the
hypothesis that ParAl is associated (even if only in a cell cycle-dependent manner) with R.
leguminosarum polar protein complexes. However, although such bodies were not clearly
observed by phase contrast microscopy, it is not possible to entirely rule out the possibility that
the foci observed were not insoluble protein inclusion bodies. Unfortunately, the ParA-EGFP
localisation studies performed within this chapter ultimately offer little explanation as to
precisely how the overexpression of ParA produced the growth and morphological defects
observed throughout Chapter Four. Although localisation and expression patterns did vary with
inducer concentration, differing localisation of ParA did not appear to correlate with cell

morphology or size.

5.6.2 Consistent unipolar localisation of PopZ supports its involvement during
unipolar growth of Rhizobium

Regardless of the extent of its overexpression, PopZ displayed consistent unipolar localisation
within R. leguminosarum, robustly supporting its documented identity as a pole organising
protein within the Rhizobiaceae (273, 325, 326). Unlike ParA1-EGFP and Rcy-EGFP, where
varying the extent of overexpression altered the localisation pattern of these proteins, PopZ-
EGFP localisation was seemingly unaffected by its abundance within the cell. This consistent
localisation may therefore explain why the overexpression of this protein did not have such a
drastic impact on cell morphology or the growth of R. legquminosarum cultures (as discussed in

Chapter Four). Interestingly, the concentration of IPTG required to induce sufficient PopZ-EGFP
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expression to give a clear fluorescence signal was slightly higher than that of ParA1-EGFP and
Rcy-EGFP, suggesting that Rhizobium may be able to better-regulate the concentration of PopZ
within the cell, possibly through targeted protein degradation or differences in protein turnover

(443, 444).

By far the biggest limitation of the localisation studies performed within this thesis was the
inability to accurately distinguish the growth pole from the old pole. As mentioned within
Section 5.3, PopZ localisation may have been associated with the growth pole of R.
leguminosarum (determined based on cell morphology), but as the overexpression of this
protein was previously demonstrated to influence cell morphology, this hypothesis can by no
means be taken as fact. Without supporting evidence such as live cell imaging or appropriate
cell stains to enable the determination of pole identity (e.g. FM 4-64 staining, which has been
demonstrated to stain older halves of Agrobacterium cells (127)), it is impossible to confirm
which pole PopZ localises to within R. leguminosarum. Consequently, the involvement of PopZ

specifically within the growth pole polar complex of R. leguminosarum remains unconfirmed.

Observed following lower-level overexpression of PopZ was the presence of pairs of daughter
cells in which PopZ-EGFP foci appeared to have been located within the transitioning or newly-
defined old pole of a single daughter cell (Figure 5.12). During cell division in unipolar-growing
bacteria, the existing growth pole (GP) transitions into an old pole (OP), and new growth poles
are formed at the division sites of the daughter cells (131, 152). During this transitionary process
within Agrobacterium, PopZ rapidly relocates from the old growth pole to the new growth poles
of both daughter cells, and for a brief window of time exhibits bipolar localisation (273). This
relocation of PopZ was not clearly observed within the highlighted pairs of R. leguminosarum
daughter cells observed within Figure 5.12, and instead PopZ-EGFP may have temporarily
remained at the old pole following cell division. That being said, a small number of isolated cells
within this same population did display bipolar localisation of PopZ-EGFP. It would therefore be
of interest to know whether these cells had recently undergone division and were consequently
undergoing a transitionary phase, or whether bipolar localisation of PopZ was an infrequent

phenotype of its overexpression.
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5.6.3 Rcy is a unipolar protein which may dictate the site of cell growth

Initially, the overexpression phenotypes observed within Chapter Four indicated that Rcy may
be more strongly linked to controlling R. leguminosarum morphology than growth. However,
the localisation studies performed within this chapter suggest that the observed changes in cell
morphology following Rcy overexpression were likely the direct result of uncoordinated polar
growth. Localisation studies following low-level overexpression (i.e. leaky expression) of Rcy-
EGFP indicated that under normal conditions, Rcy is likely to exhibit unipolar localisation within
R. leguminosarum (Figure 5.16). However, when overexpressed, Rcy forms secondary and
eventually multiple foci within the cell. Lower-level overexpression resulted in the formation of
irregular-shaped cells, with Rcy-EGFP foci located at each end of the cell (Figures 5.13), while
strong overexpression resulted in the formation of coccoid cells with multiple foci around the
perimeter of the cell (Figure 5.10). It is not too clear whether secondary foci are first formed at
the same pole as the initial Rcy focus, or instead form at the opposite pole, but the presence of
rod-shaped and branched cells with a single Rcy-EGFP focus within each protrusion (Figures 5.13
& 5.17) suggest that secondary Rcy foci are first formed at the opposite pole, with subsequent

foci formed adjacent to the existing foci.

Within R. leguminosarum cells with an irregular non-coccoid morphology, Rcy-EGFP foci were
located at the end of each cellular protrusion, suggesting that Rcy foci may determine the site
of cell growth. Within Streptomyces and Agrobacterium respectively, Scy and GPR are proposed
to function as polar hub proteins which organise polar growth. The overexpression of these
proteins result in the formation of multiple polarity centres (Scy) and multiple ectopic growth
poles (GPR) (182, 278). Interestingly, the deletion of gpr resulted in defective cell division.
Agrobacterium cells lacking GPR grew in multiple directions, generating quartets of daughter
cells which remained attached (278). This morphology is strikingly similar to the branched cells
observed following Rcy-EGFP overexpression (Figure 5.17), indicating that Rcy and GPR may
exhibit similar biological functions. Within Rhizobium leguminosarum the formation of
additional Rcy foci could redirect growth within the cell. Localisation of a second foci within a
single pole may split growth machinery across both foci, ultimately resulting in branched polar
growth. This hypothesis of cellular branching following secondary Rcy foci formation aligns with
the observation of de novo tip formation and subsequent hyphal branching following the
overproduction of Scy within Streptomyces, highlighting that Rcy likely functions as an organiser

of polar growth much like Scy (182). Following strong overexpression, the localisation of multiple
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Recy foci around the cell perimeter appeared to result in attempted radial growth of R.
leguminosarum as opposed to unipolar growth, generating enlarged spherical cells. As the
expression of all other growth-related proteins such as cell wall synthesis machinery remained
unchanged within these cells, it is probable that new or existing growth poles could not be
maintained, which may explain the wide diversity of irregular Rcy overexpression phenotypes

observed throughout this chapter.

Finally, during localisation studies of GPR, Zupan et al. proposed that the generation of C-
terminal GFP fusions altered the function of GPR (278, 279). However, as far as the data within
this thesis is concerned, this did not appear to be the case for C-terminal EGFP tagging of Rcy.
The overexpression of Rcy-EGFP resulted in cell morphologies which were consistent with non-
EGFP-tagged Rcy overexpression i.e. enlarged, spherical cells (Figures 4.12 and 5.10), strongly
suggesting that the EGFP tag did not impair Rcy function. It may of course be possible that these
observations instead indicate differences in function between the C-terminal domains of GPR
and Rcy, and that native copies of Rcy could have compensated for the impaired function of
plasmid-borne C-terminal EGFP-tagged Rcy proteins. Further investigation into differences in
the localisation and function of C- and N-terminal tagged Rcy would therefore be recommended
to rule out possible impacts of the introduction of C-terminal fluorescent protein tags on the

function of this protein.
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Chapter Six - General Discussion and Future Perspectives

Taken together, the data presented throughout this thesis supports the initial hypothesis that
ParAl, PopZ and Rcy are required for the coordination of unipolar growth and division within
Rhizobium leguminosarum. Within R. leguminosarum, ParAl and PopZ are likely primarily
involved in the spatial and/or temporal coordination of cell division, while Rcy is instead
proposed to determine the site of PG synthesis during polar growth. Consistent polar localisation
of both PopZ and Rcy demonstrated that these proteins are indeed polarity proteins, with both
proposed to localise to the Rhizobium growth pole. Distinct and non-overlapping morphological
phenotypes following the overexpression of each of these proteins highlights that ParAl, PopZ
and Rcy each serve a unique role during the regulation of R. leguminosarum growth.
Furthermore, the observation of detrimental growth phenotypes following the overexpression
of these proteins during lag-phase suggests that all three proteins are likely required for polar

and/or whole-cell organisation in preparation for active cell growth and division.

6.1 ParAlis required for the coordination of cell division

The overexpression of ParAl was associated with one of two possible phenotypes: pronounced
morphologically asymmetric division, yielding daughter cells of distinctly different sizes; and
occasional Y- and V-shaped cell branching (see Section 4.5). Similar branched morphologies have
been observed within Sinorhizobium when cell division is blocked, suggesting that the
overexpression of ParAl may disrupt cell division (198, 445, 446). The inhibition of DNA
replication, which prevents cell division early on in the cell cycle, also results in the formation of
Y-shaped branched morphologies within Sinorhizobium (447). Possible impacts of ParAl
misregulation (overexpression) on DNA replication and/or segregation within R.
leguminosarum, leading to the formation of Y- and V-branched cells, is consistent with the
widespread role of ParA proteins as chromosome partitioning proteins (162, 203). Additionally,
overexpression of ParAl during exponential growth phase (i.e. when cells are rapidly dividing)
significantly impaired the growth of R. leguminosarum cultures, slowing growth and reducing
the maximum ODeoo reached (Figure 4.6), further supporting the conclusion that ParAl is

primarily involved (either directly or indirectly) in the regulation of cell division.
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Within R. leguminosarum, ParAl typically exhibited diffuse whole-cell localisation, with cells
often, but not always, containing a polar ParA1l focus. As already discussed within Section 5.6.1,
the seemingly inconsistent localisation pattern of ParAl within R. leguminosarum may simply
reflect its dynamic nature as a chromosome partitioning ATPase. Although ParA dimers can bind
non-specifically throughout the nucleoid, ParA proteins often exhibit polar concentration
gradients in a cell-cycle dependent manner (i.e. during chromosome segregation) (214, 215,
341). Additionally, polar concentration gradients of ParA proteins are proposed to be
maintained by interactions with various polarity proteins including Scy, PopZ and TipN (183, 206,
314, 315). Hence, the polar localisations of ParAl observed within this thesis may indicate the

establishment of similar polarity protein-mediated polar concentration gradients.

6.2 The polarity determinant PopZ may coordinate spatial regulation of cell division

One of the most striking features of PopZ was its consistent unipolar localisation. Unipolar
localisations of PopZ were typically associated with tapered cell poles, which in the case of
Agrobacterium are indicative of growth poles, suggesting that PopZ is likely a new pole marker
within both Agrobacterium and Rhizobium (127, 152, 273, 274). Consistent unipolar localisation
of PopZ-EGFP foci, even when strongly overexpressed, could also be indicative of polar matrix
formation by Rhizobium leguminosarum PopZ (PopZg;). Comparison of PopZ-EGFP localisation
following induction with 0.1 mM vs 1 mM IPTG (Figures 5.12 and 5.9 respectively) highlight that
the localisation pattern of PopZr does not change with an increase in protein abundance, and
instead fluorescence foci simply increase in size and intensity. It is widely accepted that
Caulobacter PopZ (PopZc) self-assembles into a disordered matrix at the cell poles, and
increasing PopZc. concentration has been shown to result in an expansion of the existing PopZ
matrix instead of the formation of new assemblies (311, 319). Therefore, the observation of
larger/more intense PopZ-EGFP foci following overexpression indicates that matrix formation or

PopZ polymerisation may be a conserved function of both PopZc. and PopZg.

Although the overexpression of PopZ had the least drastic impact on Rhizobium morphology and
growth, one noteworthy phenotype observed following PopZ overexpression was the formation
of minicells. Minicell formation is typically associated with misplacement of the Z ring towards

the poles of the cell instead of the midcell, leading to constriction of the cell at the cell pole (322,
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325, 326). The formation of such cells, which often lack DNA, has also been observed within
Agrobacterium following the deletion of popZ (325, 326). Similar to the misregulation of
Agrobacterium PopZ through its deletion, overexpression of PopZg may also result in cell division
defects as a result of misplacement or instability of the Z ring. Further similarities between
PopZa: and PopZg include the frequency of minicell formation itself. Within this thesis, minicell
formation was a common, but not necessarily dominant, phenotype of PopZ overexpression.
Similarly, although minicell formation was observed in Agrobacterium popZ deletion mutants,
most cells lacking PopZa: still divided around the midcell (325). In light of the characterisation of
PopZg within this thesis, which highlights possible functional conservation of PopZa: and PopZg,,
the involvement of PopZg in coordinating cell division as opposed to polar PG synthesis is not
wholly surprising. Despite its role as a marker of the Agrobacterium growth pole, it has been
shown that PopZa: is not required for the localisation of polar peptidoglycan biosynthesis, and

in its absence unipolar PG synthesis continues with minimal impact (325).

6.3 The polar protein Rcy determines the site of peptidoglycan synthesis

Of all three proteins characterised within this thesis, Rcy displayed by far the most complex
localisation pattern and associated morphological phenotypes following its overexpression.
These phenotypes have been described thoroughly within Section 4.5 and throughout Chapter
Five. In short, Rcy overexpression was associated with the formation of swollen, irregularly
shaped cells, which eventually displayed drastically enlarged, spherical morphologies. The
severity of these morphological phenotypes was tightly correlated with the number of Rcy foci
observed within the cell, with rod-like or slightly branched cells possessing only one or two foci
at each pole/protrusion of the cell, and irregular or spherical cells displaying many foci around
the perimeter of the cell (Figure 5.10). Importantly, leaky expression of Rcy-EGFP from the
pIND6-derived expression plasmid resulted in the observation of rod-shaped cells with only a
single unipolar focus of Rcy-EGFP (Figure 5.16), suggesting that unipolar localisation may in fact
be the normal localisation pattern of Rcy within R. leguminosarum. However, subtle
morphological phenotypes arising from the slight overexpression of Rcy even under leaky
expression meant that pole identity was difficult to determine, as very few cell poles appeared
tapered. Yet, given the clear correlation between changes in cell morphology and the number
of Rcy foci, it was concluded that Rcy most likely determines the site of PG synthesis within R.

leguminosarum and is therefore likely to localise to the ‘growing’ pole.

215



In contrast to the Y- and V-shaped branched morphologies observed following overexpression
of ParAl, branched cells resulting from the overexpression of Rcy instead displayed roughly
equally-spaced branches which arose from the centre of the cell, more closely resembling X- or
T-shaped morphologies. Such morphologies are indicative of a redirection of polar PG synthesis
to the midcell, which can also be observed when cell division is blocked at a later stage, and have
been observed within Agrobacterium following these scenarios (130). The observation of unique
branched morphologies following the overexpression of ParAl and Rcy supports the conclusion
that these proteins are required for the coordination of (early) cell division and the direction of
polar PG synthesis respectively. The observation of these X- and T-shaped branched
morphologies may also indicate that Rcy has additional or indirect role in coordinating later
stages of cell division, with the irregular branched morphologies representing cells which were

unable to divide.

Throughout this thesis, parallels have been drawn between Rcy and GPR. GPR exhibits growth-
pole localisation, and is proposed to provide structural support for the Agrobacterium polar
growth complex (i.e. PG synthesis machinery) (278, 279). Morphological phenotypes arising
from the misregulation of GPR display similarities to those observed within this thesis following
the overexpression of Rcy. Overproduction of GPR results in branched cells and the formation
of ectopic growth poles, while the deletion of gpr was associated with cell mortality, and viable
cells with a deletion of gpr grew slowly, were coccoid in morphology, are were often enlarged
(278). The loss of GPR also resulted in defective cell division, generating quartets of daughter
cells which remained attached —a morphology similar to the branched cells observed following
Rcy-EGFP overexpression (Figure 5.17) (278). Within coccoid gpr-deletion cells, PG synthesis was
abnormally localised around circumference of the cell (279). Circumferential PG synthesis within
cells lacking GPR is reminiscent of the proposed radial growth of spherical Rcy-overexpressing
cells as a result of circumferential Rcy localisation (see Section 5.6.3). Similar length, near-
identical predicted domain architecture, and functional similarities (i.e. direction of polar PG
synthesis) strongly suggest that Rcy and GPR are indeed homologous proteins, thereby making
Rcy a putative homolog of the Sinorhizobium meliloti protein RgsE. Within Sinorhizobium, RgsE
overexpression results in irregular, branched cell morphologies, while its depletion results in

slow-growing cells which exhibit aberrant cell division (280, 281).
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Of course, Rcy was initially identified as a potential ‘homolog’ of the Streptomyces intermediate
filament-like protein Scy (Section 1.5.2). Scy, another notably long and predominantly a-helical
protein (with high coiled-coil forming probability) forms de novo hyphal tips within Streptomyces
following its overexpression, and is proposed to serve as a scaffolding protein for the TIPOC,
which coordinates polar growth at the hyphal tip (175, 182). The role of Scy as a molecular
scaffold for the TIPOC resembles the proposed roles of GPR, RgsE and Rcy as polar growth
organisers within the Hyphomicrobiales, suggesting that these proteins may form part of a
widespread but poorly conserved group of large cytoskeletal scaffolding proteins which organise

PG synthesis within the poles/tips of polar-growing species.

In comparison to ParAl and PopZ, Rcy was the most sensitive to overexpression, suggesting that
it is tightly regulated within wildtype cells or at least present at lower concentrations under
native conditions (430). The observation of Rcy foci at both poles of rod-like cells (bipolar
localisation) following even slight overexpression may support this theory. As membrane-
anchored proteins are not readily able to migrate across the cytoplasm between cell poles,
relocalisation of membrane-bound polarity determinants in transitioning cell poles often relies
on their degradation at one pole, and de novo synthesis at the other (278, 448). Rcy is predicted
to be a membrane-anchored protein, therefore it too may remain at the old pole until its
degradation. The presence of bipolar and ectopic Rcy foci following its overexpression could
therefore reflect an overabundance of residual membrane-anchored protein, which has not
been degraded fast enough as the proteins governing the proteolysis of Rcy are not present at

sufficient levels within Rcy-overexpressing cells.

6.4 ParAl, PopZ, Rcy, and the Rhizobium polar complex

Based on the data presented and discussed throughout this thesis, it is likely that PopZ and Rcy
both colocalise to the Rhizobium leguminosarum growth pole, possibly forming part of a
cytoplasmic pole-organising complex (Figure 6.1). Within this thesis, Rcy has been proposed to
play a key role in the regulation of unipolar growth by determining the site of polar PG synthesis.
This role may be facilitated by the coiled-coil domains present within Rcy’s predicted
apolipoprotein domains. As described within Section 1.5.2 (Figure 1.15), the central length of

Rcy is predicted to contain 13 overlapping or adjacent apolipoprotein domains, along with four
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short coiled-coil domains which lie within these predicted apolipoprotein domains. Coiled-coil
domains are often found within interacting proteins and serve as a highly conserved mechanism
of protein-protein interaction (449). Interactions between Rcy’s coiled-coil domains and coiled-
coil domains within Hyphomicrobiales-specific polar peptidoglycan-modifying enzymes such as
the glycosyltransferase-transpeptidase (GTase-TPase) PBP1A, L,D-transpeptidases (LDTs) and
possibly other penicillin-binding proteins (PBPs) may permit the organisation and polar
localisation of PG synthesis machinery, driving unipolar growth (274, 287, 288). The coiled-coil
domains of Rcy may also recruit PopZ monomers to the growth pole, resulting in the formation
of a PopZ matrix at this pole. Alternatively, PopZ (or other polar proteins) may be recruited by
Rcy’s cytoplasmic N- and C-terminal disordered domains. Of the two, the C-terminal domain is
arguably a better candidate for these interactions, as the C-terminal domain of GPR has been
found to be required for GPR’s function (279). Of course, further experimentation is required to
confirm whether direct interactions between Rcy and PopZ actually occur, as this was not

studied within the scope of this thesis.

As discussed above (Section 6.1), polar localisations of ParAl were occasionally observed
amongst a background of whole-cell localisation. Hence, ParAl is not necessarily a ‘polar’
protein, but may exhibit polar localisations in a cell cycle-dependent manner. Based on the
observation of polar ParA concentration gradients within Streptomyces and Caulobacter, which
are maintained either by Scy (Streptomyces), or the polarity determinants PopZ and TipN
(Caulobacter) (see refs above), it could be the case that growth pole ParA1l concentrations within
R. leguminosarum are established or maintained by either Rcy (a proposed homolog of Scy) or
PopZ. A model of how Rcy, PopZ and ParAl may interact at the growth pole of R. leguminosarum

has been proposed in Figure 6.1.
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Figure 6.1. Proposed model of the R. leguminosarum growth pole complex. Rcy (dark blue)
and PopZ (purple) may interact at the Rhizobium growth pole to form a polar organisational
complex. Two transmembrane domains anchor Rcy to the inner membrane, with the bulk of
the protein residing in the cytoplasm. The 13 predicted apolipoprotein domains of Rcy have
been represented as four apolipoprotein domain-containing regions, connected by alpha-
helical regions. Coiled-coil regions within these domains have been represented as yellow bars.
The coiled-coil domains within Rcy may facilitate protein-protein interactions with other polar
growth complex proteins, with Rcy serving as an organisational centre for PG remodelling
machinery such as penicillin binding proteins (PBPs, green), L,D-transpeptidases (LDTs, pink)
and glycosyltransferase-transpeptidase enzymes (GTase-TPases, pale blue), recruiting these
proteins to the growth pole. PopZ, which serves as a growth pole marker within R.
leguminosarum, may be organised by Rcy. PopZ monomers (purple circles) may interact with
Rcy either via its coiled-coil regions or disordered N- or C-terminal regions (further research
required). Within R. leguminosarum, PopZ monomers likely form a large matrix at the growth
pole (pale purple). Finally, polar concentrations of ParAl (yellow) may be established or
maintained by either Rcy or PopZ in a cell cycle-dependent manner, similar to the
establishment of polar ParA concentration gradients by Scy (Streptomyces), and PopZ and Tip
(Caulobacter) at the growing/new tips/poles of these species (183, 206, 314, 315).
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Additional members of this polar complex which have not been detailed in the model depicted
above may include Rhizobium homologs of the Sinorhizobium membrane proteins RgsA
(unknown function), RgsS (an FtsN-like transmembrane protein) and TolQ (part of the Tol-Pal
complex), which have been found to directly interact with the GPR/Rcy homolog RgsE (280, 281).
Additionally, this proposed R. leguminosarum polar protein complex may play an important role
during chromosome segregation. In this thesis, ParAl and PopZ were both attributed primarily
to the control of cell division, which is closely linked to chromosome segregation (450). It is
widely documented that ParA concentration gradients are required for the effective segregation
of chromosomes towards the cell poles by the ParABS segregation system (203, 451).
Additionally, PopZa: (which seemingly shares many functional similarities with PopZg) has been
found to be important for the segregation of Agrobacterium chromosomes, possibly tethering
ParB-parS complexes in a manner similar to the tethering of ParB-parS by PopZc within
Caulobacter (309, 323, 324, 326). Hence, an additional interactor of the R. leguminosarum polar

complex may be ParB, interacting specifically with PopZg,.

Although not discussed in detailed throughout this thesis, the predicted apolipoprotein domains
present throughout the length of Rcy could be required for important addition functions of this
protein. As mentioned in Section 4.6.3, enlarged, spherical morphologies within R.
leguminosarum 3841 have also been observed following the disruption of genes encoding a suite
proteins predicted to be required for cell envelope development and membrane integrity (398,
434). The observation of near-identical morphologies following Rcy overexpression, and Rcy’s
high abundance of apolipoprotein domains (which facilitate lipid sorting) could link Rcy with the
maintenance of membrane synthesis or integrity (452, 453). Apolipoprotein domains likely play
an important role during unipolar growth both within and beyond the Rhizobiaceae, with around
80% of bacterial apolipoproteins residing within the Hyphomicrobiales (279). However, further

research is required to establish their role in these species.
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6.5 Future perspectives

The work performed within this thesis has ultimately provided a valuable insight into the
proteins which govern unipolar growth and the coordination of cell division within R.
leguminosarum. This work has also provided support for the identity of PopZ as a growth pole
marker across the Rhizobiaceae, and has highlighted the presence of a conserved putative
scaffolding protein which organises polar PG synthesis machinery at the growth pole within this
family (i.e. Rcy/GPR/RgsE). As the majority of literature regarding the regulation of polar growth
within the Hyphomicrobiales has originated from Agrobacterium and Sinorhizobium, this
research within Rhizobium has provided essential information into the functional conservation
of these proteins. However, there are of course a few limitations of this study which should be
addressed in future work. The first of these should be the confirmation of growth-pole
localisation of both PopZ and Rcy. The localisation studies performed within this thesis did not
formally identify pole identity, and instead growth poles were identified based on their
morphology (i.e. tapered poles). Therefore, immediate future work should involve further
localisation studies in parallel with the confirmation of pole identity, which could easily be
achieved using several experimental approaches including (but not limited to) the use of
appropriate cell staining to distinguish poles (e.g. FM 4-64, which stains the old poles of
Agrobacterium) or live imaging and cell-cycle tracking (127). Arguably the other substantial
limitation of these studies is the characterisation of these proteins based solely on
overexpression studies. For a more robust characterisation of these proteins, the generation
and subsequent characterisation of gene deletion or depletion mutants should ideally be
attempted once more (see Section 3.4.5 for discussion regarding alternative gene deletion

approaches).

Once these limitations have been addressed, several further research avenues could be pursued.
Ultimately, these can be boiled down into one of two categories: identification of the proposed
R. leguminosarum polar growth complex, or further characterisation of the role of ParAl, PopZ
and Rcy throughout R. leguminosarum’s lifestyle. In the polar growth complex model proposed
in Section 6.4 (Figure 6.1), a number of possible interactions between ParAl, PopZ and Rcy have
been proposed, along with additional interactions between Rcy and polar PG-synthesis
machinery, and PopZ and ParB of the ParABS system. These interactions were proposed based
on supporting literature from other species (see references above), but direct interactions

between these proteins within R. leguminosarum have yet to be proven. The employment of
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protein-protein interaction studies (e.g. yeast two hybrid or pull-down assays) to confirm
whether ParAl, PopZ, Rcy and other proposed members of this complex do indeed directly
interact would provide important information as to how this proposed R. legquminosarum polar
complex may function. Within this thesis, it has also been proposed that Rcy may recruit PopZ
to the growth pole. This hypothesis was primarily based on studies within Agrobacterium, where
GPR was found to localise to the growth pole prior to PopZ, and the loss of GPR impaired PopZ
localisation (278). Live or time-lapse colocalisation studies of differentially-tagged PopZ and Rcy
proteins (e.g. mCherry and GFP) could be a useful approach to determining the order that these
two proteins localise to the growth pole, shedding light on the possible recruitment of PopZ to

the growth pole by Rcy.

One of the most important features of the R. leguminosarum lifestyle is the establishment of
endosymbiotic relationships with legumes belonging to the Fabeae tribe, including pea (Pisum
sativum), lentil (Lens culinaris), broad bean (Vicia faba) and vetch (Vicia cracca) (329, 334). As
reviewed within Section 1.1, the establishment of these interactions requires several
coordinated rhizobial processes including population of the growing infection thread by ‘free-
living’ rhizobia, and substantial metabolic and morphological changes during terminal bacteroid
differentiation. Symbioses between Rhizobium leguminosarum 3841 and Pisum sativum give rise
to indeterminate root nodules filled with E-type bacteroids, which are enlarged, elongated
bacteroids that often exhibit branched morphologies (76). Notably, the overexpression of ParAl
yielded free-living Rhizobium cells with branched morphologies, while Rcy overexpression
resulted in enlarged, spherical cells. These phenotypes, especially the swelling of cells following
Rcy overexpression, are somewhat reminiscent of E-type and S-type (enlarged, spherical)
bacteroids, suggesting that changes in the expression of ParAl and Rcy may facilitate

morphological changes during bacteroid differentiation.

Although studies into the characterisation of rhizobial cytoskeletal proteins in the context of
endosymbiotic relationships are limited, a handful of key studies have been highlighted
throughout this thesis. Arguably the most relevant of these is the characterisation of ParA within
Azorhizobium caulinodans during symbioses with Sesbania rostrata (227, 433). The deletion of
parA from A. caulinodans resulted in the formation of immature stem nodules on S. rostrata,
while ParA overexpression significantly altered A. caulinodans bacteroid formation. S. rostrata

nodules typically contain multiple non-terminally differentiated U-type bacteroids, yet
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overexpression of ParA resulted in the formation of symbiosomes containing a single, swollen
bacteroid reminiscent of terminally differentiated E- and S-type bacteroids (227, 433). As
Azorhizobium is not a member of the Rhizobiaceae, studies of the impact of ParAl
overexpression within R. leguminosarum would yield essential data into additional roles of ParA
proteins, and whether these supplementary functions are conserved across rhizobial species

belonging to different families.

To facilitate similar studies of ParAl, PopZ and Rcy within R. leguminosarum, genomic
overexpression and deletion strains should ideally be generated. The use of stable
overexpression mutants as opposed to inducible, plasmid-based overexpression systems (like
those used within this thesis) can help to overcome issues surrounding the retention of possibly
detrimental plasmids in the absence of selection pressure (i.e. within the plant). Following
inoculation of these R. leguminosarum strains onto a common model legume such as Pisum
sativum, various aspects of the rhizobium-legume symbiosis could be studied. Infection thread
tracking and observation of the rhizobia within these structures can highlight differences in the
function of these proteins in free-living bacteria within a rapidly changing environment (i.e. the
infection thread) vs. carefully controlled laboratory cultures, as well as demonstrating whether
possible morphological defects arising from their misregulation may inhibit the progression of
rhizobia through the infection thread. The observation of bacteroid morphology within the
nodule may provide insight as to whether these proteins do indeed regulate bacteroid
differentiation, and nodulation assays can be used to determine the efficiency of nodulation and
biological nitrogen fixation within the resulting bacteroids. It is known that members of the
eukaryotic cytoskeleton serve vital roles during various stages of the establishment of
rhizobium-legume symbioses, from root hair curling and infection thread formation all the way
to the release of rhizobia into the nodule, but the involvement of the bacterial cytoskeleton has
been almost completely overlooked (45, 47-49, 64, 96—99). Overall, such studies would provide
a valuable insight into how ParAl, PopZ and Rcy not only regulate growth and division within
free-living Rhizobium species, but also how they may be required for the establishment and/or

maintenance of effective endosymbiotic interactions.
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Appendix

A.1  Synthetic gene knockout constructs

parA1-KO - 1627 bp;
CCCGGGGCTGAAGGTCAAGCTCGGCACTGCTCGCCCTTTCAATATTGCCCAGGCTGCAAT
CGTTGAAGGGATGACACCTGCGGCAATCGCATTGCTGCTCGTGCATTTGCGTCGACTATC
CTCTGCCGAGCGGAATAGCGCTTGATACAAGATTTGAGAGTCTTTCAGCATGGAATTAAA
CGGTTTGCGTGTTTCACGTGAAACACAGGAACGGTTGCAACACTTTGCAGCGCTGTTTCA
GAAGTGGGCAAAAGCAATCAATCTGGTGGCGCCGTCGACACTCGACGATCTATGGCACCG
GCACATCGCTGATAGCAGCCAGGTCTTTCAGATTCATCCTCAACCGATTACTTGGGTTGA
CCTCGGCAGTGGGGGCGGCTTTCCCGGCGTTATTACGGCAATTTTTCTGGCCGAGCTGCA
AGGTGGATGGGTCCATCTGGTCGAAAGCAACCATAAAAAGGCAGCGTTTCTACGGACAGC
GCTGCGGGAGACAAATGCACGCGGCAGCGTCCATAGCATACGAATCGAAGATGCTTATAC
GGAGGTTCGCGAATGTAGTGCGATTTCAGCGCGCGCCCTTACGGATCTTGATGGGCTCAT
CGGATATTCATCGCCCTGGATGCTTGGCAAGGAGAATTGTCGCGGCTTCTTTCACAAAGG
CCGGGATTACCTGAGGGAAATTGACAAAGCACGTGGTCGGTGGGAATTCGATCTGTTAGA
ACATAAGAGCGCCGTCGAGCAGGAATCTGTTATTCTGGAAATATCAAATCTCCGGCGCTT
GGTTTAACAGATCGGATATTGCGGCAATGGTTAATTAATGATATCATTTTAGGGGTGTAG
GTGAGTGTAGATCATGAATGACGATGTATCAAAGAGGCGATTGGGTCGCGGCCTTGCGGC
GCTGATTGGTGAAATGGATCAGCCCGTCCCGGTGGAAGCCGAGAGGACTATCAGCGCCGA
CAGAATGATTCCGATCGAGTTCGTCAGCCGTAACCCCCGCAATCCCCGTCGGTTCTTCGA
TGACTCGGAGCTGCACGATCTCGCAAGCTCCATTCGTCAACACGGTATCGTTCAGCCGAT
TGTTGTGCGTACGATGTCGCGGGATCGATATGAGATCATCGCCGGCGAACGACGTTGGCG
CGCAGCTCAGCTTGCGGGGCTGATCGAGATTCCCGTCATTATCCGTGATGTGGATGATAA
GACGGCGCTGGAGATTGCGATCGTCGAAAACGTGCAGCGCGCGGATCTCAATGCCCTCGA
AGAGGCCTTGGGTTATGAGCAGCTTATCGCGGAATACGGCTACACCCAGAATGACCTCGG
CGAAATCATCGGGAAGAGCCGCAGTCATGTGGCCAACTCGTTGCGCCTGTTGAAATTGCC
TGATCCGGTGCGCGATCTGCTTGCTGCCGGCAGCCTATCGGCTGGGCACGCGCGCGCTTT
GGTTTCAACATCCGACCCGGCAGGTCTTGCCCGTACGATCGTTGCCAAGGGCATGTCGGT
GCGTGATGCGGAAAAGCTGGCGCAAAACAATATCAAGGCCCAATCGGAGCCGCAGCAGGC
GGCCTTGCGGCGAGATCAGAAAGATTCCGACACGCTGGCGCTGGAACGGACACTTTCCGA
TAAGCTT
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720
780
840
900
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1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1627

Xmal recognition site, Upstream gene-flanking region, Start codon, Pacl recognition site, Stop

codon, Downstream gene-flanking region, Hindlll recognition site
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popZ-KO - 1627 bp;

CCCGGGGATGGAAGCATCGCCGCTTGCCAAGCTGCTGCAGCTGGCAGCGATCACCAAAGA
CGACTTCGTGCTCGAGGTTGGTTGCGGTACGGGTTACACTTCGGCGCTGCTGTCGATCAT
TGCCGGCTCCGTCATCGCGCTCGAATGCGACGAGACGCTGGCCACTGAAGCGAAGGCGCA
GCTTGCCGGCTACGCCAAGGTCGAAGTCGTGACCGGCCCGCTCGAAAAGGGCTACGCTGC
CGGCGCTCCCTATGATCTGATCTTCATCAACGGCGCGGTCGAAGAGGTTCCGGCCGCCCT
TCTCGGTCAATTGCGCGATGGTGGCCGTCTGATCACCGTCGAGGGTTACGGCAATGCCGC
CCGCGCCAAGGTCTTCGTCGCCGAGCGCGGCGCCATTTCGGAAAACGTCTTCTTCAACGC
CTCGGTCAAGCCGCTGCCGGGTTTCGCCAAGGCGCGCGAATTCGTTTTCTGACATCGTTC
TTATCGATGACATTCAGCAACGGGCGCCATTGGCGCCCGTTTTTTGTCAACGCCGCTCGA
AAGCCTTCACAAACATCATCTAGGCTGACGCCGCCACGGCGGATCGGACGGATGTTATGC
GCTTCAACTTCGGTTTCATGGGATGTTTCCGCCGCAAAATCGCGACAGGCTTTGCGGGTG
GCAAACATCAGGTAACAAAACTGTGCATGGCCACATTCATTTGATTCGCGATGATTTTTT
TCACGTCTGGGGTATTCTAAGGTCGTGGTGATTCGGATGAATGCTCCACACCATCCGGTC
GTTGTTTTGGGATAACGGGGATAGAAATGGTTAATTAATGATCGGATTGCTTTTTCCTGA
AAAGCCGCTCCGGTCTCCGGGGCGGCTTTTTTATTGACTTGGCCGTGACCATCCTATTTA
CAAACGCCACCCTCGAACCTCGAAATTGGTCAAAAAATGCTCGACAAGACCTATGATTCC
GCTGCCGTCGAACCGAAAATCGCCGCGATATGGGATGAGGCGGACGCTTTCCGCGCCGGC
GCGAACGCCAGGCCCGGAGCCGAGACCTTCACCATCGTGATCCCGCCGCCGAATGTCACG
GGTTCGCTGCACATGGGCCACGCGCTGAACAATACGCTGCAGGACATCCTGGTCCGCTTC
GAGCGCATGCGCGGCAAGGACGTGCTCTGGCAGCCGGGCATGGACCACGCCGGCATAGCT
ACGCAGATGGTCGTCGAGCGCAAGCTGATGGAACAGCAGCTGCCGGGCCGCCGCGACATG
GGCCGCGAAGCCTTTATCGACAAGGTCTGGGAATGGAAGGCTGAATCAGGCGGCCTGATC
TTCAACCAGCTGAAGCGCCTGGGGGCGTCATGCGACTGGTCGCGTGAACGTTTCACCATG
GACGAAGGCCTCTCAAAGGCCGTGCTCGAGGTTTTCGTCACGCTCTACAAGGAAGGGCTG
ATCTACAAGGACAAGCGTCTGGTCAATTGGGATCCGAAGTTGCTGACGGCGATTTCCGAT
ATCGAAGTCGAGCAGCACGAGGTCAAGGGCAATCTCTGGCACCTGCGCTATCCGCTGGAA
AAGGGCGTAACCTACCAATACCCGATTGCATTCGATGAGGAAGGCAAGCCGACCGAATTC
GAAGCTT
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Xmal recognition site, Upstream gene-flanking region, Start codon, Pacl recognition site, Stop

codon, Downstream gene-flanking region, Hindlll recognition site
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Rcy-KO - 1627 bp;

GAATTCGCGGCACCGAGCGCTGCCGTCGCGCCGGCATCGCCACCGTTTTCCTCGACGGCT
TCCGCTGTCTGAGACACGCGGAACGCGCCGACCGAGCTTGCCGCGCCCTTCAGCCGGTGC
GCGGCTGCGCCGATCCGGATGGTTTCGCCGCTGGCAATATCCTGAAGGCATGCGCGGGCT
TGGCGCGCAAACATCTGAAGGACTTCGAGTTCCAGCGTCTTGTCGCCCATCGTCTGCTTT
GCGAGATGGACCAGATCGATCGGCCGGACCTTCGAGGGACACGGTCCCTTTGCATTATCA
GGCGCCTCGAATACGATGTTCAATGCTGCCATCTGGGCTGCCATTGCCAATTCTCCCGTC
TCTGTCGTCCGCAGTTGCAACAGTTCTGCGACAGGAGGGTGGCCATCACGTTAAATTCCG
GCACAGTCAGGGCGGAAATCTCGCCATATGGTTAACATCCGTTAAATATCCCTAAACTAT
TGGCTTTTAAGCCGCGCCTAGGATTCAAAGGTGTTAACAAAGGGTTAACGCGCCATGAAT
CTCAAGCCTTCATTAATTGTGTGAAGAGCCCAGATGTGTCACTACGATACTGGTGGAGCG
GGTTTATGGTACGCGCCTTTGCCGAGCGAGTGGATAATGGTAGTGTTTTGATACCTTCCG
TTTGAAAAAGCGGCTATCTACTCTGAAATGACATGCTTATCCGTCCTTCGTTGGGATGGA
AGGCTGGAACGGCAAAGTTGTTCCCGGGTGAGGCGGAAGCCCAGGAAGCGCTGTCGGACT
GGCTGACAGTAACGAGGCATAACCGAATGGTTAATTAATGAGCCTGACTGGTACCCGCCG
ATTGGAAAGCCGCTTGACCACGTGTCGGGCGGCTTTCTCTCTATGAAGCGAGTGTTATCC
ATTCGCCATCCAGCCGCGGAAGCCACTCCCGAATGACCAAGGCCCTTCTGATCATCGACG
TACAGAATGCGATCCTCCGCGGAAAAGCCTCGCCAGAGCGGCAGCCTCAAGTCGATGCCG
CACTCGACGAGACCGTCGCACGGCTGGCCGCGCTACAGGAAAAAGCTCGGCAGGCGGGCG
CGCCGATCGTGCTCGTTCAGCATGACGGCGACAGCGGCCATCGATTGGCTGTCGGCACGC
CGGGTTGGGCGCTGCGCGACGAGCTCGCGCCGAGGCAGGCCGAGGTCGTTGTGCGCAAGA
AAAGCGCCGACGCCTTCTTCGAGACCGATCTTGCCGAACGCCTGGACGAACGATCGGTCA
CCCACCTCGTCATCGGTGGATGCATGTCGCAATTCTGTGTCGACACGACAGTCAGGCGAG
CCGTGTCGCTCGGATATGACGTGACGTTGATTGCCGATGGTCACACGACCGGCGACACGG
CGACCTTGACCTTCTCCGAGATCATTGCCCATCACAACGAAACACTCAATGGTTTCGATG
CGGGCAAGGCGACGGTAGAAATCCGCCCCGCCGCCGAGATCGACTTTAGATAATTTTTCG
AGCTGCAGGTGACCGGAATTGCCAGGCGGCCCCGGTCTCCTATTTCTTACCGATCGTCCG
CTATGTTCCAGTTGTGGACGCAACAATCGAGGCAGGGTGAGACAAAAGGAATCAGCTGTG
GGGATCC
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EcoRlI recognition site, Upstream gene-flanking region, Start codon, Pacl recognition site, Stop

codon, Downstream gene-flanking region, BamHI recognition site
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A.2  Complications with the synthetic parA1-KO construct

Multiple complications with the synthetic parA1-KO allelic exchange construct (Section 2.3.7)
were encountered during attempts to clone the pK18-parA1-KO vector (Table 2.3). Firstly, the
transformation of the parA1-KO delivery plasmid into E. coli DH5a was unsuccessful.
Furthermore, transformation of this plasmid into Thermo Fisher Scientific DH10B Competent
Cells yielded only two colonies across three independent transformations. Restriction digestion
of plasmid isolated from each of these colonies highlighted several issues with this plasmid
(Figure A.1, Parts A & B). Undigested plasmids were much larger than expected, producing a
band of between 8 and 9 kb. Linearisation of the plasmid with Pacl produced a band of
approximately 4.5 kb. Not only was the linearised plasmid also larger than expected, but
generation of a ‘linear’ product significantly smaller than the undigested plasmid suggested
potential concatermerisation of the plasmid. Xmal and HindlIl digestion yielded a product of
approximately 1.6 kb, indicative of the correct insert (i.e. the synthetic parA1-KO construct).
However, instead of the expected 2.2 kb vector backbone fragment, a smaller 1 kb band was
observed. Liberation of the 5’ (Xmal + Pacl digest) and 3’ (Pacl + Hindlll digest) flanks produced
the expected 800 bp fragments, supporting the conclusion that the synthetic parA1-KO

construct was present, but that the vector backbone was incorrect.

The 1.6 kb Xmal/Hindlll fragment (presumed to be the parA1-KO construct) was isolated from
each of the two DH10B-derived plasmid preparations, and subcloned into pK18mobsacB
(Section 2.6.1). Plasmid was isolated from three transformants per subcloning attempt and
subjected to a validation digest alongside a pK18mobsacB-derived control vector. A schematic
of this vector has been shown in Figure A.1C. Analysis of the digestion (Figure A.1D) revealed
that despite successful digestion of the control vector, all six potential pK18-parA1-KO clones
were not linearised by Pacl. For all potential pK18-parA1-KO clones, Xmal, Hindlll, Pacl triple-
digest generated a band representing the pK18mobsacB backbone (also seen in control digest).
Incomplete digestion was also observed, indicated by a band of approximately 7000 bp. The
third product of this digest was a 1600 bp fragment, likely corresponding to the insert cloned
into pK18mobsacB. Failure of this insert to be digested by Pacl into two 800 bp fragments
confirmed that the 1.6 kb inserts cloned into pK18mobsacB were not the correct parA1-KO
construct. Further screening of transformants did not identify of any correct pK18-parA1-KO

clones, with subsequent subcloning attempts also unsuccessful.

256



Hindlll

"B parA1KOin

p
synth. vector

3858 bp

2237 bp

Hindlll

L C123456

-’

~-
v seeesSsSs
- =

.~

parA1-KO

[

7305 bp

Hindlll

Xmal. Pacl, Hindlll
digestion

I Pacl digestion '

pK18-derived
control vector

Pacl-

 8748bp

5668 bp

Xmal

Figure A.1. Diagnostic digests of the synthesised parA1-KO construct. (A) Schematic
representation of the expected parA1-KO synthesis vector received following artificial gene
synthesis, highlighting the Xmal, Pacl and Hindlll restriction sites used for diagnostic digest,
and the expected digest products. (B) Agarose gel electrophoresis (1% w/v) of the restriction
digestions of a single parA1-KO synthesis vector. Lane L; GeneRuler 1kb Plus DNA ladder.
Letters above sample lanes indicate endonucleases used for digestion (P: Pacl, X: Xmal, H:
Hindlll). An undigested plasmid sample was also analysed. (C) Schematic representation of the
pK18-parA1-KO plasmid and a pK18mobsacB-derived control vector, highlighting the Xmal,
Pacl and Hindlll restriction sites and the expected products following digestion with these
enzymes. (D) Agarose gel electrophoresis (1% w/v) of restriction digestions. Lane L: GeneRuler
1kb Plus DNA ladder. Lane C: pK18-derived control vector. Lanes 1-6: potential pK18-parA1-KO
clones, derived from two independent subcloning events.
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A.3  His-tagged Protein expression constructs

His-tagged ParAl expression construct - 990 bp;

TTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGGCAGCAGCC
ATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCTGGCGAAC
GACATCGGATTATCACCATCGCAAATCAGAAGGGTGGCGTTGGCAAGACGACCACAGCAA
TTAACCTGGCAACGGCGCTTGCTGCTATCGGTGAGCGGGTCCTAATCGTCGATCTCGACC
CGCAGGGCAATGCCAGCACAGGCCTCGGTATCGATCGCCGTGATCGCAAGCTGTCCTCCT
ACGATCTGATGGTCGGTGATCGTGGGATTCCCGAAGTGACTCTCGAAACAGCGGTTCCTA
ATCTGTTTATCGTCCCATCAACGATGGATCTTCTTGGTATCGAGATGGAAATCTCGCAGC
AGAGCGATCGGGTGTTCAAATTACGGAAAGCGCTATCTTCGCCCGAAGCCATGGCGTTTT
CTTATATTCTTCTGGATTGCCCGCCTTCGTTCAATCTGCTGACGATGAATGCCATGGCGG
CAGCGCATTCGGTCTTGGTGCCGCTGCAATGTGAATTCTTTGCGCTGGAGGGGTTGAGCC
AGCTGCTCGAGACGGTCAGCCAGGTTCGGCGGACAGTTAACCCGCGTCTGGATATTCAGG
GTATCGTCTTGACGATGTTTGATGCGCGAAACAATCTTGCCCAGCAGGTTGTCAATGACG
TGCGTACGCATCTCGGGGACAAGGTTTACCACACGTTAATTCCGCGCAACGTCCGGGTTT
CCGAGGCTCCGTCCTACGGTAAGCCGGCTATTCTCTATGACTTGAAGTGCGCGGGCAGTC
AGGCCTATCTGCAGCTGGCCTCCGAGGTCATCCAGCGAGAACGTCAAAGGCTGGCCGCGT
AATATCATTTTAGGGGTGTAGGTGAGTGTAGATCATGAATGACGATGTATGCGGATCCGA
ATTCGAGCTCCGTCGACAAGCTTGCGGCCG
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180
240
300
360
420
480
540
600
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720
780
840
900
960

Xbal recognition site, Ribosomal binding site, His-tag, Thrombin cleavage site, parA1 gene sequence,

BamHI recognition site

His-tagged PopZ expression construct — 1075 bp;

TTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGGCAGCAGCC
ATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCTCAGCCAA
GCGTAGCGCGTGAACCGTCCATGGAAGAAATTCTGGCGTCCATCCGCCAGATCATCGAAA
GCAATGAGCCCGGCGCCGGCAAGGCGATTTCTGCATCCCTGCCGCCGGTCTACGGCGCCG
ATGAGGATGACAATGGCTCCGAAATTCATCTGACGGTCGACGATACCTATGCCGGCGTGG
AATTCCCCGAACCGGTCATGCGCTCCTCCGATCCGCGTTTCGTCGCCGCCAATTCGGCCG
GCACCGCCCCCGAAGCAGACGTTCCGGCCCGCGCTCTGTCGCTTGCCGATGTCGCCGCCC
GCGTGCGCGCCGCCTCCGAGCGCAGCGCCGTGCAGGCCGGTCAGGCCCTGCGCGAAATTC
CGAGCGGCTTCCGTCAGCCCGAGCCGCAGCCGGCCGTAATGCCGGAACCGCCGCGLCGLCG
CGGCACCGCAACCCCAGCCGCAGCCGCAGCCGGCACAGCCTGTTTTCCCGGATGCCGCAG
CGTCCATCCAGCATGTTGCGATCCAGCAGCCGGCTGAGCCGGTGTTCACGGAAATGCAAA
GGGTTGCCGTCGCCGAGCCGGCGCCTGCTGTCGAAACAGCGCTGCCGGCTATGGAAGCCA
CTCAGTCGTCGACCGAGCGTTTCCTGCCGAGCGTTATGGACGAGGTCCAGCCGACGCTGC
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TTTCGGAGGATGCCGGCCTGCAGATCAGCCGCTCCTTCGAGGAGCTCGCAGCCGCGATCG
ACGGTGCCGAGCGCCGCTCGCTGGACGAGATCGCAGAGGACATGCTTCGCCCGATGCTGC
GCGAATGGCTTGATGATAATCTGCCGACACTGGTCGAGCGGTTGGTGCGCGAGGAAATCG
AGCGCGTGGCGCGCGGCCCGCGCCGCTGATCGGATTGCTTTTTCCTGAAAAGCCGCTCCG
GTCTCCGGGGCGGCTGCGGATCCGAATTCGAGCTCCGTCGACAAGCTTGCGGCCG

840
900
960
1020
1075

Xbal recognition site, Ribosomal binding site, His-tag, Thrombin cleavage site, popZ gene sequence,

BamHI recognition site

His-tagged Rcy expression construct — 7308 bp;

TTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGGCAGCAGCC
ATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCGAACAACA
AATATAACGAGTCAATTGAGGACAAGGCGTTCAAGGCATTGGACGAGGCGCTCCAGATCG
ACTTTAGCAAGGATAACGTACCGTCTCGCCGCGGCGACGCGCCCCAGGCCCCGGAGGCTA
ATGTGTCTGATCCAGTAAATGCGCGTAACCAGCAGGCCCAGGAAGAAGCGCAGCGCLCGLCA
GCCGCCGCGGTGCCGCCGGCGAGCAGGCTTCCAGGGGTCCGGCCTTCGCGCCCGCCAACG
ATGCCAGCCGCAATACGCCCGCCTCGATCCTGAAATCCTTTGACGGCGCCTCCAGCCGCT
CGGCGGTGCGCACCGCCACCCTGTTTTCCGTGCTTTGGGTTATGGCCGGCCTTGGCCTGA
TGTCGCTGCTTTATGCTCCGCAGATCTGGCAGATCCGTTCGCTCGCCGATCTCGTCGCCC
TGCCCGGCGTGATCGCCGGCCTCGTCGGCATCATCATTCCCGTGATGATGTTCTATGCCT
TCGCCATCATGATCTCCCGCGCCCAGGACATGCGCAACGCCGCCCGCTCCATGGCAGAGG
TGGCGTTGCGCCTGGCAGAGCCGGAAACCATCGCCTCCGAGCGCATCATGACCGTCGGCC
AGGCCGTGCGCCGTGAGGTCTCGGCCATGAATGAAGGCATCGAGCGCACCATCGCGCGTG
CCTCCGAGCTGGAAACGCTCGTCCATTCCGAAGTCAATGCGCTTGAACGTTCTTATGCGG
ACAACGAGTTGCGCGTTCGCGGCCTCGTCCACGAACTCGGCTCCGAACGCGAGGCGATCG
TCAACCATGCCGACCGTATCCGCACCTCGATCGGCAGCGTGCACGACCAGTTGAAGGAAG
AGCTGTCGCTTGCGACCGAAGAGATCGCGGTGCGGCTGGCCACATCGGGCGAAGCCTTCG
CCTCGCTGATCGATACACGCGCCGCAACGATCCTGGAAAAATCGGACAGCGCCTTGCAGT
CGATGGGCAGCCTGCTCGCCGCCAAGACCGATACCCTGCTGCAGACCCTAAACGCATCGG
GTTTTGCGCTGGCCACCGAATTCGACAACCGCCTCGAAGCCCTCTCCGTCAATCTCAACG
ATCATGGCGAAAGGCTGCTCAGCCAGTTCGAGACGCGCGCCTCGACCATGGACAGCAGCA
CCGAAAAGCTGAATGCGGCGCTGAACGAGCGTACGCACCAGCTCAACGAGATCCTGATCG
CCCGCACCCGCGAGATCAATGAGAGCCTGACGTCAGGCGAACGCACCATCGGCGGCALCGC
TCGACGACGTGCTATCGAAGCTGAACAACGCGCTCGACGAAAAGGGCGCAAGCTTCCGCC
AGAGCCTGCAGACCACCGCCGACGACGCCGTCATGGATCTCGACGTGCGCTCCGGCTTCT
TCGAGGAGCGGCTGCAGACGACCGTCGCCCAGCTGTCGACCGCCTTCGACGAACGCGTCT
CCGAATTCACCAGCGCCTTCGACAAACGCACCGGCTCGCTCGACACCAAGCTGATGGAGA
GCCTCGCCCGTATCAACGAGACGCTGACCGGCGGATCGGATTCGATCGACGGCATCCTGA
ATTCCGGCATCGACCGCCTTGGTTCGTCGATGACCGACCAGTCGCTGGCGCTCGCCACCG
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1260
1320
1380
1440
1500
1560
1620
1680
1740
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CGCTCGCCACCGGCCACGAAGTGCTGGAAAGCACGCTCGGTAACCGGGCGGACGAAATCA
CCACCGCACTCACCAGCCGCACTGGCGAGCTGACCTCGGCGCTGCAGAGCGCGACCTCGG
AAATCGCGCTGACGCTTGCGACCGGCACCTCCGAGCTGCAGAACAACCTTCAGACACGCT
CGGCCGAATTCCGCGACACGCTGCGCACCACCACCACCGATCTGACGACTGCCGTTGCCG
CTGGCACCGAGCAGGTGACCACGGCCTTCGGCGGTCGCGCCGAGGAACTGAGCGGCGTGC
TTGCCGCCCGTGCGGCCGAAATCAGCGAGGCGCTCGGCACGGCCCATGGCCGTATCGACA
GCGTCATGGCAGAGCGCGGCGGCGCACTGGTCGAGGCGCTGACCACCCATCACGGCCGCT
TCGAGGAAGCGCTGACGACCCGCTCCGACGCCATCATCAATGCCGTCTCCGACACCCATG
ACCGTCTTGCCGAGACGCTCGACGAAAAGTCGATGGCGCTCGCCATCTCTCTGAACGAGA
GCCAGGCCCGCATCGAGGACACGCTCGAGACCCGCTCCGAGGCCTTCCTCAACGCCGTGT
CTGGCACCCATCATCGCCTCTCCGAGACGCTCGACGAGAAGGCGATGGCGCTCGCCATTT
CGCTCAGCGAAAACCAGGCCCGCATCGAGGATACGCTCGAGACCCGCTCCGAGGCCTTCC
TCAACGCCGTGTCTGGCACGCATGATCGCCTGTCGGAAACGCTGGACAGCAAGGCGGCGG
CCCTGACGACCTCGCTCGACGAGCGCCATGCCCGCATCGAGGATGCGCTTGGAACGCGCG
CCGAGGCACTGCTGAACACTGTATCCGGCACGCGCGATCGTCTTGCCGAGACGCTCGACG
AGAAGGCGATGGCGCTCGCCATGTCCTTGAACGAGAGCCATGCCCGTATCGAGGAGACGC
TGGAAACCCGCTCCGCCGCCCTGCTGAACGCTGTCTCCGGCACCCATGATCGTCTCTCGG
AGACTCTGGACGGCAAGGCGGCAGCTTTTGCCACCTCGCTGAGCGAAGGCCAGGCCCGTA
TCGAGAATACGCTCGAAAGCCGCTCCGCAGCGCTGCTGAACGCCGCCTCCGGCATCCATG
ATCGCCTCTCCGAGACGCTGGACGAAAAGGCGATGGCACTCGCCATTTCGCTCAACGAAA
CCCAGACGCGTATCGAGGACACGCTGGAAACCCGTTCGGCGGCCCTGCTGAATGCGGTCT
CCGGCACGCATGATCGCCTCTCCGAGACGCTGGACGAGAAGGCGATGACGCTCGCCATCT
CGCTCAATGAGAGCCAGTCGCGGATCGAAGACACGCTGGAAGCACGCTCCGAAGCCTTCC
TCAAGGCCGTGTCCGGTACGCACGACCGTCTCTCGGAAACGCTCGACGAAAAGGCGALCGG
CGATCGCCGCCTCCCTGAACGAGGGCCAGAGCCGCCTGCAGGACACGCTGGAGAGCCGCT
CGGAATCCTTCCTGAATGCGGTCTCTGCCACCCACGACCGCCTGTCCGAGACACTCGACG
ATCGGGCGATGGCGCTTGCCATCTCGCTGAACGAGAGCCAGAGCCGTCTCGAGGAGACGC
TGACAACAGGCGCCGATGCGATCACCAATGCGGTCTCCGGCACGCATGTCGGCCTGAACG
GTGTACTCGACCAGAAGGCCGCCGCCCTCGCCACCTCGCTGAGCGAAGGCCAGGCCLCGLC
TCGAGGAAGCCTTGGGCCACCGCACCGCCGCGATCATCGGCGCCGTAACGGCAACCCACG
ATCGGCTCACCGATACGCTCGACGAAAAGACCATGGCGCTCGCCATTTCGCTCGATGATA
ACCAGAGCCGCTTCGACAGTGTGCTCGAAGCCCGCAGCAACGCCATCATGGAGGCCGTCT
CCGGTGCCGAGGCACGAGTCGCCGGCGCCTTCTCCGACAAGACCGATGCGATCCGCACTG
CCTATACCGATAATCAACAGCGGCTCGAAAATGCGCTTTCTGAACATAGCGCCGCCCTCT
CGGGCGTTCTCGATGCTGGCGGCAACCGCTTTGAGGATCTCGTCGGCGGCTTGACCGGCC
GCATCGAAGGCCGTCTGACCGATGCCCATACACGGCTCGGAGGCCTCGCCGACGAAGCCG
CGGCTCGTATCGAGGGCGGGCTCGCCTCTGCCCATGAGCGCATCCGTACGACGCTCGAAG
ACCGCGCCAACGCCATCGACCTATCGCTGAACCAGGCCCATGCGCTGATCAGCGATACGC
TGGCCGAACAGGCGACCAGCATCGGCACCTCGGTGGCGACGAGCGTCGGCATGCTCGAAT
TGTCGCTGGAGCACCGTGAAGCCGCGATCCGCCAGGCGATCGATGCCGGCGCCCAGACAT
TGGAAGATCGCATGCATGCCGGCGCGGGCCAAATCGCCGGCCGCTTCCAGGAGGCGGCAA
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ATGCGATTTCGAGCTCCACCCAGGATTTCTCCGCCCACCTCGATCGGTCGGTCGAAAGCC
TGACGGGCCGTTTTGAAGAAACCGGGGCGCGTGTGGAAGCCGGCCTTGCGGCGATCGAGA
CCCGCATCCGCGACGGCGTCGGCGGCGTTGCCGAAAGGGTCGAAGCGGCCAGCGGCCAGC
TGTCGGGCGTGCTTGCCGACGGCGTCTCTCGTATCGGCGCGCTCAGCGACGACGCCACGC
AGCGCATCTCGGCGACGCTCGAAGGCAGTGCCGCAAACCTCACCCAGGCGATCGACAACC
GCACTGCCAATCTGGCCGAGACGCTGGACAGCCGCACGACCAGCCTGACCGACGCTATCG
ACGGCCGCACCGCGAGCCTCGGCGAAACTCTCGACCGCGGCAATGAACGCATCGAGGAAC
GCCTCTCCACCATGGACCGTGCGTTGACCGTCGGCCTCGAGGCCGTCAACCGCACCATCG
AAGGCAAGGCCGCCGGTCTCGCCTCGACGCTGCGCAGCGCGGTTGCCGACGCAGCCCAGG
GAATGGAAGGCGAAGCCACGAGAACCACCGAACTGCTTGGCAAGACCGGCCAGCAATTCG
CCGAGGATCTCAATACGAAAAGCGACGAATTCACCCGCACAATGGATGAGCGCTCGTCGC
AGATCGTAACCCGCGTCGCCGAAGCGCAGAACCGGCTGGCAAGCCAGGCCGCTGCCGTCG
CCCAGACATTCTCGGAAGCCGGCAACGCCATCGTCAACAAGGTCGCCGAAGCCGAGACCA
TCGTCGGCACGCAGGTCAATGCCATCTCCAAGGTGCTGTCGGATGCCGGCCAGTCTCTGG
AGACACGCGGCAACGCCATCCGCTCGACACTGTCGGGCGCCGGCAGCGAGATTTCCGCCA
CCATGGCGGATGTCGACCGGGCGCTCGAAGCACGCAGCAGCGCCATTCGCACCAACCTCG
AAGAGCGTGCCCGCGAGATCGATACGACGTTCTCCGATATCGACCGGGCGCTCGAAGCAC
GCGGCAACTCGATCCGCTCGACGCTCGAGGAGCGCACGCGCGACCTCAACTCGATGCTAT
CAGGCCGTTCGGTCGAATTGACGCGCATCCTCGACGAAACGGCCCGCCCGATCATCGACC
GCTACACCGATGCCGGCGAGCAGGCCGCCGCCCGCATTACCGCCGCGGCCAACCTCAGCG
CCGACCGCCTGCGCGCCGAAAACGAAGCGCTCGCCAGCGCCGTTGCCGCCCGCACCGAGA
ATGTCGCCAATGCCGTCAGCGCCATAGAGAACAGCCTGGTCGGCAACGTCAACGGCCTCG
TCGAGCGCATGTCGGAAAGCAGTGCTGCAATGGCGATGATGATGAACCGCGCCGCCGAGC
AACTGGCCAGCGTCGACGGCCGTCTCGGCGATACCACCACACGCTTTGCCGACTCCGCCA
CCAAGGCCGCTGAAATGGTCTCCGCCTCGACCAGGCTTCTCGAAGGCAAGGTCGACCGCC
TCTCCGACATCTCGGGCCAGACGCTGGCACAGGTCGGCGGCATCATCGGTCGCTTCGACG
AACACTCCAAGGTTCTGACCCAGGCTTCGCAGCTTCTCGGCGCCGCCCAGTCCAACCTCG
CCTCGACGCTCGAAGAGCGCGAGAGCGCTCTGCAGACGCTCTCGGTCGGCCTCGTCCAGC
GCTCCGCCGAGATCGAAAAGACCATGCAAGGCCTCGGCGGCATGATCGAGACCGTGTTCG
AGCGGGCAGAGCAGCGCTCAGCCCAAGTCACCGGCAATCTGCGCCAAGGCGTGCAGTCGT
CCTTCGCCGATATCGGCCGCATTCTCACCGAAACCGAGAAGCGCGCCCAGGAAGCGGCAG
AGACGATGCGCGAGGCGATCACCCGCGCCGGCGACGAGGCCAATACGACGATCGACGGCA
CCTTCGCCAATGTCGAGCGCCGCTCCGGCGATCTCTCCAATCGCATTCGCGGCGGTCTCA
CCGCCTCGCTGTCGGAAGTCGAGCGCATGCTCGGCGAAGCCGGCCGCGCTTCCGACGGCG
CCGCCCAGAATATGCGCGAAGCGCTGCGCGAGGCGATCGATGATGCCGTCGGCCGCTTCT
CCGGCGCCACCGAAGATATCCGCCGCTCCGCCGCCGACATCCGCAGCGAGCTCGACGLCCA
CCCGCGCCGAACTGAAGCGCGGCGCCTTCGATCTTCCCGAGGAAGCCAAGGAAAGCGCCT
CGGCCATGCGCCGGGCCGTCGCCGAGCAGATTAAGGCGCTGCAGGATATCTCCCAACTCG
TCGGCCGCTCCAGCCAACAGCTCGAGATCTCCGAACCCGTTGCCCGCACGCTCGCCCAGG
TGCAGCCGGCCCCGCGTCCCTCCAAGCCGGTCGCAGCCCAGCCGCCGCAGGCGGCAGCAL
CCCCGCCGATCGAAGCGACAGGTCTGCGCGGAACGATCGCACCATCTGCGCCGGCTGCCG
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CCCCCCAGCGCGCCGCGCCGCAGCCTGCCCCCGCTCGCCAGGAAACAGGCCGCCCGGAAA
CAGGTCGCCAGGAGCCGGCTCGTCCGGAAAGCGGCGGCTGGATCAGCGATCTCCTGCGTG
GCGCATCGCGTGAGGAGGCCGCCGACGAGGCCGCGGLCCGCCCGTGTTCCGGCCCGLLCLGG
CGGAAACTGCCGCGCCGGCCGCGCGAAGCAATGACAGCCGCAATCCGCGCCACGTCGTCG
AATCGCTGAACTCGCTCTCGGTCGATATCGCCCGCGCCATCGACCACGACGCTTCGGTCG
ATCTCTGGCGCCGTTACCAGCGCGGCGAGCGCGATGTCTTCACCCGTCGCCTCTACACGC
TGAAGGGCCAGCAGACCTTCGACGAGATCAAGCGCAAATATGACCGCGAACCGGAGTTCC
GCACCGCCGTCGACCGCTACATCGGTGATTTCGAAAAGCTGCTCGCCGACGTCGCCCGCA
CCGACCCGAACCGGACGGTGACGCAGTCCTACCTCACCTCGGATACGGGCAAGGTCTACA
CGATGCTCGCTCATGCCGCAGGCAGGCTCGGCTGAGCCTGACTGGTACCCGCCGATTGGA
AAGCCGCTTGACCACGTGTCGGGGCGGATCCGAATTCAAGCTTCAGTC
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A.4  Phase contrast microscopy of protein overexpression phenotypes

pIND6-parA1

pIND6-rcy

Figure A.2. Whole field-of-view phase contrast images of ParA1, PopZ and Rcy
overexpression phenotypes within R. leguminosarum. R. lequminosarum 3841 strains
carrying the plasmids pIND6 (empty vector control), pIND6-parA1, pIND6-popZ and pIND6-rcy
were cultured in TY media for 20 hours. Protein overexpression was induced at 20 hours with 1
mM IPTG. Culture samples were isolated at 24 hours post-induction and viewed using phase
contrast microscopy. A range of overexpression phenotypes were observed, including
asymmetric cell division (hollow arrowheads, pIND6-parA1), branched cells (solid arrowhead,
pIND6-parA1), clusters of small, spherical cellular bodies (arrows, pIND6-popZ), and enlarged
cells with a ‘budding-like’ morphology (asterisks, pIND6-rcy). These images were used for
further analysis to measure cell area, perimeter, width, and length. Scale bars represent 10
pum.
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