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Abstract
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Jack Parsons, New College
Submitted for the degree of DPhil., Trinity Term 2019

In Rhizobium-legume symbioses the earliest stage of physical contact between bacteria and
the plant root is primary root attachment. This is crucial for nitrogen-fixing symbiosis
development and underpins many plant growth-promoting relationships. Rhizobia use a
variety of factors for primary attachment including pH-dependent adhesins (such as
glucomannan and the hypothesised rhicadhesin), surface proteins and extracellular
polymeric substances. However, primary attachment remains an understudied area of
symbiosis development.

In this work | use a range of techniques including luminescence-based attachment assays,
mariner insertion sequencing (INSeq) and real-time imaging to investigate the factors
governing primary attachment to plant roots with the model organism Rhizobium
leguminosarum biovar viciae 3841. These techniques demonstrate that bacterial cell surface
and extracellular factors are crucial and show extensive pH-condition and plant host
specificity. Exopolysaccharide, lipopolysaccharide and peptidoglycan all show different
profiles of modification in attachment to pea roots at different pHs and attachment to barley
and soybean roots. The glycolytic enzyme TpiA is likely to be surface localized and is an
attachment factor required under all conditions. Further, outer membrane protein and
Flp/Tad pilus usage in attachment to soybean and barley roots shows that RIv3841 can use
primary attachment mechanisms demonstrated in other bacterial species. Another novel
insight is that a filamentous hemagglutinin adhesin factor is also a previously unknown
primary attachment factor. Proteomics, attachment assays, INSeq and confocal imaging
were used to investigate rhicadhesin, demonstrating that there are multiple attachment
factors matching the criteria for this protein. As glucomannan-independent root hair
attachment is shown to be both polar and non-polar, these factors are likely distributed
across the cell surface. Results from INSeq showed that control of cyclic-di-GMP levels is
another important parameter in root attachment. It seems likely that the regulator RL4145
(required for attachment to all plants tested) functions via repression of a cyclic-di-GMP
degrading factor to promote attachment. This work also builds on root-microbe interaction
imaging technologies by developing a system suitable for Rhizobium and legume plants.
Results reinforced the idea that the root elongation zone is a crucial region for early stage
interactions, and that bacterial cell motility is important for this. Overall, this work
significantly enhances our understanding of primary attachment mechanisms in Rhizobium-
legume symbioses, demonstrating a previously unknown mechanistic complexity.
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1.1 Planetary health: climate change and the nitrogen crisis

1.1.1 Climate change and the Anthropocene

Global health (human population health worldwide) and planetary health (encompassing
the state of earth’s natural systems) are inextricably linked; humanity is dependent on the
health of multiple planetary systems for survival [1]. In the Holocene era, modern human
civilisations developed and planetary changes (such as temperature fluctuations) were
effectively buffered. The industrial revolution (characterised by fossil fuel use and
industrial agriculture) enabled a new age, known as the Anthropocene, where humanity’s
impact became such that the planet began to move away from the stability of the Holocene
[1-3].

Present day global health is considered better than at any time beforehand. Reductions in
extreme poverty, higher life expectancy, lower child mortality and rapid healthcare and
technology advances evidence this [4, 5]. This rapid development is underpinned by earth
systems (oceans, forests, wetlands etc.) which provide both direct (e.g. food, fuel, water)
and indirect (e.g. nutrient cycling) goods and services [3]. However, rapid population
growth (see [6]) and continued unsustainable resource use risks irreversible earth system
alteration, which may undermine human societal development and species survival [1].

In a comprehensive evaluation of planetary health, Rockstrom et al (2009) developed the
planetary boundaries (PBs) framework and defined the current status of each boundary
based on risk of large negative planetary perturbation [2, 7]. The PBs are shown in Figure
1-1, below. Note that climate change and land system change sit in the zone of
uncertainty, whilst biosphere integrity and biogeochemical flows (especially nitrogen)

have moved into the high-risk categories.
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Figure 1-1. The current status of the nine planetary boundaries. The green zone represents
the safe operating space. The yellow zone represents the zone of uncertainty and the red
zone is the high-risk zone. Processes for which global-level boundaries cannot yet be

quantified are represented by question marks. Reproduced from Steffen et al. (2015), [7].

The further these PBs are transgressed beyond the safe operating space the more likely
dramatic planetary changes become. This, in turn, impacts on the security of humanity.
Climate change itself (encapsulating all PBs) represents the greatest threat to humanity in
the 21% century and is largely driven by fossil fuel combustion and expansion of
agriculture [2]. Over 30% of non-ice or desert land globally has been converted for
agricultural purposes, and this conversion continues, causing soil degradation, forest loss

and water pollution [8-10].

1.1.2 Biogeochemical flows and the nitrogen cycle
Disruptions to the nitrogen and phosphorous cycle are major drivers of ecosystem change

and decreases in planetary health. The nitrogen cycle is the biogeochemical flows of
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different forms of nitrogen through the atmosphere (including terrestrial ecosystems) [11]

(Figure 1-2).
Nl\
T Amino
11 [ acids
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NS NG decomposition
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NH,OH NO—*NO, NO,
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Figure 1-2. The Nitrogen cycle. Red arrows indicate reduction of atmospheric dinitrogen
to ammonia (through biological or industrial processes), which provides fertilizer for
plants (green arrows). Excess ammonia is processed by soil microorganisms in
nitrification (light blue arrows) and denitrification (dark blue arrows), which, along with
leaching, converts nitrogen-containing fertilizers into pollutants. Reproduced from

Lehnert et al. (2018), [12].

Whereas biological processes for the conversion of atmospheric dinitrogen into reactive
forms are largely driven by microorganisms and lightning strikes, anthropogenic forms are
mostly due to the Haber-Bosch process. This process demands high temperatures and
pressures for the conversion of nitrogen to ammonia and is responsible for up to 2 % of

global energy use per year [13, 14].
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Plants require biologically active forms of nitrogen (including ammonia) for growth [15];
indeed, production of nitrogen fertilizers is a large contributing factor to the increases in
global food output over the last 10 years [16]. However, only 30-50 % of reactive nitrogen
applied to fields ever reaches the intended crops. The rest leaches into terrestrial and
aquatic ecosystems, with myriad negative consequences [17]. These include biodiversity
loss, eutrophication of water systems and death of aquatic life [17, 18]. Oxides of nitrogen
are particularly damaging given their potent greenhouse gas activity and direct negative

impact on human respiratory health [3, 19].

1.2 Evolutionary answers: the nitrogen fixers

1.2.1 Biological nitrogen fixation

Biological nitrogen fixation (BNF) carried out by bacteria is responsible for ~65 % of the
available nitrogen in the biosphere [20]. Although BNF can be carried out by various
diazotrophic bacteria [21], the largest contribution to BNF comes from symbioses between
Rhizobium (soil bacteria of the Rhizobiaceae family) and legume plants [22—-24].

Within this symbiosis, rhizobia reduce atmospheric dinitrogen to ammonia (NH4") via the
nitrogenase enzyme complex. This ammonia is provided to the plant (acting as a bio-
fertilizer) and bacteria receive carbon sources (mostly as dicarboxylates) in return [25,
26]. Annually, the nitrogen fixing symbiosis provide ~40 million tonnes of bio-available
nitrogen into agricultural systems [27]. As fixed nitrogen is delivered directly from the
bacteria into plant tissues, BNF reduces the detrimental side effects of fertilizer
application, including eutrophication and greenhouse gas release [21, 24]. As these

symbioses only occur with legume crops (such as pea, soybean and alfalfa), crop rotation
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has traditionally been used (alternating planting of cereal crops with that of legumes) to
increase soil nitrogen content, boosting crop yields. However, this technique is rarely

employed in intensive agricultural settings [18, 28].

1.3 Trading places: lifestyle switching in the Rhizobium-legume symbioses

1.3.1 Signaling and the initiation of symbiosis

Prior to the initiation of symbiosis, rhizobia live a motile, saprophytic lifestyle in the soil
in competition with a large microbial community. A single gram of soil contains up to 10*
bacterial species and 10° bacterial cells [25]. The rhizosphere is an interesting zone of soil
immediately surrounding plant roots, which is influenced heavily by exudates [29, 30]. It
is in the rhizosphere that signaling processes leading to the formation of Rhizobium-
legume nitrogen fixing symbioses begin.

The process of symbiosis formation is initiated by a two-way molecular dialogue between
legume roots and symbiont Rhizobium. When soil nitrogen conditions are low
(iso)flavonoids are secreted from legume roots which act both as rhizobial
chemoattractants and inducers of Nod genes [25] (see Figure 1-3 and 1-4). Flavonoids
themselves are functional secondary plant metabolites with different chemical moieties
that convey signaling specificity with cognate symbiont rhizobia. Flavonoids are
perceived by the NodD transcription factor, which acts as a positive inducer of the nod
gene cluster in rhizobia [31]. These genes encode Nod factor, a recognition molecule
specific to each Rhizobium-legume symbiosis which, when perceived by the plant,
activates the symbiosis signaling pathway [32, 33]. The Nod factors themselves are

lipochitooligosaccharides (LCOs) with an N-acetylglucosamine oligosaccharide backbone
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and differential molecular decoration (including sulphonation, glycosylation, methylation,
fucosylation and acetylation). They are crucial symbiosis specificity factors and determine
recognition between different legumes, which perceive them using Nod factor receptors
(NFRs). NFR activation elicits a calcium-based signaling response pathway in planta

which triggers the development of root nodules and symbiosis formation [26, 33].

1.3.2 Primary root attachment

In the first physical interaction of nitrogen fixing symbiosis, rhizobia attach to root hairs
(see Figure 1-3 and 1-4). Attachment also occurs to bulk root epidermis in a further type
of non-nitrogen fixing symbiosis [34]. In this symbiosis, plant roots exude up to 20 % of
their photosynthate through roots, and these exudates can serve as preferential growth
substrates for rhizobia [34, 35]. Host plants also derive benefits of bulk root attachment.
For example, the production of indole acetic acid and siderophores by root colonizing
Rhizobium leguminosarum has been shown to promote the growth of tomato, peppers,
maize and lettuce, among others [36—38]. These plant growth promoting rhizobacteria
(PGPR) can also protect plant roots from pathogens, likely as a result of plant immune
modulation (indirect mechanism) or pathogen exclusion (direct mechanism, see 5.1 for
further discussion) [39-43].

Recently, a common biphasic model of root attachment has been proposed which exists
across agriculturally relevant microbial species including Rhizobium, Agrobacterium,
Pseudomonas, Azospirillum and Salmonella [34]. Following migration to the root
(typically via flagella or pili mediated motility [44, 45]), universal, non-specific binding
forces mediate interaction with the root surface. These include Van der Waals forces,

electrostatic and hydrophobic interactions [34, 44, 46]. Motility assists in overcoming
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repulsive electrostatic forces caused by bacterial cell envelope charge [44]. These initial,
reversible interactions are followed by the first (primary) stage of root attachment, which
relies on microbe specific factors.

Primary attachment is characterised by root interactions stronger than those mediated by
universal forces, but which are still reversible and often involve surface proteins,
polysaccharides and flagella [34]. Primary attachment mechanisms used can be affected
by a range of different factors, including nutrient availability and soil pH.

A good example of this is the proposed model for pH dependent primary root attachment
in R. leguminosarum, the cognate nitrogen-fixing symbiont of legumes including pea and
vetch. Under acidic to neutral soil conditions, R. leguminosarum uses the polarly located
surface polysaccharide glucomannan to bind root hair lectin [47]. Lectins themselves are
widespread carbohydrate binding proteins that act as recognition molecules in cell-cell
interactions and mediate specific yet reversible binding interactions [48, 49]. It is thought
that acidic pH lectin-mediated attachment is also used in other Rhizobium-legume
symbioses, as Bradyrhizobium japonicum can attach to soybean roots in this way [50, 51],
and legume species often show high lectin content [48].

Under alkaline pH conditions, root lectins are solubilised, and glucomannan no longer
mediates attachment [47]. It has been proposed that an extracellular rhizobial protein
termed rhicadhesin mediates rhizobial attachment to an unknown plant receptor under
these conditions. In this model rhicadhesin is bound to the bacterial cell wall by a calcium
(Ca?*) ion and may disassociate under acidic pH conditions [52]. Rhicadhesin is thought
to be a 14 kDa protein and could inhibit rhizobial root attachment to pea roots when used
as a pre-treatment [53], but neither the protein nor its encoding gene has yet been

identified. Agrobacterium is also thought to make use of rhicadhesin under alkaline
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conditions [53, 54]. However, the definition of rhicadhesin based on its ability to inhibit
attachment may not necessarily show that it has a direct role in attachment, and it is also
possible that multiple copies of the gene could contribute to difficulties in identifying this
factor [55].

Multiple further genes are implicated in primary root attachment in R. leguminosarum,
though to what extent these are required for root hair vs. bulk root attachment is not
always clear. The importance of EPS was highlighted by a pssA (acidic EPS biosynthesis
gene) mutation in R. leguminosarum biovar viciae 3841 (RIv3841), strongly defective in
root attachment at acidic or alkaline pH [56]. Rhizobium adhering proteins, the PlyB EPS
glycanase, RosR cell surface component regulator and predicted cadherin attachment
proteins were also implicated [57-59].

In Agrobacterium, surface proteins, molecular adhesins, pili and capsular polysaccharides
(CPS) are involved in primary attachment [60]. In Azospirillum, primary attachment is
also called adsorbtion, and is mediated by the polar flagellum [60-62]. Glycosylation of
flagellin (the flagellar subunit) is known to be important, and occurs via the same genes
involved in lipopolysaccharide (LPS) biosynthesis; mutation of these genes inhibits
primary attachment [63]. Various outer membrane proteins (OMPSs), which function both
in root attachment and cellular aggregation, are also required [64]. It is additionally
proposed that the LPS O-antigen of Azospirillum directly binds maize root lectin to
mediate primary attachment [65].

Pseudomonas fluorescens utilises pili for primary attachment along with flagella and
various surface polysaccharides, although for this bacteria the process is not particularly
well characterised [66]. Outer membrane porin F (OprF) from P. fluorescens shows

adhesive properties to wheat, barley, maize and tomato roots, among others [67, 68] and
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implicates this as a primary attachment factor. In Salmonella, flagella, fimbrae and pili
have all been shown to be important in attachment to Arabidopsis roots [69, 70]. A
summary of these different factors is shown in 1-3, below.

Overall, this highlights the wide variety in primary attachment mechanisms used across
different bacterial species. Despite this knowledge, it remains the case that primary
attachment mechanisms in Rhizobium-legume symbioses (nitrogen fixing or bulk root) are

vastly under-characterised in relation to other symbiotic stages [25].

0

Chemoattractants ' Primary attachmento Secondary attachment%

—_— —

Plant root surface Plant root surface Plant root surface
Universal — van der Waals and electrostatic forces, * Universal — extracellular fibrils, cellulose
hydrophobic interactions *  Rhizobium — EPS, Raps, cadherin-like domain
Rhizobium — glucomannan (acidic), rhicadhesin proteins
(alkaline), EPS, Raps, cadherin-like domain proteins * Agrobacterium — UPP
Agrobacterium — adhesive T pilus, rhicadhesin, * Pseudomonas — outer membrane proteins, LapA/F
surface proteins, CPS adhesins
Pseudomonas - pili, outer membrane porins, flagella *  Azospirillum — EPS, CPS, LPS, outer membrane
Azospirillum - flagellum, outer membrane proteins, proteins and lectins
LPS * Salmonella — cell surface fimbrae
Salmonella — flagella, surface fimbrae, pili

Figure 1-3. Bacterial root attachment mechanisms. In the first stage, chemoattractants
exuded from roots cause bacteria to migrate to the root surface. Primary attachment of
single cells to the root surface follows this and can be polar, with a variety of different
factors involved depending on bacteria and environmental conditions. Secondary
attachment follows, with bacterial aggregates becoming tightly bound to the root surface.
Secondary attachment factors differ depending on bacteria. EPS — exopolysaccharide,

Raps — Rhizobium adhering proteins, CPS — capsular polysaccharide, LPS —
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lipopolysaccharide, UPP — unipolar polysaccharide. Adapted from Wheatley et al. (2018),

[34].

1.3.3 Secondary root attachment

Secondary attachment follows primary attachment (often being dependent on it as a
precursor stage, [60]) and is characterised by tight binding to roots, which typically
involves extracellular fibril synthesis [71]. Secondary attachment secures microbial
association with the root and can be a precursor to endophyte colonization [34]. For
nitrogen-fixing rhizobia, cellulose fibrils, polysaccharides and secreted proteins permit the
accumulation of bacteria at the site of initial primary attachment [34, 72]. Secreted
proteins involved often contain Cadherin-like domains, and this has led Rap proteins to be
classed as secondary attachment factors [73, 74]. However, the requirement for RapA2
and RapC proteins in a two hour attachment assay gives weight to the idea that they are
likely involved in both primary and secondary attachment [59]. RapALl (the most well
characterised of the Raps) is a 30 kDa polar surface protein which functions in cell
agglutination through binding EPS or capsular polysaccharide (CPS) [58], and
overexpression of Raps enhances both stages of root attachment [59, 75].

Polysaccharides also fall into this dual-role category, particularly EPS. This major cell
surface carbohydrate polymer is known as acidic EPS in R. leguminosarum and is an
octasaccharide repeating unit of glucose, glucuronic acid and galactose in a 5:2:1 molar
ratio [76]. On both abiotic and biotic surfaces, EPS deficient mutant strains show
defective attachment and colonization; root attachment itself is compromised in both

primary and secondary attachment stages [77].
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In Agrobacterium, unipolar polysaccharide (UPP) is a polarly located polysaccharide
analogous to rhizobial glucomannan [47], although the attachment it mediates is
irreversible [55]. UPP production is thought to be stimulated by increased cellular cyclic
di-GMP (c-di-GMP), which has a key role in attachment and biofilm formation [78, 79].
Cellulose fibrils are also utilised and facilitate bacterial aggregate formation on the plant
surface; this mechanism of biofilm formation is also under c-di-GMP regulation [55].
The correlation between high c-di-GMP concentration in cells and biofilm formation (as
well as low c-di-GMP levels and motility) has been demonstrated in multiple bacteria,
including E. coli, P. aeruginosa and S. enterica [80]. Specific attachment and biofilm
formation factors under the regulation of c-di-GMP signalling include type IV pili, EPS
production and surface adhesin production, among others [81]. Intracellular c-di-GMP
concentrations are modified by altering its rate of synthesis or degradation. Diguanylate
cyclases synthesise c-di-GMP from two GTP molecules, and phosphodiesterases degrade
it [79]. In terms of protein domains, a GGDEF active site motif typically represents
diguanylate cyclase activity, whilst an EAL or HD-GYP active site motif represents
phosphodiesterase activity [82, 83]. Whilst proteins can carry both GGDEF and EAL/HD-
GYP domains, it is usually the case that only one is functional, or that a third regulatory
domain manages protein activity [84, 85]. Recently, Little et al. (2019) highlighted the
importance of c-di-GMP signalling in competitive wheat rhizosphere colonization of P.
fluorescens [86]. The relationship between high c-di-GMP levels and positive regulation
of attachment and biofilm formation has also been described for Agrobacterium and S.
meliloti [87, 88].

In Azospirillum the biosynthesis of polysaccharides and extracellular fibrils is similarly

associated with secondary attachment, including EPS and CPS, as well as LPS, OMPs and
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outer membrane lectins (OMLSs) [34]. Burdman et al. (2000) demonstrated that EPS
concentration and composition directly affects cell aggregation, with higher arabinose
content having a positive correlation with the levels of attachment and colonization [89].
A 67 kDa OML in A. brasilense specifically recognises EPS, and is thought to mediate
adhesion between attaching cells through the formation of EPS bridges, promoting biofilm
formation [62].

In Pseudomonas, cellulose fibrils contribute heavily to secondary attachment, alongside
two large adhesin proteins, LapA and LapF. LapA is thought to act in both initial polar
attachment and the initiation of biofilm formation. Initiation of LapF production in the
latter attachment stage mediates cell-cell interactions to secure biofilms [90, 91].
Cellulose fibrils are also crucial to Salmonella secondary attachment and surface
aggregate fimbrae nucleator proteins also aid in microcolony and biofilm formation [69].

Figure 1-3 (above) provides a summary of these different factors.

1.3.4 Infection thread formation

Following attachment of rhizobia to root hairs, Nod factor signaling induces the influx of
calcium (Ca?*) at the root hair tip [27]. This disrupts the apical growth profile of root hairs
and leads to curling, which entraps the bacteria in the shepherd’s crook structure [26] (see
Figure 1-4). From here they derive entry to the plant through an infection thread structure
[92]. As the infection thread is formed by an invagination of the plant cell wall, bacteria
remain topologically external to the plant, even whilst traversing toward the inner root
cortical cells [26, 72].

The infection threads are long passages which allow bacteria to migrate toward the base of

the root hair cell. Division of infecting rhizobia at the leading edge of the infection thread
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is thought to provide the force for infection thread progression, whilst plant cytoskeletal
rearrangement in underlying cells directs the path of infection threads [93, 94].

An infection thread will travel the length of a cell, with bacteria released in the
extracellular space. From here, further infection threads form to transport rhizobia toward
the developing nodule, through epidermal and cortical cells [26, 95].

Infection thread formation is usually clonal, meaning that one initial Rhizobium cell
multiplies within the thread and populates the nodule, free from competitor bacteria [72].
Given the intimate nature of the symbiosis and the resources invested by the plant in
nodulation, checkpoints aside from Nod factor specificity exist to protect against non-
symbiont or pathogen infection. It is thought that specific rhizobial surface polysaccharide
recognition may play a role here, with cognate symbiont EPS suppressing plant defense
responses. An example of this is the interaction of EPS receptor 3 (EPR3) of Lotus
japonicus with the EPS of Mesorhizobium loti. The extracellular LysM domains of EPR3
selectively recognize cognate symbiont Rhizobium EPS, and an intracellular kinase
domain transduces a signaling cascade that is required to sustain the infection thread in L.

japonicus [96]

1.3.5 Nodule development and bacteroid formation

Within the root cortex itself, symbiosis signaling pathways leads to the concomitant
cellular differentiation and formation of root nodules (specialized structures in which BNF
takes place) during the growth of the bacterial infection thread [25]. Upon reaching the
nodule in an infection thread structure, bacteria bud off from the tip of the thread and enter

developing nodules as membrane enclosed symbiotic bacterial cells [72].
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Two types of cortical nodule exist: indeterminate and determinate [72, 97]. Indeterminate
nodules are most commonly formed on legumes found in temperate and tropical regions,
are elongated and have different zones of development and persistent meristematic activity
[72]. Determinate nodules, however, show a loss of meristem function after development,
and are spherical, with no distinct zones [97]. The symbiosis between RIv3841 and Pisum
sativum results in the formation of indeterminate nodules, whereas in the M. loti and L.
japonicus symbiosis determinate nodules are formed [72, 97].

In the process of becoming bacteroids, rhizobial cells undergo a differentiation process
which results in the production of nitrogenase and accessory components. These permit
the fixation of atmospheric dinitrogen into ammonia (see 1.4) [27]. Bacteroids can be
viewed as nitrogen-fixing organelles; they are enclosed by a plant-derived symbiosome
membrane across which ammonium is provided for the plant in return for carbon sources
(mostly C4 dicarboxylates), which provide an energy source for this process [25, 26].
The terminal differentiation that rhizobia undergo to become bacteroids in indeterminate
nodules involves genome endoreduplication, loss of cell division and large morphological
changes [98]. Plant derived nodule specific cysteine rich peptides (NCRs) are thought to
drive these changes in bacterial physiology. NCRs show homology to antimicrobial
peptides, and therefore represent an adaptation of plant immunity in controlling
endosymbionts [99, 100]. The presence of NCR peptides in inverted repeat lacking clade
(IRLC) legumes as well as the older Dalbergioid lineage likely demonstrates convergent
evolution; the independent evolution of terminal bacteroid differentiation in two plant
lineages has developed to occur by similar mechanisms [101, 102].

In both determinate and indeterminate nodules, bacteria become metabolically dependent

on their hosts in the nodule, which provides a protective niche for the bacteria. The
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activation of many nitrogen-fixation related genes (including nif and fix genes) in the
bacteria is governed by low oxygen conditions, maintained by leghaemoglobin. This high
oxygen affinity protein buffers nodule oxygen concentration (important for nitrogenase
function, see 1.4) and causes pink coloration of the nodule due to the presence of the
protein heme group [103, 104].

Upon nodule senescence, bacteria from determinate and indeterminate nodules recolonize
the soil. In the former this is via de-differentiation back to their free-living state, whilst in
the latter this is via the release of undifferentiated bacteria from the infection thread [56,
105, 106].

An overview of the process from attachment to nodule formation, as well as a diagram of

an indeterminate nodule, is shown in Figure 1-4, below.

Root Hair

Rhizobium
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: Infection s
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2 initiation of nodule formation Nod Factors
3
4 nif genes
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Figure 1-4. The formation of nitrogen-fixing symbiosis and structure of indeterminate
nodules. A — symbiosis development, from free-living soil bacteria to nitrogen-fixing
bacteroid. 1 — Rhizobium perceive flavonoid signals from host legume roots via the

transcriptional regulator NodD, which induces Nod factor transcription. 2 — rhizobia attach
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to roots and plant Nod factor perception induces root hair curling, trapping the bacteria in
a shepherd’s crook. 3 — infection thread formation begins with the invagination of the
plant cell wall, which expands inwards toward the root cortex and allows bacteria to
proceed toward the developing nodule structure. 4 — nodulation is completed as bacteria
bud off from the infection thread and enter the nodule, differentiating to become nitrogen-
fixing bacteroids. Fixation occurs via the nitrogenase enzyme complex in the reaction
shown. Adapted from Laranjo et al. (2014), [107]. B — A longitudinal section from a 10-
day old indeterminate alfalfa nodule infected with GFP labelled S. meliloti with the
meristem, infection and fixation zones indicated. Plant tissue is stained red with propidium

iodide. Adapted from Gage et al. (2004), [72].

1.4 Nitrogenase biochemistry
Nitrogenase is the metalloenzyme complex which is the catalyst for BNF. It catalyses the

conversion of atmospheric dinitrogen to ammonia in the following reaction [108]:

N> +16 ATP +8H"+8¢ > 2 NH3 + 16 ADP + 16 Pi + H»

The molybdenum-nitrogenase is the best characterised, being composed of one iron-
molybdenum protein heterodimer and two iron protein dimers (each containing an iron-
sulphur cluster and an ATP binding site) [109] (Figure 1-5). The iron-molybdenum
protein is an ozP2 tetramer with two metalloclusters in each aff subunit pair. These
metalloclusters are the M cluster (MoFezSgC-homocitrate) and the P cluster (FesS7) [110].
The iron protein dimer acts as the electron donor for N2 substrate reduction in the M

cluster [110].
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Figure 1-5. Molybdenum nitrogenase. The two iron (Fe) protein dimers are shown at
either end of the complex with their iron-sulphur (FesSs4) clusters. The central iron-
molybdenum protein heterodimer is composed of two a.and two [ subunits, with two
metalloclusters (one P - FegS7 — and one M - MoFe7SgC-homocitrate) in each of} pair.
Electrons for N2 fixation are donated from the ATP binding site (where ADP is shown) of
the Fe protein dimers inwards through the iron-sulphur cluster, to the P cluster and then to

the M cluster. Figure adapted from Hu and Ribbe, 2013, [110]

Bacteroids are unable to synthesise their own homocitrate (a key M cluster component)
and rely on plant provision for nitrogen fixation. Iron and sulphur are also provided by the

plant across the symbiosome membrane [111].
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Nodule leghaemoglobin is crucial for nitrogenase function, as oxidation of the enzyme
iron-sulphur clusters blocks catalysis [27, 112]. The outer nodule layers form a physical
barrier to oxygen diffusion and plant mitochondrial oxygen consumption also lowers
nodule oxygen concentration [27]. Note, however, that leghaemoglobin also functions to
deliver oxygen to respiring bacteroids which must meet the high ATP demands for
nitrogen fixation [113, 114].

Of the dicarboxylic acid carbon sources provided in exchange for fixed nitrogen, malate
and succinate are the most abundant, being imported into bacteroids via the high affinity
dicarboxylic acid transport system [115-117]. These dicarboxylates enter the tricarboxylic
acid (TCA) cycle, from which ATP and reductants are produced [118].

Ammonia is thought to be provided to the plant by diffusion out of the bacteroid across
the lipid bilayer or through protein channels non-specific to ammonia, though these have
not been identified [27, 109]. Outside the bacteroid, ammonia is protonated in the
symbiosome space separating the bacteroid and the plant before transport across the
symbiosome membrane through protein channels such as AmtB [109, 111, 119].
Following transport to the plant cell, ammonia is assimilated into organic forms before

transport throughout the plant tissue [111].

1.5 Can we fix it? Harnessing nitrogen fixing symbioses

1.5.1 Enhancing existing symbioses
Given the environmental problems caused by overuse of nitrogenous fertilizers, as well as
the need to produce more food for a growing population (see 1.1), naturally evolved

nitrogen-fixing symbioses present significant opportunities for increasing the
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sustainability and output of agricultural systems. For the legumes, this could be achieved
via enhancement of existing symbioses. Various factors affect the efficiency of nitrogen
fixing symbioses. These include phosphate availability, temperature, moisture, light, soil
acidity and soil salinity [120]. The diversity of these abiotic factors highlights the
importance of good management of agricultural soils to optimize these parameters.
Optimizing soil parameters would also mean that crop planting could be managed more
effectively.

Further, identification of the most effective rhizobial nodulating strains for different plant
species will be important for optimizing agricultural inoculants. This is because legumes
are not nodulated by the strains most effective in nitrogen fixation, but by those strains
most competitive in nodulation, which are not always the same [120]. A longer-term goal
(due to the complexity of research) is to fully characterise how plant microbiome
composition affects symbiotic efficiency. Different microbiome components can prove
positive or detrimental for nitrogen fixing symbiosis efficiency, and characterising these
effects more fully could allow tailoring of the microbiome to maximize symbiotic benefits
[120, 121].

A further possible avenue for enhancing symbioses is genetic engineering of the plant or
endosymbiont. Currently, the focus of this research area is to develop a more holistic
understanding of both legume and bacterial genetics, and their complex interplay in
symbiosis development. Emerging new technologies in genetic screening and
manipulation, particularly with CRISPR/Cas genome editing technology, show large
promise for agricultural application, including in nitrogen fixing symbiosis enhancement

[122, 123].
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1.5.2 Synthetic symbiosis approaches

Despite the importance of nitrogen-fixing symbioses for legume crops, cereals (the highest
contributors to global calorie intake, providing almost half of all calories consumed, [124,
125]) do not possess this ability and must rely on biologically available nitrogen in the soil
or the addition of nitrogenous fertilizers [35]. Thus, the introduction of nitrogen fixation
abilities to cereals has long been a goal of agricultural biotechnology research.

There are three avenues which form the main bulk of research into developing synthetic
symbioses for non-legume crops. The first of these is to introduce the entire symbiosis
pathway from legumes into cereals and engineer rhizobia for compatibility with cereal
nodulation. This could be achieved in part by modification of the ubiquitous plant-
arbuscular mycorrhizal symbiosis signaling path, which shows extensive overlap with
nitrogen fixing symbiosis signaling [126—128]. The second approach is to engineer in
planta nitrogenase expression. This necessitates not only correct expression and assembly
of the multiple enzyme subunits, but also engineering of a suitable low oxygen
environment for enzyme function (although plant organelles, notably the chloroplast,
could prove suitable for this application, [128]). However, the complexity associated with
these two approaches means that it may be another 15 years before genuine solutions can
be delivered [128].

The most promising approach to synthetic symbiosis is the re-engineering of pre-existing
cereal-endophyte or root colonizer associations, such that bacteria are provided with
nitrogen fixation ability. This was reportedly achieved in 2013 with the transfer of
nitrogenase biosynthesis genes to Psuedomonas protegens, which was able to release
ammonium and promote growth of alfalfa and maize [129]. The shortcoming of this

strategy is the high metabolic cost of nitrogen fixation to bacteria, meaning engineered
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bacteria are likely to be rapidly outcompeted by other soil microbes under field conditions
[35, 130]. One approach to overcoming this issue is to engineer specificity signaling
between plants and bacteria which could bias the rhizosphere in their favor and act as a
signal to express nitrogenase genes. Rhizosphere biasing has been demonstrated in
transgenic plants producing opines, with the rhizosphere community remodeled in favor of
opine catabolizing bacteria [131]. Placing the expression of nitrogen fixation genes under
the control of a specific plant signal which can act as a carbon source for a ‘synthetic

symbiont’ could help overcome limitations to this approach [35, 130, 132].

1.6 The Rhizobium genus

1.6.1 Rhizobial taxonomy

The Rhizobiaceae family are gram negative soil proteobacteria, of which ~100 species
have been described in five main genera: Rhizobium, Bradyrhizobium, Azorhizobium,
Mesorhizobium and Sinorhizobium [133, 134]. The rhizobial genomes are large and
consist of a circular chromosome and a series of plasmids [135, 136]. The complex
rhizobial genomes reflect the challenging soil environment in which they are found, where
microbial resource competition can be high and energy/nutrient sources take many forms
[137, 138]. The nodulation (nod) and nitrogen fixation (nif and fix) genes are either
encoded on a symbiosis plasmid or colocalised as a ‘symbiotic island’ in the chromosome
[135].

R. leguminosarum is a species with distinct symbiovars and has been extensively
researched [138]. The symbiovar viciae nodulates Viciae legumes including pea (Pisum

sativum) and vetch (Vicia cracca and hirsuta, among others) [139, 140]. RIv3841 was
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used throughout this work because of its fully sequenced genome, variety of
transcriptomic and physiological data available, well characterised growth conditions and

symbiotic engagement with agriculturally important legumes [138, 139, 141-143].

1.6.2 RIv3841

The genome of RIv3841 is 7.75 Mb and consists of a circular chromosome (5.08 Mb) and
six plasmids: pRL7 (0.15 Mb), pRL8 (0.15 Mb), pRL9 (0.35 Mb), pRL10 (0.49 Mb),
pRL11 (0.68 Mb) and pRL12 (0.87 Mb) (Figure 1-6). Sequencing of this genome enabled

prediction of 7263 protein coding genes, 65% of which are chromosomally encoded [138].
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Figure 1-6. The chromosome and plasmids or Rlv3841. Plasmids are shown at relative
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(2006), [138].
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Most genes essential for cellular function (e.g. ribosomal subunits) are chromosomally
encoded. Plasmids replicate and partition to daughter cells via the repABC system [144].
pRL10 is known as the symbiosis plasmid, and encodes the nod genes, as well as
nitrogenase enzyme components (the nifHDKEN cluster) and electron transfer proteins
(fixABCX) [138]. pRLS8 has been classified as a rhizosphere specific plasmid, with genes
selectively expressed in this environment, although many remain of unknown function
[141]. pRL11 and 12 are considered the most ‘chromosomal’ of the plasmids, showing the
most chromosome-like gene and nucleotide composition, and have thus been designated
as ‘chromids’ [145]. pRL7 is the least well characterised of all the plasmids, with the
majority of genes having no known function [138].

Around ~35% of the RIv3841 genome is considered ‘core’, indicating evolutionary
conservation. The remaining ~65% is considered ‘accessory’ (generally encoded on
plasmids or chromosomal islands) and is not widely conserved [138, 140]. The high
proportion of accessory genes likely reflects the environmental adaptations of Rlv3841.
Interestingly, ~35% of the annotated RIv3841 genes remain uncharacterised, and
assigning function to these will help develop a more holistic understanding of organism

function [138].

1.7 ‘Omics approaches to understanding gene function in rhizobia

Improving our understanding of gene function’s relation to phenotype in symbioses
between Rhizobium and legumes is important on multiple fronts. For nitrogen fixing
symbiosis development, a more complete characterisation of mechanisms could aid with
both enhancing existing symbioses and developing synthetic ones (see 1.5). The symbiosis

that occurs when rhizobia attach to roots is also important. Here, carbon-rich exudates are
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gained whilst rhizobia can shape a beneficial microbiome, produce plant growth
promoting hormones, provide nutrients and protect plants from pathogens [36-38, 41-43].
A better understanding of these characteristics has clear applications for improving plant
health and yields. Primary attachment is a particularly important, and under-characterised
stage of both these symbioses [25, 34].

Relevant to the improved characterisation of primary attachment mechanisms are genetic,
transcriptomic and proteomic approaches which can link gene function to phenotype. The
availability of sequenced genomes for RIv3841 and other rhizobia is critical in allowing
such ‘omics based experimental approaches. Functional ‘omics approaches are now
particularly important as, whilst gene discovery and sequenced genome availability has
increased rapidly, knowledge of gene function has lagged behind [146].

Genetic approaches are often based on mutagenesis strategies, whereby gene function is
disrupted, and subsequent phenotype observed. Transcriptomic approaches quantify gene
transcripts (as RNA or cDNA) to show how gene expression changes under different
conditions, which can also point to gene function and/or regulatory networks. Proteomics
generally focusses on large scale protein identification (which shows functional protein,
rather than transcript, expression changes) but can also be used for investigating protein

localization, interaction partners and structure [147].

1.7.1 Genetic and genomic approaches

As discussed above, genetic approaches often use mutagenesis to assign gene function
based on phenotypic effects. Multiple studies demonstrate the usefulness of such an
approach in Rhizobium. Williams et al. (2008) used a Tn5 transposon cassette to disrupt

the RIv3841 glucomannan gene. Using the resulting strain in root attachment and
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nodulation competitiveness assays at different pHs allowed them to better define the role
of glucomannan in primary attachment and downstream symbiosis formation [56]. Hosie
et al, (2002) used similar mutagenesis approaches (as well as various transporter activity
assays) to define the role of MctP as the first permease of a new transporter subfamily,
important for monocarboxylate transport in RIv3841 [148]. White et al. (2009) used
mutagenesis to disrupt the gtsR gene in RIv3841, demonstrating (in combination with
transcriptomic approaches) that this gene regulates a y-aminobutyric acid uptake operon
[142]. Whilst there are many more examples from single gene mutagenesis studies, such
approaches are time and labour intensive, making them more suited for targeted studies
than genome screens for entirely new functions.

This limitation can be overcome by isolating and screening large mutant libraries under
test conditions, with identification of mutations leading to phenotypes of interest [149].
Multiple methods exist for this, including chemical and UV mutagenesis, as well as
transposon insertion. These techniques are often faster and cheaper than targeted
mutagenesis approaches, and are particularly useful when genomes are not well
characterised [150]. In genome-wide transposon insertion studies, the site of mutagenesis
can be identified by high throughput sequencing of the transposon and its neighbouring
gDNA, and this principle has proven key to unlocking large amounts of knowledge on
gene function in different organisms [149].

Of the available transposon mutagenesis tools, Tn5 is particularly notable for studies in
Rhizobium [150, 151]. Tn5 transposon mutagenesis is random and can be highly
saturating, with almost no insertion bias, allowing the whole genome to be reliably
queried under test conditions [152-154]. Prell et al. (2012) used a Tn5 mutant library to

isolate colonies with a dry morphology on TY media. By cloning and sequencing the
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flanking gDNA from these transposon mutants it was shown that the ptsP gene had been
disrupted. This genotype-phenotype linkage, combined with subsequent transporter
assays, identified a key role for the PTSN" system in the global regulation of RIv3841 ATP
transporter activity [155].

Whilst Tn5 mutagenesis screens are powerful tools, there are limitations: random
saturating mutagenesis does not allow targeting of gene subsets, library composition can
be biased to exclude low fitness mutants and compromised strains face a selective pressure
to develop second site suppressor mutations, which can mask the effects of transposon

insertion [143, 146, 151].

1.7.2 Transcriptomic approaches

Transcriptome level techniques aim to use measures of RNA abundance to quantify the
expression of genes in absolute or relative terms [147]. Identifying the conditions under
which a gene is transcribed can be useful in inferring its function, but also in determining
its regulatory relationships with other genes. The techniques reported most widely are
microarrays and RNA sequencing (RNASeq) [156, 157]. Microarray technology relies on
the reverse transcription of cellular RNA to cDNA, which is labelled with a fluorescent
probe. Genomic probe sequences are printed on a glass microarray slide and used as
hybridization targets for labelled cDNAs. Fluorescent signal from each probe spot is used
as a proxy for transcript abundance at the probe site [156]. One of the major drawbacks of
microarrays is that quantification of gene expression is limited to genomic regions of
known sequence. Microarrays have been successfully applied to the studying Rlv3841

gene expression, including in metabolic studies with glucose, pyruvate, succinate or
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acetate as carbon sources, and to investigate rhizobial adaptations in the rhizosphere of
host and non-host plants [139, 141].

RNASeq has largely supplanted microarrays and enables unbiased, high-throughput and
direct quantitation of cellular transcripts via sequencing and bioinformatic analysis [157].
By applying RNASeq to a wild-type and rosR mutant strain of R. leguminosarum biovar
trifolii, it was shown that the rosR gene functions as a transcriptional repressor with a role
in regulating polysaccharide production, motility and aspects of metabolism [158]. More
recently, RNASeq was used to compare bacteroid gene expression profiles in determinate
and indeterminate nodules using two R. leguminosarum strains isogenic apart from their
sym plasmid. This shed light on the different conditions bacteria face in each nodule type,
including higher levels of metabolite detoxification activity required in determinate
(Phaseolus bean) nodules and increased expression of DNA replication genes in

indeterminate (pea) nodules, consistent with endoreduplication [159].

1.7.3 Proteomic approaches

An advantage of proteomic studies in relation to transcriptomics is their ability to show
changes in gene expression at the protein level, which is often the functional unit of the
gene. This is an important difference, as protein production can be modified by many
factors additional to expression of the encoding gene (see [160] as an example). Further,
proteomic studies can shed light on protein localization in the cell, interaction partners and
posttranslational modifications. The latter are difficult to predict from transcriptional or
genomic data, but can have a large effect on protein function [161].

Often, proteins in biological samples have been studied with 2D gel electrophoresis,

which separates and purifies them based on molecular weight and isoelectric focusing
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point. Relative protein abundance can then be compared using peptide staining in Western
blots. Mass spectrometric peptide sequencing can also be used to characterise proteins and
their modifications [147]. Using peptide sequencing and the known codon preferences of
an organism can allow encoding genes to be identified from their protein products, and
such an approach could be of use in better characterising rhicadhesin (see section 1.3.2).
Liquid chromatography protein separation techniques and tandem mass spectrometry (LC-
MS/MS) is a more sensitive method of protein separation and analysis and can be applied
to protein bands partially purified by gel electrophoresis. Several studies have
demonstrated the application of proteomic approaches to characterising nitrogen-fixing
symbioses. Comparative proteomics studies of S. meliloti in free living state or in
symbiosis with alfalfa demonstrated the cellular remodelling that occurs, with nitrogen
fixation proteins, amino acid ABC transporters and stress related proteins all upregulated

[162-164].

1.8 High throughput whole-genome screening with insertion sequencing

A key aim of this work was to better characterise the range of primary attachment
mechanisms displayed by RIv3841 under different environmental conditions. This is
important from the perspective of both basic research and subsequent symbiosis
development (be it nitrogen fixing, or bulk root-attached). In the development of this
project, it became clear that a high throughput genome wide screen would be appropriate
to address this aim. High throughput screening techniques can provide large mutant
libraries and allow screening of both characterised and uncharacterised genes for function

under test conditions. Four methods using this approach in bacteria were published in
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2009: transposon sequencing (Tn-seq, [165]), insertion sequencing (INSeq, [166]), high
throughput insertion tracking by deep sequencing (HITS, [167]) and transposon directed
insertion site sequencing (TraDIS, [168]).

Both Tn-seq and INSeq use a transposon cassette with a type IIS restriction enzyme site,
such as Mmel for the mariner transposon used in INSeq [165, 166]. As type IIS restriction
enzymes cleave target DNA a defined number of bases downstream of their recognition
site (which is, in this case, in the mariner transposon) a gDNA sequence of 16 bp adjacent
to the transposon insertion is captured. Sequencing this tag and aligning it to the genome
reveals the location of mariner insertion, and therefore which gene is mutated in different
cells [169]. HITS and TraDIS differ in that the transposons used (himarl and a derivative
of EZ-Tnb5, respectively) do not have type 1S restriction sites. Instead, random shearing of
DNA by sonication yields gDNA tags for mapping [167, 168]. Whilst the sonication
method makes HITS and TraDIS compatible with any transposable element, Tn-seq and
INSeq require the type 1S restriction site modification. However, the mapping tag isolated
remains at 16 bp, ensuring that all reads generated are mappable [146].

Fundamentally, these techniques harness the power of high-throughput short-read
sequencing platforms to allow millions of diagnostic DNA fragments to be sequenced
simultaneously. These approaches have now replaced previous methods, some of which
used tag arrays. An example of this is transposon site hybridization (TraSH) and
derivatives, which used microarrays to detect insertions. By comparing the hybridization
signal intensity of insertion locations before and after selection in test conditions, relative
gene importance could be assessed. However, different hybridization characteristics for

each microarray spot and missing of smaller genes are key disadvantages [170, 171].
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1.8.1 Mariner insertion sequencing

Forms of the mariner transposon insertion sequencing approach have been demonstrated
for assessing gene requirements in several bacterial species. These include defining the
essential genes for Porphyromonas gingivalis survival [172], as well as for
Mycobacterium tuberculosis growth and cholesterol catabolism [173] and SRNASs required
for pathogenesis in S. pneumoniae [174]. Perry and Yost (2014) described a modification
of the Mmel-adapted mariner transposon delivery vector pPSAM_Bt [151, 166]. By
replacing the erythromycin resistance cassette with a neomycin cassette and the
Bacteroides thetaiotaomicron rpoD promoter with that of RIv3841, they produced the
Rhizobium compatible pSAM_RI vector. This is a suicide vector, meaning that in a
bacterial mutant library each cell will contain only one genomic insertion [151]. A map of

this vector is shown in Figure 1-7, below.
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Figure 1-7. Plasmid map of pSAM_RI. Antibiotic markers (ampicillin, AmpR,
neomycin/kanamycin, nptll) are shown, as well as origin of replication (R6K y oriR),
transposase (himar1C9), transposase promoter (rpoD 5’UTR), Mmel-adapted mariner
inverse repeats (IR_R, IR_L), and the transposon borne Rho-independent terminator (rrnB

T1 and rrmB T2). Reproduced from Perry and Yost (2014), [151].

Since this time, pSAM_RI has been used to describe gene requirements for Rlv3841
growth on TY media [151], Vincent’s minimal media (VMM) [175] and under 21% and
1% oxygen conditions with glucose or succinate as carbon sources (relevant to
understanding metabolism under bacteroid conditions) [143].

The key benefit of mariner transposons is their specific insertion at thymine-adenine (TA)
motifs [176]. Unlike the use of Tn5 (with no insertion preference), the use of marniner
elements allows transposition events to be comprehensively modelled in silico prior to
mutant library analysis [151]. This allows for robust statistical analysis of gene
essentiality, as well as analysis of specific intra-gene disruption effects at different TA
sites and focusing of analysis on defined regions of the genome [151]. The overall
advantage of this is that defining gene requirements for specific test conditions does not
just rely on input and output mutant pool comparison. Rather, it can use statistical
inference based on the known number and location of insertion sites in the genome to
infer under or over represented insertions in gene regions when determining gene
essentiality [143, 151].

Barquist et al. (2013) argued that the specific TA site requirement for mariner insertion
provides a limit on potential insertion sites that can bias screen results, particularly for GC

rich genome regions. This may result in genes with very few or no insertions, and
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therefore unreliable classifications in downstream statistical analysis [150]. However, they
also note the advantages of defined site insertion for statistical analysis; insertions specific
to TA sites allow more accurate predictions of gene essentiality in near-saturated libraries
using statistical methods (see 1.8.3), given that every potential integration site is known
and the probability of insertion at any given site can usually be assumed to be almost
equal.

The genome of RIv3841 is particularly suitable for mariner transposon studies, with
140,056 TA sites in total, an average of 15 per gene, and only 21 genes lacking TA sites

[151, 175].

1.8.2 Principles and methodology of insertion sequencing

As reviewed by Barquist et al. (2013), all transposon mutagenesis and sequencing
methods rely on similar principles. Large, highly saturated libraries of insertion mutants
(the input library) are subject to a selection pressure, with transposon tag DNA isolated
from both the input and subsequent output library. Sequencing transposon tags and
comparing gene insertion frequency before and after selection pressure allows genes to be
classified, as deleterious insertions will be reduced in the output [150]. Figure 1-8
provides an overview of this workflow, whilst Figure 1-9 provides a schematic of the
process of library DNA preparation, which is carried out before sequencing of input and

output samples for INSeq.
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1. In vivo transposition — transposon 2. Highly saturated 3. Expose transposon mutant
mutant library construction transposon mutant library library to selection conditions
(input)

Input library Output library

—_ = o 4. Recover DNA and
—_— = — —ee Rps prepare for sequencing

—
6. Map reads to genome and 5. Sequence prepared
compare input and output insertion transposon tags

frequencies to classify genes

Figure 1-8. A simplified workflow for transposon insertion mutagenesis studies. 1 —
transposon cassettes are conjugated into target organism cells for mutagenesis. Here, a
filter conjugation is depicted on a rich media plate. 2 — From the conjugation a library of
highly saturated transposon mutants is isolated. Shown in blue are cells carrying mutations
that produce no phenotype under selection conditions (step 3), whilst red cells are those
with deleterious insertions. DNA is isolated directly from a sample of this input library
(step 4). 3 — Expose transposon mutants to selection conditions. Here, selection on a
media type is shown, and the deleterious mutants (red cells) disappear from the
population. 4 — Recover DNA from both input and output library and prepare for
sequencing (see also Figure 1-9, below). 5 — Sequence prepared transposon tags (an lon
Proton sequencing system is shown here as an example). 6 — Map reads to genome and
compare input and output library insertion frequencies. Loss of insertions in the output
library indicates genes deleterious when mutated under selection conditions and allows

gene classification.
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Figure 1-9. A workflow of library DNA (transposon tag) preparation for INSeq. Genomic
DNA is extracted from input and output mutant libraries. A — linear PCR amplifies out
from the mariner transposon using a BioSAM 5’ biotinylated primer. B — Linear PCR
products are purified with streptavidin beads, which bind the biotin tag. C —
Hexanucleotide primers and Klenow polymerase are used for second strand synthesis. D —
DNA bound to streptavidin beads is digested with the type 1IS restriction enzyme Mmel.
This cuts 16 bp downstream of the mariner insertion, forming the genomic ‘transposon
tag’ that is used for mapping. A two nucleotide ‘NN’ overhang is left after cleavage. E —
Adaptor sequences are ligated to the NN overhang (shown in orange). F — Sample specific

sequencing barcodes (shown in green) are ligated to adaptors, allowing identification of
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which library sequencing reads originated from. A final limited PCR removes samples

from streptavidin beads and yields ~187 bp products which include the transposon tag for
sequencing (G). For simplicity, only one side of the transposon is shown in B-G, but both
sides are amplified and sequenced using this method. Figure adapted from Goodman et al.

(2011) [169].

A highly saturated mutant library is desirable in order to allow accurate assessment of
gene insertion effects before and after exposure to selection conditions. To achieve this,
multiple independent transposon conjugations (isolated following in vivo conjugation of
the transposon construct to cells of the target organism, see Figure 1-8) can be pooled
together to generate a ‘master’ input library. In addition, isolation of libraries under rich
media conditions can minimize the number of insertions deleterious in library

construction, again permitting higher input saturation [143].

1.8.3 Statistical approaches to analyzing insertion sequencing data

Using transposon mutagenesis screens, the effect of disrupting a gene under test
conditions can be deduced by comparing the frequency of transposon insertions present
before and after exposure of mutants to selective conditions. The central rationale is that
insertion events deleterious under the selection condition will reduce in frequency
compared to the input, allowing a gene to be classified. Using the TraSH approach, probes
generated from insertion sequences in the output library (after exposure to selection
conditions) were hybridized to microarrays with randomly labelled chromosomal DNA
probes, which hybridize to every microarray spot. Spots hybridizing with the genomic, but

not output, probe indicated genes required under selection conditions [171].
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Newer technologies relying on quantitative, high-throughput sequencing of input and
output libraries make it possible to apply far more nuanced and precise statistical analyses
to categorize gene disruption effects. It is important to note that all these statistical
methods rely on three central assumptions [177]:
e abundance of insertions in the input / output library indicates gene fitness changes
under test conditions
e transposon insertion in unbiased (meaning, in INSeq, that all TA sites have equal
likelihood of being targeted by mariner)
e reads obtained from sequencing are representative of the real insertion profiles of

the input and output libraries.

These statistical models vary in complexity. ‘ESSENTIALS’ was one of the first
developed as a simple, automated tool for transposon insertion sequencing data analysis.
The software predicts gene essentiality by mapping and comparing the sequenced reads
per gene with the expected number of sequenced reads. This is calculated based on library
sequencing depth, size and number of insertion sites per gene. The cutoff for gene
essentiality is calculated based on the extent of gene underrepresentation in the output
library. The model is benchmarked on Tn-seq data from S. pneumoniae with 49 known
essential and 49 known non-essential genes [178]. ESSENTIALS thereby classifies genes
into binary essential / non-essential categories under test conditions.

Bayesian models offer more nuance than ESSENTIALS and rely on the principle that the
probability of gene essentiality can be refined continually as higher numbers of insertion

sites in each gene are sequentially included in the analysis. This method identifies the
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largest consecutive stretch of TA sites in a gene and estimates the likelihood that such an
insertion-lacking region could occur by chance. Each individual TA site is treated as
independent and classed as essential or non-essential based on defined background
insertion frequency in non-essential genes [179]. This approach allows the statistical
significance of runs of TA sites lacking insertions in libraries to be assessed, and gene
essentiality defined. Using this method allows genes to be classed as essential even if
insertions are present at the gene termini. This is important, as previous work has shown
that transposon insertions in the extreme N and C termini of essential genes can
sometimes be tolerated, and this could confound transposon insertion sequencing results
[179-182].

Both ESSENTIALS and Bayesian approaches categorize genes as essential or non-
essential. Whilst useful for inferring function, these models do not reflect the more
nuanced ways in which gene disruption can affect bacteria under different conditions. A
hidden Markov model (HMM) can be applied to transposon insertion sequencing data to
classify genes into one of four categories, indicating how their mutation affects bacterium
fitness: essential, defective, neutral or advantaged [183].

HMMs are applicable to datasets where a sequence of observed values (such as read
counts at TA sites) is explained by an underlying state sequence (the state call of each
gene, which is hidden, in that it is not directly observable). A genome is viewed by an
HMM as an alternating sequence of different state call regions. The HMM of DeJesus et
al. (2013) uses read count information from individual TA sites to infer the probability
distribution of state calls over a string of TA sites in a gene. A Viterbi algorithm (a
dynamic programming algorithm in which the probability of each TA site state call is

based on the state probability distribution from the preceding string of TA sites) then
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infers the most likely state call for each TA site, and for a gene. The sequential
dependence of state calls afforded by the HMM (defined by the Viterbi algorithm and
dependent on previous sites) enables a ‘smoothing’ of read count data. This allows TA
sites with no insertions which are in non-essential genes to be classed as neutral because
neighboring sites have insertions. This helps prevent erroneous labelling of TA sites as
essential just because they are, purely by chance, absent from the sequencing library. It
also helps hedge against other sources of variability such as spikes in the data, which
could be generated by PCR bias producing an artificial overrepresentation of reads at one
site, or insertions in extreme N and C termini which may be tolerated in essential genes.
Only if a consecutive sequence of TA sites with no or low insertions is long enough will
the Viterbi algorithm label sites as growth essential or defective. [183]

For the HMM to assign state calls accurately, the probability of read counts in non-
essential regions as well as the transition probabilities (the point at which the Viterbi
algorithm designates a TA as different in classification from previous sites) must be well
defined. A key strength of the HMM described by DeJesus et al. (2013) is that it is
calibrated such that it generates reasonable and robust state calls across datasets with high
or low insertion density and high or low read counts. Further, incorporating the four-state
model allows regions with low (but not no) or higher than average read counts to be
differentially classified, as defective or advantaged in this case. This allows identification
of genes where insertion impaired fitness under test conditions, as well as those that have
some ‘cost’ under test conditions, and therefore enhance organism fitness when mutated
[183].

To increase model robustness when applied to different datasets, geometric distributions

are used with data smoothing to define likelihood functions for non-neutral states. For an
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essential state call, site read count is set very near to 1 (meaning sites with O reads are
likely to be essential, but that sites with 1 or 2 reads can be tolerated as neutral if
immediately preceding sites show higher read counts). For defective calls, read counts
must be approximately 100 times lower than the mean for a dataset (which is the neutral
mark), whilst for advantaged states, read counts must be 5 times the mean read count or
higher for a string of sites [183].

Combining this principle with the Viterbi algorithm generates the Markov chain, the
system in which transitions from one state call to another are dependent on probabilistic
rules which define the state calls in the previous TA sites. The geometric likelihood
functions of each state call at a given TA site, as well as the Markov chain for this model

and an example of read count data and state calls are given in Figure 1-10, below.
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Figure 1-10. Principles and examples of the HMM. A — Log plot of the geometric
likelihood function for each state call at a given TA site, independent of the Viterbi
algorithm. Overlapping densities of the four likelihood functions allow four distinct
classifications with one dominating individually at the boundary of each read count
parameter. B — The Markov chain for the four-state HMM. From left to right, state calls
represent read counts of increasing magnitude. The interlinked nature of all nodes means
that state transition can occur from one node to any other node in the model. Longer
arrows indicate a larger change in read count number that must occur at a TA site for the
state call to change from those at preceding sites. C — Example read counts for three genes
in the M. tuberculosis genome obtained from transposon insertion sequencing. Whilst the
left and right genes are classified as neutral, the 19 consecutive TA sites in the central
gene with zero read counts lead to an essential classification. The ‘smoothing’ of the data
afforded by the Viterbi algorithm of the HMM allows the extreme C terminal insertion
mapping read of this gene to be tolerated and maintains the essential classification.

Figures reproduced from DelJesus et al. (2013), [183].

1.9 Imaging early-stage root-microbe interactions

Prior to attachment, rhizobia must position themselves in proximity to the host plant root
[44]. Root exudates can act as chemotactic signals as well as carbon sources for rhizobia
[34, 35]. Root exudates are not uniformly exuded along root length. Rather, there seems to
be spatial distribution of exudation, which is also dependent on developmental time point
[184-187]. Given the importance of root exudates as rhizosphere community influencing

chemoattractants, and their differential presence along root length, it is possible that
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interesting spatio-temporal interaction dynamics exist between host legume roots and
rhizobia, and that characterising these could shed more light on symbiosis stages
immediately preceding attachment.

Massalha et al. (2017) reported root-microbe interaction imaging of Arabidopsis thaliana
with Bacillus subtilis and/or E. coli using a novel microfluidics imaging system [188].
This system used polydimethylsiloxane to cast microfluidics chambers from a master
mould featuring channels for plant roots to grow through and inlet/outlet holes for
addition of labelled bacteria. By combining the microfluidics device with confocal
imaging, the preferential interaction of B. subtilis with a specific root zone (termed the
elongation zone) of Arabidopsis was demonstrated. Further, exclusion of E. coli from the
root surface by B. subtilis was shown, demonstrating that there may be a spatial aspect to
pathogen exclusion from roots [188].

Multiple further microfluidics imaging systems for plant roots have been reported (see
6.1), the most enlarged version of which (RMI-chip) was used to image root-microbe
interactions between P. fluorescens and Populus tremuloides (aspen tree) roots [189].
RMI-chip allowed root-microbe interaction imaging over a period of one month and
showed that different B. subtilis biosensors could demonstrate root exudate composition
changes over time [189].

Whilst microfluidics imaging platforms have demonstrated potential in characterising
root-microbe interactions, there have been no reports of such imaging in Rhizobium-
legume symbioses. An appropriate imaging system applied in this context could examine
root interaction dynamics as well as strain competition for root colonization and
interaction between PGPR and pathogens. The final experimental chapter of this work

aimed to develop an imaging system that could be applied to these questions.
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1.10 Research objectives

To date the process of primary root attachment, important both for nitrogen fixing
symbioses and bulk root interaction, remains one of the least well characterised of all the
symbiosis stages [25]. In this study, | aimed to better characterise primary attachment
mechanisms of rhizobia under different environmental conditions using the model
organism RIv3841.

Proteomics work (chapter 3) was used to investigate rhicadhesin, a factor hypothesized to
be important for root hair attachment to legumes at alkaline pHs [34]. To better
characterise root attachment, a whole-root luminescence-based (Lux) one-hour attachment
assay was developed with RIv3841 and pea and validated at different pHs and with mutant
rhizobial strains of known attachment phenotype. A bioinformatic screen was used to
identify putative novel primary attachment factors, and mutants in these were tested in
Lux attachment assays.

Chapter 4 expanded on the findings of chapter 3 by taking a high-throughput and genome-
wide approach to characterising primary attachment determinants using an INSeq screen
at different pHs. Appropriate experimental parameters were determined and INSeq results
compared with published literature and Lux attachment assay results. The screen
identified the attachment factors required for RIv3841 interacting with pea roots at three
pHs and was also used to further investigate rhicadhesin and the regulatory requirements
for attachment.

Whilst attachment to cognate symbiont partners is important for nitrogen fixation, rhizobia
can interact with many different plant roots in the soil [36—38], and evidence from the
literature suggests that mechanisms may be, at least in part, plant specific [34, 96].

Therefore, chapter 5 applied the principles of an INSeq attachment assay to RIv3841 with
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a non-host legume (soybean) and a non-legume (barley). This screen comprehensively
identified the genes that are universally needed for attachment to different plant roots and
shed new light on regulatory mechanisms underpinning RIv3841 transition from a free-
living to root-attached state.

Given the recent advances in imaging technologies and largely uncharacterised spatio-
temporal interaction dynamics of rhizobia with legume roots (see 6.1), chapter 6 aimed to
develop a real-time imaging system that could examine these processes. Growth
conditions for highly motile bacterial cultures were established and spatio-temporal
dynamics of reporter gene activation were demonstrated in an existing [188] and newly
developed imaging platform. The role of motility in early interaction dynamics and root
hair attachment polarity under different conditions were examined with the new system,
and all these results were used to inform the design for an updated imaging system. This
system will be applicable for future plant-PGPR-pathogen studies and examining root
preference between different biovars of rhizobia.

Overall, this data has provided a comprehensive characterisation of primary attachment
determinants in RIv3841 under different environmental conditions and in interaction with

different host plants.
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Chapter 2

Materials and Methods
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2.1 Bacterial strains, plasmids and primers

Bacterial strains used are listed in Table 2-1. All strains were stocked in 15% glycerol and

flash frozen in liquid nitrogen before being stored at -80 °C. Plasmids used are listed in

Table 2-2 and all primers used are listed in Table 2-3.
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Table 2-1. Rhizobium and E. coli strains used in this work

Strain Description Reference
Rhizobium leguminosarum
RIv3841 Rhizobium leguminosarum biovar viciae 3841 (RIv3841); Str" derivative of [190]
strain 300. Nodulates Viciae family legumes such as pea (Pisum sativum) and
Vetch (Vicia cracca)
A1045 Mutant of RIv3841, gmsA::Tn5QKan/Neo. Str’, Kan/Neo' [56]
A1480 Rhizobium leguminosarum biovar viciae 300 rapA2QSpec rapC::Tn5QApra.  [59]
Spec', Apra’
A963 RIv3841 praR::Tn5QKan/Neo. Str", Kan/Neo' [191]
D5250 RIv3841[pl1J11282] [59]
LMB310 RIv3841 pssA::TnQSpec. Str', Spec’ [155]
LMB349 pLMB211 integration into RIv3841 disrupting RL3273. Str', Kan/Neo' [192]
LMB487 RIv3841[pLMB579] (375bp promoter of IppE - RL3234) cloned into [193]

plJ11268. Str', Tet'
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OPS0111

OPS0167

OPS0296

OPS0804

OPS0914

OPS1131

OPS1235

OPS1236

OPS1237

OPS1238

A963[plJ11282]. Str", Kan/Neo', Tet'

RIv3841[pOPS0065] (IppE GFP promoter fusion, pTac mCherry). Str', Gent'

A1480[plJ11282]. Spec', Apra’, Tet"

LMB310[plJ11282]. Str", Spec', Tet'

A1045[plJ11282]. Str', Kan/Neo', Tet'

OPS2051[plJ11282]. Str, Kan/Neo', Tet"
OPS1783[plJ11282]. Str, Kan/Neo', Tet"
OPS1782[p1J11282]. Str', Kan/Neo', Tet"
LMB349[plJ11282]. Str', Kan/Neo", Tet'

OPS2054[plJ11282]. Str, Kan/Neo', Tet"
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OPS1239

OPS1266

OPS1290

OPS1291

OPS1709

OPS1710

OPS1730

OPS1734

OPS1736

OPS1738

OPS1739

A1480::A963 phage transduction; Rhizobium leguminosarum biovar viciae
300::rapA2QSpec rapC::Tn5QApra praR::Tn5QKan/Neo. Spec', Apra',
Kan/Neo'

OPS1239[plJ11282]. Spec', Apra’, Kan/Neo', Tet"

OPS2052[plJ11282]. Str', Kan/Neo', Tet'

OPS2053[plJ11282]. Str', Kan/Neo', Tet"

RIv3831 RLO703::pK19mob (pOPS1095), Str', Kan/Neo'. RLO703: chemotaxis
motility protein MotA

RIv3831 RL0O728::pK19mob (pOPS1096), Str", Kan/Neo'. RL0728: flagellar
hook protein FIgE

A1045[pLMB449]. Str, Kan/Neo', Gent"
RIv3841[pLMB449]. Str", Gent'
OPS170[pLMB449]. Str', Kan/Neo", Gent"
OPS1710[p1J11282]. Str, Kan/Neo', Tet"

OPS1709[plJ11282]. Str", Kan/Neo', Tet"
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OPS1782

OPS1783

OPS1878

OPS1907

OPS1908

OPS1909

OPS1967

OPS1968

OPS1969

OPS2051

RIv3831 RL4382::pK19mob (pOPS0489), Str', Kan/Neo'. RL4382: putative
filamentous hemagglutinin adherence factor

RIv3831 RL2969::pK19mob (pOPS0487), Str', Kan/Neo'. RL2969: putative
transmembrane protein

RU4062[pl1J11282]. Str", Kan/Neo', Tet'

RIv3831 RL3453::pK19mob (pOPS1294), Str', Kan/Neo'. RL3453: putative
two-component sensor histidine kinase transcriptional regulatory protein

RIv3831 RL4145::pK19mob (pOPS1295), Str', Kan/Neo'. RL4145: putative
Lacl family HTH-type transcriptional repressor

RIv3831 pRL100406::pK19mob (pOPS1296), Str', Kan/Neo". pRLI100406:
transcriptional regulatory protein MctR

OPS1907[plJ11282]. Str, Kan/Neo', Tet"
OPS1908[plJ11282]. Str, Kan/Neo', Tet"
OPS1909[plJ11282]. Str, Kan/Neo', Tet"

RIv3831 pRL110543::pK19mob (pOPS0480), Str', Kan/Neo'. pRL110543:
conserved hypothetical protein
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OPS2052 RIv3831 pRL110071::pK19mob (pOPS0479), Str', Kan/Neo'. pRL110071: This work
conserved hypothetical protein

OPS2053 RIv3831 pRL100053::pK19mob (pOPS0478), Str', Kan/Neo". pRL100053: This work
putative transmembrane protein

OPS2054 RIv3831 RL0109::pK19mob (pOPS0483), Str', Kan/Neo". RL0109: conserved  This work
hypothetical protein

RU4062 pRL100162 (nifH) mutant of RIv3841 (pRU2056 integrated). Str', Kan/Neo" [139]
E. coli
DH5a Competent E. coli strain for use in transformations, carrying the following Bioline

mutations; F-deoR endA1l recAl relAl gyrA96 hsdR17(rk-mk+) supE44 thi-1 -
phoA A(lacZYA-argF) U169 ®80lacZAMIS A.

pSAM_RI SM10Apir carrying pPSAM_RI Mariner transposon vector; Kan/Neo', Amp". [151]

Str": Streptomycin resistance, Kan/Neo": Kanamycin and Neomycin resistance (conferred by a neomycin phosphotransferase 11 gene,
nptll), Tet": Tetracycline resistance, Gent": Gentamycin resistance, Apra’: Apramycin resistance, Spec': Spectinomycin resistance,
Amp": Ampicillin resistance. Plasmid numbers are included for pK19mob strains isolated in RIv3841 (see Table 2-2).
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Table 2-2. Plasmids used in this work

Plasmid Description Reference
plJ11268 Vector with promoterless reporter luciferase genes. Tet" [59]
plJ11282 plJ11268 with luciferase genes under control of the nptll promoter. Tet" [59]
pK19mob Mobilizable vector used for integration mutagenesis in Rhizobium. Kan/Neo' [194]
pLMB449 Reporter vector containing a gfp gene under control of pTac. Gent' Karunakaran Ramakrishnan,
postdoctoral researcher,
Poole group, unpublished
pLMB579 375bp promoter of IppE (RL3234) cloned into plJ11268. Tet' [193]
pOPS0065 Reporter vector containing a gfp gene under control of the 375bp promoter of Karunakaran Ramakrishnan /
IppE (RL3234) with an mCherry gene under control of pTac. Gent' Alison East, postdoctoral
researchers, Poole group,
unpublished
pOPS0478 opx1751/oxpl752 PCR product of RIv3841 pRL100053 BD ligated into Hindlll ~ This work
digested pK19mob. Kan/Neo'
pOPS0479 0xp1753/oxpl1754 PCR product of RIv3841 pRL110071 BD ligated into HindlIl ~ This work

digested pK19mob. Kan/Neo'
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pOPS0480

pOPS0483

pOPS0487

pOPS0489

pOPS1095

pOPS1096

pOPS1294

pOPS1295

pOPS1296

0xp1755/0xp1756 PCR product of RIv3841 pRL110543 BD ligated into HindllI

digested pK19mob. Kan/Neo'

0xp1785/0xp1786 PCR product of RIv3841 RI0109 BD ligated into HindllI
digested pK19mob. Kan/Neo'

0xpl1767/0xp1768 PCR product of RIv3841 RI2969 BD ligated into HindllI
digested pK19mob. Kan/Neo'

oxpl777/oxpl778 PCR product of RIv3841 RI4382 BD ligated into HindllI
digested pK19mob. Kan/Neo'

0xp2817/0xp2818 PCR product of RIv3841 RI0703 BD ligated into HindllI
digested pK19mob. Kan/Neo'

0xp2819/0xp2820 PCR product of RIv3841 RI0728 BD ligated into HindllI
digested pK19mob. Kan/Neo'

oxp3235/0xp3236 PCR product of RIv3841 RI3453 BD ligated into HindllI
digested pK19mob. Kan/Neo'

0xp3231/0xp3232 PCR product of RIv3841 RI4145 BD ligated into Hindll1
digested pK19mob. Kan/Neo'

0xp3239/0xp3240 PCR product of RIv3841 pRL100406 BD ligated into HindllI

digested pK19mob. Kan/Neo'
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pRK2013 Helper plasmid for tripartental conjugation. Kan/Neo' [195]

pSAM_RI Mariner transposon vector. Amp", Kan/Neo' [151]

Kan/Neo": Kanamycin and Neomycin resistance (conferred by a neomycin phosphotransferase Il gene, nptll), Tet": Tetracycline
resistance, Gent": Gentamycin resistance, Amp": Ampicillin resistance. Primer numbers are included for PCR amplified gene products
ligated into pK19mob (see Table 2-3).
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Table 2-3. Primers used in this work

Primer Name

Sequence 5° 2 3’

Description

hah-2

INSeq_Adpt_Top
INSeq_Adpt_Bottom

lon Torrent BioSAM

IT_A_FP_1

IT_A_FP 2

IT_A_FP_3

IT_AFP 4

IT A FP 5

AAACGGGAAAGGTTCCGTCCA

AGATCGGAAGAGCGTCGTGTAGGGAA

TTCCCTACACGACGCTCTTCCGATCTNN

/BiotinTEG/CGGTTCGCTTGCTGTCCATAAAACC

CCATCTCATCCCTGCGTGTCTCCGACTCAGCTAAGGT
AACGATATAAAACCGCCCAGTCTACTCGAGGG

CCATCTCATCCCTGCGTGTCTCCGACTCAGTAAGGA
GAACGATATAAAACCGCCCAGTCTACTCGAGGG

CCATCTCATCCCTGCGTGTCTCCGACTCAGAAGAGG
ATTCGATATAAAACCGCCCAGTCTACTCGAGGG

CCATCTCATCCCTGCGTGTCTCCGACTCAGTACCAAG

ATCGATATAAAACCGCCCAGTCTACTCGAGGG

CCATCTCATCCCTGCGTGTCTCCGACTCAGCAGAAG
GAACGATATAAAACCGCCCAGTCTACTCGAGGG

76

Universal mapping primer for Tn5
insertions

INSeq Adapter (Top) [169]

INSeq Adapter (Bottom) [169]

lon Torrent BioSAM with 5' Biotin TEG
[151]

lon express forwards barcode primer 1

[151]. Barcode sequence is underlined

lon express forwards barcode primer 2
[151]

lon express forwards barcode primer 3
[151]

lon express forwards barcode primer 4

lon express forwards barcode primer 5



IT_A_FP_6

IT_AFP_7

IT_A_FP_8

IT_AFP_9

IT_A_FP_10

IT A FP_11

IT A_FP 12

IT trPL_FP

M12 Top

CCATCTCATCCCTGCGTGTCTCCGACTCAGCTGCAAG

TTCGATATAAAACCGCCCAGTCTACTCGAGGG

CCATCTCATCCCTGCGTGTCTCCGACTCAGTITCGTGA
TTCGATATAAAACCGCCCAGTCTACTCGAGGG

CCATCTCATCCCTGCGTGTCTCCGACTCAGTITCCGAT
AACGATATAAAACCGCCCAGTCTACTCGAGGG

CCATCTCATCCCTGCGTGTCTCCGACTCAGTGAGCG
GAACGATATAAAACCGCCCAGTCTACTCGAGGG

CCATCTCATCCCTGCGTGTCTCCGACTCAGCTGACCG
AACGATATAAAACCGCCCAGTCTACTCGAGGG

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCCTCGA
ATCGATATAAAACCGCCCAGTCTACTCGAGGG

CCATCTCATCCCTGCGTGTCTCCGACTCAGTAGGTGG

TTCGATATAAAACCGCCCAGTCTACTCGAGGG

CCTCTCTATGGGCAGTCGGTGATTTCCCTACACGAC
GCTCTTCCGATCT

CTGTCCGTTCCGACTACCCTCCCGAC
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lon express forwards barcode primer 6

lon express forwards barcode primer 7

lon express forwards barcode primer 8

lon express forwards barcode primer 9

lon express forwards barcode primer 10

lon express forwards barcode primer 11

lon express forwards barcode primer 12

Universal reverse barcode primer [151]

M12 adapter [169]



M12 Bottom

M13 uni (-21)

M13 rev (-29)

oxpl751

oxp1752

oxpl753

oxpl754

oxpl755

oxpl756

GTCGGGAGGGTAGTCGGAACGGACAG

TGTAAAACGACGGCCAGT

CAGGAAACAGCTATGACC

TGATTACGCCAAGCTATGGTTGCCATCAAGC

GCAGGCATGCAAGCTTCTTTGAAGCGATCACGGGC

TGATTACGCCAAGCTTGCGGGAAGGGGCGT

GCAGGCATGCAAGCTCGAAATTCGCTGCGGAAAAC

TGATTACGCCAAGCTCTGCCGAAGCCAAGG

GCAGGCATGCAAGCTCGTTCGGCCTTTCGGG
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M12 adapter [169]

Sequencing/mapping primer for pK19mob
containing vectors

Sequencing/mapping primer for pK19mob
containing vectors

Amplification primer (forward) for
pRL100053::pK19mob

Amplification primer (reverse) for
pRL100053::pK19mob

Amplification primer (forward) for
pRL110071::pK19mob

Amplification primer (reverse) for
PRL110071::pK19mob

Amplification primer (forward) for
pRL110543::pK19mob

Amplification primer (reverse) for
pRLI110543::pK19mob



oxpl767

0Xp1768

oxpl777

oxpl778

0xpl1785

oxpl786

0xp2052

0xp2053

o0xp2058

TGATTACGCCAAGCTGTCCAGTCGGCGCCG

GCAGGCATGCAAGCTAGCGGCTGTAGCAATAGTCG

TGATTACGCCAAGCTGATCTCCGGAACCATTGCC

GCAGGCATGCAAGCTGGTGCGGCGGGTGTG

TGATTACGCCAAGCTACCGGCAAGAAGTTTTATGAT

CT

GCAGGCATGCAAGCTATGATGTCGCTCATGTCGTCA

TC

TATCTCCCCCGCCGCGTTAT

GCGAGGCTTGCTCCGAT

TTCGCTCGATTTTACCAAGC
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Amplification primer (forward) for
RL2969::pK19mob

Amplification primer (reverse) for
RL2969::pK19mob

Amplification primer (forward) for
RL4382::pK19mob

Amplification primer (reverse) for
RL4382::pK19mob

Amplification primer (forward) for
RL0109::pK19mob

Amplification primer (reverse) for
RL0109::pK19mob

RL2969::pK19mob mapping primer
(forward)

RL2969::pK19mob mapping primer
(reverse)

RL4382::pK19mob mapping primer
(forward)



oxp2059

0xp2062

0xp2063

0xp2064

0Xp2065

0xp2066

0xp2067

o0xp2068

0xp2069

AGATTGCGGACCGACGT

GAAGGAGATGGACACTGCAC

CACCAGGGATGAAAGCTTGA

AGTTCGATTGACAGGCTCTC

GTGGAATTCTGCTGCTTCG

CGAAGTCAAACAGTCAGGAA

CGCTGCCTGTCCTGAC

GGCTATTCACACGAGGCTC

TTTTTCCTCGCCGGGC
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RL4382::pK19mob mapping primer
(reverse)

pRL100053::pK19mob mapping primer
(forward)

pRL100053::pK19mob mapping primer
(reverse)

pRL110071::pK19mob mapping primer
(forward)

pRL110071::pK19mob mapping primer
(reverse)

pRL110543::pK19mob mapping primer
(forward)

pRL110543::pK19mob mapping primer
(reverse)

RL0109::pK19mob mapping primer
(forward)

RL0109::pK19mob mapping primer
(reverse)



0xp2423 CGGATATAGGGCTCGACGAC praR (RL0390)::Tn5 mapping primer

(forward)

0Xp2424 GATCTTCGAGACGCATCTGA praR (RL0390)::Tn5 mapping primer
(reverse)

0xp2817 TGATTACGCCAAGCTTGCTTGTTGCGCACGAC Amplification primer (forward) for

RLO703::pK19mob

0xp2818 GCAGGCATGCAAGCTATCGACAATCCGGCCGAATC  Amplification primer (reverse) for
RLO703::pK19mob

0xp2819 TGATTACGCCAAGCTCAATCAGGAAGGGCTGACCG  Amplification primer (forward) for
RLO728::pK19mob

0xp2820 GCAGGCATGCAAGCTTCCATGTCGATCATCTGGCC Amplification primer (reverse) for
RLO728::pK19mob

0xp2821 GCCGACCATCAGCTTCGATA RL0O703::pK19mob mapping primer
(forward)

0xp2822 GCGAAATCGAGCATGTTGCC RLO703::pK19mob mapping primer
(reverse)

0xp2823 GCGATCACCAACTACACCGA RLO728::pK19mob mapping primer
(forward)
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oxp2824

oxp3231

oxp3232

0xp3233

0xp3234

0xp3235

0xp3236

oxp3237

oxp3238

GGCATTGTTCAGCGAGTTGG

TGATTACGCCAAGCTATTGACATAGCCCTGGTAGC

GCAGGCATGCAAGCTCGGGAGAAGATCAAGGAACA

CTCATCGTTCAGCACATCAG

CCTGAGCAATGTCATATCGC

TGATTACGCCAAGCTGAAATCGGATTCCAGCTTCG

GCAGGCATGCAAGCTTGCCTCGAACACACATATCT

GAAAGAAGGTACCCAGACGA

CAGATATTTCCGACGATGCG
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RLO728::pK19mob mapping primer
(reverse)

Amplification primer (forward) for
RL4145::pK19mob

Amplification primer (reverse) for
RL4145::pK19mob

RL4145::pK19mob mapping primer
(forward)

RL4145::pK19mob mapping primer
(reverse)

Amplification primer (forward) for
RL3453::pK19mob

Amplification primer (reverse) for
RL3453::pK19mob

RL3453::pK19mob mapping primer
(forward)

RL3453::pK19mob mapping primer
(reverse)



0xp3239 TGATTACGCCAAGCTATGCCGAGCTTCTTTTTGAG Amplification primer (forward) for
pRL100406::pK19mob

0xp3240 GCAGGCATGCAAGCTGACCATATCGAAGTTGCCG Amplification primer (reverse) for
pRL100406::pK19mob

0xp3241 CCAGACCCCATTCATCGATA pRL100406::pK19mob mapping primer
(forward)

0xp3242 CATCAAGGAAATCAGACGGC pRL100406::pK19mob mapping primer
(reverse)

Table 2-3. Primers used in this work. Barcode sequences in lon Express Barcodes are shown underlined
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2.2 Media and Antibiotics

2.2.1 Media
E. coli strains were grown at 37°C in Luria Bertani broth (LB) (10 ¢ L1 tryptone, 5 ¢ L1

yeast extract, 5 g L1 NacCl). Cultures were shaken at 200 rpm unless otherwise stated. For

growth on solid media, agar was added 1.4 % w/v prior to autoclaving.
R. leguminosarum strains were grown on tryptone yeast (TY) media at 28°C (5 ¢ L1

tryptone, 3 g L1 yeast extract, 6 mM CaCly). For growth on solid media, agar was added

1.75 % wlv before autoclaving.

Where a minimal growth media was required, R. leguminosarum strains were grown in
Universal Minimal Salts (UMS) at 28°C. UMS was prepared as follows: 0.5 g L
MgSO4e7H-0, 0.2 g L™ NaCl, 4.19 g L MOPS, 0.5 mM K;HPO4, and 1 mL of trace
elements (0.375 g L™ EDTA-Naz, 016 g L™* ZnSO4e7H,0, 0.2 g L' NaMo0Og, 0.25¢g L™
HsBOs, 0.2 g L™t MnSO4e4H-0, 0.02 g L CuSO4e5H,0, 1 g L't CoCl,e6H,0). pH was
adjusted to 7.0 before autoclaving. Media was supplemented after autoclaving with 1 mL
of calcium stock solution (75 g L CaCl,e2H,0), 1 mL of iron stock solution (12 g L-1
FeSO4e7H,0 dissolved in 1M HCI), and 1 mL of vitamin stock solution (1 g L™ Thiamine
hydrochloride, 2 g L™* D-Pantothenic acid calcium salt, 100 mg L™ Biotin). UMS was then
supplemented with 30 mM pyruvate (or 3 mM pyruvate where low-carbon availability

conditions were required) and 10 mM ammonium chloride. Cultures were shaken at 200
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rpm unless otherwise stated. For growth on solid media, agar was added 1.75 % w/v

before autoclaving. Where a different media pH was required, pH was adjusted before use.

For experiments examining interactions of RIv3841 strains with plant roots, liquid FP
media was used for strain resuspension. FP media was prepared per litre as follows: 2.5
mL 0.27 M CaCl2e2H20, 3 mL 0.16 M MgSO4e7H0, 3.33 mL 0.22 M KH2PO4, 3.33
mL 0.32 M Na;HPOQOg4, 2 mL 0.01 M FeCgHs07 and 1 mL Gibson’s trace (2.86 g H3BOsg,
2.03g MnSO4e4H;0, 220 mg ZnSO4e7H-0, 80 mg CuSO4e5H20 and 80 mg H2Mo0Oy).
pH was adjusted to 7.0 before autoclaving. For plant growth on solid media, agar was

added 1.0 % w/v before autoclaving.

2.2.2 Antibiotics
For a selection of bacterial strains, antibiotics were added to the media at the

concentrations shown in Table 2-4.

Table 2-4. Concentrations (in pug mL™) of antibiotics used in liquid and solid media.

Antibiotic Antibiotic Rhizobium E. coli
suspended in leguminosarum

Ampicillin (Amp)  Water - 100

Apramycin Water 50 -

(Apra)
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Gentamycin HEPES

(Gent)

Kanamycin (Kan) Water

Neomycin (Neo) HEPES

Spectinomycin HEPES

(Spec)

Streptomycin HEPES

(Str)

Tetracycline (Tet) Water

20

50

80/240°

100

500

5

10

20

20

50

25

10

a: higher concentration of neomycin used for selection of interposon mutants.

2.3 DNA techniques

2.3.1 Isolation of genomic DNA

Genomic DNA was extracted from RIv3841 strains using a Qiagen DNeasy Blood and
Tissue kit according to the manufacturer’s instructions. 1 x 10° cells were used per
isolation. Genomic DNA was diluted to 1/100 with sterile water for use in PCR
amplifications. Plasmid DNA was extracted using a Thermo Fisher GeneJET Plasmid

Miniprep kit according to manufacturer’s instructions.
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2.3.2 PCR amplification

Primers for PCR amplification (Table 2-3) were designed using Geneious R10 [196] and
synthesized by Eurofins MWG Operon. Phusion ® High-fidelity PCR Master Mix
(Thermo Fisher) was used for amplification of DNA products for downstream cloning

reactions. GoTaq ® Green Master Mix (Promega) was used for mapping reactions.

Primer annealing temperatures were determined by Geneious R10. A Verti® thermocycler
(Applied Biosystems) was used for all reactions with conditions determined by
manufacturer’s guidelines for polymerases. PCR products were purified using a Thermo

Fisher GeneJET PCR purification kit according to manufacturer’s instructions.

Colony PCR was used for mapping reactions with E. coli strains; a single colony was
transferred into a PCR reaction using a sterile pipette tip. For mapping reactions with
RIv3841 strains, alkaline polyethylene glycol (PEG) was used for DNA extraction [197].
A single colony was resuspended in 15 uL alkaline PEG and heated at 60°C for 10

minutes (min). 3 pL of this extract was used per 10 pL total PCR reaction volume.

2.3.3 Gel electrophoresis

Gel electrophoresis was used to separate PCR products and restriction digest fragments in
0.9 % agarose (Sigma Aldrich) with added Sybr ® Safe DNA dye (Invitrogen, according to
manufacturer’s instructions), in TAE buffer (400 mM TRIS acetate, 1 mM EDTA). Gels
were run at 120 mV for 20-30 min. Gels were visualized using a GelDoc EZ system

(BioRad).
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2.3.4 Restriction digests and DNA ligation

Restriction digests were carried out using NEB, Roche or Thermo Fisher restriction
endonucleases and their respective buffers according to manufacturer’s instructions. DNA
ligation was performed with T4 DNA ligase and 10X T4 DNA ligase buffer (Thermo

Fisher) according to manufacturer’s instructions.

2.4 Cloning techniques

2.4.1 Transformation

E. coli DH5a cells were thawed on ice for 15 min and transformation DNA added in a
1:10 v/v ratio. Cells were incubated on ice for 30 min then heat-shocked at 42 °C for 45
seconds (sec) then incubated on ice for 2 min. SOC medium was added at 9-fold the
original transformation volume and cells shaken at 37 °C for 1 hour (hr) at 200 rpm before
plating on LB agar with appropriate antibiotics. Colonies were grown overnight at 37°C

before PCR screening and sequencing to confirm the expected construct.

2.4.2 Conjugation to transfer a plasmid from E. coli to R. leguminosarum

Triparental mating was used for conjugation of chromosomal integration plasmids from E.
coli into RIv3841 using helper plasmid pRK2013. Three days (d) before conjugation the
recipient RIv3841 strain was grown on a TY agar slope containing relevant antibiotics.
One day before conjugation the conjugative donor and pRK2013 containing E. coli strains
were inoculated in 10 mL LB with relevant antibiotics and grown overnight at 37°C with

shaking at 200 rpm. On the day of conjugation, overnight E. coli cultures were sub-
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cultured (1:10 v/v) into 5 mL fresh LB with antibiotics and grown with shaking until
reaching ODeoo 0.4-0.6. E. coli strains were pelleted at 1,000 x g for 5 min and washed
with TY 3x to remove traces of antibiotic. The RIv3841 slope was resuspended in 3-5 mL
TY and 400 pL recipient RIv3841 mixed with 400 pL donor E. coli and 200 pL pRK2013.
This mixture was pelleted at 2,500 x g for 5 min and the pellet resuspended in 30 uL TY
and pipetted onto a sterile nitrocellulose filter on a TY plate and incubated at 28° C
overnight. Bacteria were then streaked from the filter onto a TY plate containing the

appropriate transformant selection antibiotics and incubated for 3-4 d at 28°C.

2.4.3 Mutagenesis by pK19mob integration

pK19mob (Table 2-2) was used to generate integration mutants. Purified pK19mob vector
was digested with HindIll. An internal fragment (~500 bp) of the target gene was
amplified with PCR primers including 15 bp of homology to the digested pK19mob vector
at the 3°- end of each primer. The internal gene fragment was cloned into the digested
pK19mob vector using InFusion ® HD cloning according to the manufacturer’s
instructions. The resulting vector was transformed into chemically competent DH5a cells
and plated on LB kanamycin. Restriction digest and sequencing with M13 uni (-21) and
M13 rev (-29) primers was used to confirm correct vector ligation. The correct pK19mob
construct was conjugated into RIv3841 and correct conjugants selected on TY str and neo.
Genomic DNA was isolated from conjugants and used for mapping and sequencing with
relevant mapping primers (Table 2-3) and M13 uni (-21) and M13 rev (-29) to confirm

correct insertion.
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2.3.5 Transduction of R. leguminosarum

Phage transduction was used to generate a triple mutant strain (OPS1239) from two parent
mutant strains: A1480 (R. leguminosarum biovar viciae

300 rapA2::Tn5QSpec rapC::Tn5QApra) and A963 (RIv3841 praR::Tn5QKan/Neo). The
donor strain (A963) was grown for 3 d on a TY slope at 28°C before being resuspended in
3 mL sterile distilled water. 100 uL A963 resuspension was added to 900 uL serial
dilutions (102 — 10%) of RL38 phage stock [198]. 4 mL of half-agar TY was added to each
dilution and these were plated on TY for 2-3 d incubation at 28°C. The plate with a
bacterial lawn nearing confluence was taken and 10 mL sterile distilled water added. After
rocking for 2 hr the supernatant (now the phage lysate) was taken and stored at 4°C after
addition of 3 drops of chloroform.

A1480 (the recipient strain) was grown for 3 d on a TY slope at 28°C and resuspended in
3mL TY. 200 uL A1480 resuspension was mixed with a serial dilution (1-0.001 uL) of
phage lysate and incubated for 1 hr at 28°C. 100 uL of each dilution was plated on TY
spec, apra and neo plates before incubation at 28°C for 4 days. Single colony transductants
were carefully removed and purified on selective plates before genomic DNA was isolated
and used for mapping and sequencing with relevant primers (hah-2, targeting 9 base pair

repeats at the Tn5 cassette termini and oxp2363 and 2364, see Table 2-3).

2.5 Proteomics with mass spectrometry

2.5.1 Crude adhesin isolation
A crude adhesin protein fraction was isolated from RIv3841 cells as described by Smit et

al. (1989) [53] for use in root section attachment assays. Briefly, RIv3841 was grown in
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TY media and cells harvested by centrifugation at ODeoo 0.7. The cell pellet was washed
with and resuspended in 25 mM phosphate buffer. Cells were sheared for 5 min with a
sonic dismembrator 705 (Fisher Scientific) at an amplitude of 5. The suspension was
centrifuged at 12,000 x g for 10 min at 4°C and the supernatant then centrifuged at
100,000 x g (Beckmann TL-100 ultracentrifuge) for 2 hr at 4°C. The supernatant obtained
from this step was termed the crude adhesin fraction. SDS-PAGE gels were used for
protein visualization by molecular weight according to the protocol of Smith (1994) [199].
Gels were run at 180 mV for 45 min and stained with SYPRO® Ruby (Thermo Fisher)
according to manufacturer’s instructions. Gels were imaged using a GelDoc EZ system
(BioRad). Crude adhesin protein concentration was measured using a Pierce® BCA

protein assay Kit (Thermo Fisher) according to manufacturer’s instructions.

2.5.2 LC-MS/MS

A 14 kDa band from the crude adhesin protein fraction was sent for liquid
chromatography — mass spectrometry (LC-MS) at the Analytics Core Facility at the
University of Duisburg-Essen. Experiments were performed on an Orbitrap Elite
instrument (Thermo Fisher) that was coupled to an EASY-nLC 1000 liquid
chromatography (LC) system (Thermo Fisher) as described in [200] with the following
adjustments: MS/MS spectra data were searched against the UniProt reference database
UP000006575_216596.fasta (RIv3841, 7091 entries). The MS/MS target protein range
was set to 12-17 kDa. For data analysis, only protein groups with at least three identified
unique peptides over all runs were considered for further analysis. Non-RIv3841 proteins

and hits to the decoy database were removed.
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2.6 Root attachment assays

2.6.1 Buffering capacity of vermiculite

The buffering capacity of fine vermiculite (Sinclair Pro, 1-3 mm, used throughout this
thesis) was tested using nitrogen-free rooting solution adjusted to the desired pH (6.5, 7.0
or 7.5) using hydrochloric acid or sodium hydroxide solution. The composition of rooting

solution used for all plant experiments is shown in Table 2-5.

Table 2-5. Composition of nitrogen-free rooting solution used for plant experiments

Chemical Final concentration
CaCl2e2H20 1 mM
KCI 100 uM
MgSO4e7H20 800 uM
Fe EDTA 10 uM
HsBOs3 35 uM
MnCl2e4H20 9 uM
ZnCl2 0.8 uM
NazMoO4e2H20 0.5 uM
CuSO4e5H20 0.3 uM
KH2PO4 1g/L
NazHPO4 1.14 g/L

Salts (KH2PO4 and Na2HPO4) were dissolved in deionised water before the remaining

chemical solutions were added.
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25 mL rooting solution at the desired starting pH was added to 10 g fine vermiculite in
triplicate in 50 mL Falcon tubes. Tubes were rotated at 20 rpm and the pH of rooting

solution measured at defined intervals from 1 min to 72 hr using a pH meter (Hanna).

2.6.2 Growth of RIv3841 strains for Lux and insertion sequencing attachment assays
RIv3841 strains were grown on UMA slopes adjusted to the desired pH for Lux root
attachment assays. For insertion sequencing assays, the RIv3841 mariner transposon

mutant library (see 2.7.1) was grown on UMA slopes at pH 7.0.

2.6.3 Root section attachment assays

Pea seeds (Pisum sativum variety Avola, used throughout this thesis) were sterilized by
immersion in 95 % ethanol in a sterile flask for 30 sec before rinsing with sterile distilled
water and immersing in 2 % sodium hypochlorite solution for 5 min. Seeds were rinsed
10x in sterile distilled water, before transferring seeds onto 1 % distilled water agar
(DWA) plates and incubating in the dark at room temperature for 3 d. Root section
attachment assays were carried out as described in [201]. Briefly, root sections were
incubated for 1 hr in phosphate buffer (pH 7.0) with or without 600 pg total crude adhesin
protein before washing in fresh phosphate buffer. D5250 (RIv3841[plJ11268]) grown on
TY slopes for 3 days at 28°C was resuspended in liquid TY. 20 mL of the resuspension
(ODeoo = 0.1) was added to pea roots of each group and roots incubated on a rocking
platform for 1 hr. D5250 luminescence was assayed in triplicate using a GloMax ® Multi+
detection system (Promega). Roots were washed and weighed before luminescence was

measured using a GloMax ®-Multi Jr single-tube multimode reader (Promega). Data was
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normalized for the weight of roots and luminescence of starting culture, which was used to
calculate the relative luminescence of a single bacterial cell. Roots were also imaged using

a NightOWL 11 LB 983 imaging system (Berthold).

2.6.4 Sterilisation and germination for whole root attachment assays

Seeds of pea (P. sativum), soybean (Glycine max) and barley (Hordeum vulgare) were
sterilized as described in 2.6.3. Boiling tubes (200 mL size, DURAN ®) were filled % full
with vermiculite before 25 mL rooting solution (see Table 2-5) adjusted to the desired pH
was added. After sealing with foam bungs, boiling tubes were autoclaved. Sterile seeds
were planted 1 per tube and germinated under foil for 4 d in a controlled growth chamber

at 23°C. Plants were grown for a further 3d with a 16:8 (light:dark) photoperiod.

2.6.5 Colony count whole root attachment assays

To quantify attachment of RIv3841 strains by colony count, seeds were germinated and
grown as described in 2.6.4. RIv3841 strains were grown on UMA slopes (see 2.2.1) at pH
7.0. Plants were removed from vermiculite and RIv3841 strains resuspended to ODgoo 0.1
in 15 mM MES/HEPES buffer (adjusted to pH 7.0). Strain luminescence was tested as
described in 2.6.3. Plant roots were washed by dipping in 15 mM MES/HEPES buffer and
placed in fresh boiling tubes. 50 mL RIv3841 strain resuspension was added, with plants
secured such that only roots were immersed. Control plants had 50 mL 15 mM
MES/HEPES added. After a 1 hr incubation at room temperature with gentle shaking (20
rpm), plants were removed and washed by dipping in MES/HEPES buffer. Shoots were
excised and roots weighed before placing in 50 mL Falcon tubes with 20 mL fresh

MES/HEPES buffer and vortexing (Heidolph Multi Reax shaker) at the maximum speed
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for 10 min. For attachment assays in which roots were also ground, a pestle and mortar
were used after vortexing to grind roots in 10 mL fresh MES/HEPES buffer, which was
then pooled with the buffer from vortexing. The suspension was centrifuged at 2,500 x g
for 5 min to pellet the RlIv3841 cells released from the roots. Each pellet was resuspended
in 1 mL TY, with 100 uL volumes of serial dilutions plated onto TY agar containing strep.

Plates were incubated at 28°C for 3-4 d before the colonies were counted.

2.6.6 Lux whole root attachment assays

For whole-root attachment assays of RIv3841 strains using luminescence (Lux assays),
seeds were germinated and grown as described in 2.6.4 and plant roots inoculated as
described in 2.6.5. Strain luminescence was tested as described in 2.6.3. After 1 hr
incubation at room temperature with gentle shaking (20 rpm), plants were removed from
inoculum and washed by dipping in MES/HEPES buffer. Shoots were excised and roots
imaged using a NightOWL 11 LB 983 imaging system (Berthold). Lux assays were
conducted with plants grown with rooting solution at pH 6.5, 7.0 or 7.5. For these pH
groups, RIv3841 strains were grown on UMA slopes of matching pH, and 15 mM

MES/HEPES buffer was also of matching pH. Data was normalized as described in 2.6.3.

2.7 Insertion sequencing
Insertion sequencing protocols were used from Goodman et al. (2011) [169] and Perry and

Yost (2014) [151] with adjustments listed below.
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2.7.1 Mariner library construction

Plasmid pSAM_RI carrying E. coli donor cells (Table 2-1) were grown in LB with kan
and amp overnight and RIv3841 recipient cells were grown on a TY strep agar slope and
resuspended in TY. Cultures were pelleted at 2,500 x g for 5 min and washed 3x in TY.
Donor and recipient cells were pooled in equal ratios, pelleted, resuspended in 30 uL TY
and plated on nitrocellulose filters on TY agar for conjugation. After overnight incubation
at 28 °C, bacteria from conjugations were resuspended in 15 % glycerol UMS and serial
dilutions plated on TY str, neo to quantify RIv3841 transposon insertion mutant
concentration. Approximately 300,000 colony forming units (CFU) from each conjugation
was plated in triplicate on 245 x 245 x 25 mm TY str, neo plates and grown at 28 °C for
12-18 hours until pinprick colonies formed. Colonies were scraped off plates and
resuspended in 15% glycerol UMS. Three master mariner transposon RIv3841 input
libraries were formed from the pooling of two independent pPSAM_RI/RIv3841

conjugations each.

2.7.2 Mariner library inoculation for insertion sequencing

Mariner libraries (isolated as described in 2.7.1) were grown from -80 °C stocks on UMA
slopes at pH 7.0. Plants were grown as described in 2.6.4 and inoculated as described in
2.6.5. The input library DNA was extracted at this point. Output libraries (Rlv3841
mariner transposon mutants after 1 hr root attachment assay) were recovered from roots
by vortexing as described in 2.6.5. To decrease the contamination with plant DNA and
increase bacterial DNA for extraction, output libraries were grown in TY for 12 hr at 28°C
with shaking at 200 rpm. DNA was extracted from output libraries using a Qiagen

DNeasy Blood and Tissue kit according to the manufacturer’s instructions with the

96



following adjustments: 2 uL. RNase A (100 mg/mL) was added alongside proteinase K,
and DNA was eluted in 100 uL MilliQ water. DNA was quantified using a NanoDrop

spectrophotometer.

2.7.3 Library preparation and sequencing

Library preparation was carried out separately for each of the input and output libraries.
Transposon-tags were prepared for DNA sequencing using the method described in
Wheatley et al. (2017) [143] to make the process compatible with the lon Proton
sequencing platform (Thermo Fisher). Briefly, linear PCR products were amplified using
BioSAM primers with 500 ng template DNA. Biotinylated PCR products were purified
(GenelJet PCR purification kit) and bound to Pierce streptavidin magnetic beads (Thermo
Fisher). Klenow fragment (3’5" exo’, NEB) was used for second strand synthesis before
digestion with Mmel (using an M12 fragment in trans for efficient DNA cleavage) and
ligation of an lon Proton sequencing adapter. A final round of PCR amplification was
performed with a unique barcoded sequencing primer used for each sample. This
barcoding (using twelve different lonXpress barcoding sequences, Thermo Fisher)
enabled automated sequencing read separation by experimental sample. An lon Torrent
system (Thermo Fisher) reverse sequencing target ‘trP1’ was used for all samples in
conjunction with the unique forward barcoded primer. All primers are listed in Table 2-3.
The end sequencing template was 187 bp and was gel purified from the PCR reactions
using E-Gel SizeSelect Il agarose gels (Thermo Fisher). DNA for sequencing from each
library was analysed on a Bioanalyzer high sensitivity DNA chip (Agilent Technologies),

diluted to 100 pM and pooled in equimolar ratios. An lon Chef and lon PI chip kit V3
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(Thermo Fisher) was used for template preparation of pooled barcoded libraries, and

sequencing was performed on an lonProton system (Thermo Fisher).

2.7.4 Transposon insertion analysis using a four-state hidden Markov model
Sequencing reads were analyzed on a Linux server as previously described [151, 169].
Cutadapt [202] was used for quality trimming and adapter sequence removal and resulting
transposon tags were checked for a leading TA motif with a custom Perl script. Tags were
mapped to the RlIv3841 reference genome (downloaded from Rhizobase,
http://genome.annotation.jp/Rhizobase) using Bowtie [203] and split by replicon. Files
were converted to .wig format using a custom Perl script and analyzed further with the Tn-
HMM (Hidden Markov Model) Python module [183]. This module calculates the HMM
state of each thymine-adenine (TA) site (at which the Mariner transposon can insert,
[151]) and then determines the state of all TA sites in a gene to assign a gene to one of
four possible classifications, indicating how mutation affects bacterium fitness: essential,
defective, neutral or advantaged. Gene annotations were obtained from UniProt and from

a lab-curated annotation file.

2.7.5 Transposon insertion analysis with gene fitness value calculation

Fitness values were calculated for genes (reflecting the impact of mutation on bacterium
fitness) as described in [143], allowing quantification of mutants retrieved for any gene in
the library as well as numerical comparison of gene fitness across different test conditions
(after standardising fitness values per million library reads). The equation for fitness value

IS given by:
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Fitness value = (potential insertion sites x insertion density) x mean read count

Potential insertion sites is the number of TA sites within the annotated length of a gene.
Insertion density is the proportion of TA sites in a gene with one or more insertions. Mean
read count is the mean number of reads for TA sites with at least one insertion. Fitness

values can be standardised per million library reads

2.8 R. leguminosarum root interaction imaging
Tracking root interactions system (TRIS) experiments were conducted as described in

Massalha et al (2017) [188], with adjustments described below.

2.8.1 Preparation of tracking root interactions systems chambers

TRIS chambers were prepared as described in [188]. Briefly, photolithography was used
to pattern microchannels onto a layer of SU-8 2100 negative tone resist (Microchem) on a
silicon wafer (Agar Scientific). A mask aligner was used to expose the photoresist layer
through a custom mask designed by AutoCAD. The crosslinked photoresist formed the
master mould. Polydimethylsiloxane (PDMS) and crosslinker (Sylgard 184 silicon
elastomer kit, Dow-Corning) were mixed according to manufacturer’s instructions and
poured into the master mould. PDMS was cured by heating at 60 °C overnight and slabs
(now referred to as TRIS chambers) were cut from the master mould and inlet/outlet/root
holes added using a 1 mm biopsy punch (Agar Scientific). TRIS chambers were mounted
on a glass slide using plasma bonding. A diagram of a completed TRIS chamber can be

seen in Figure 6-1 A, page 297.
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2.8.2 Seed sterilization and germination for Lux reporter testing and tracking root
interactions system

For Lux reporter testing, seeds of vetch (Vicia cracca and Vicia hirsuta) and clover
(Trifolium repens and Trifolium pratense) were gently scarified with sandpaper before
immersion in 2% sodium hypochlorite solution for five min. Seeds were rinsed 10x in
sterile distilled water and immersed in sterile distilled water for 5 hr to imbibe. 200 uL
pipette tips with the ~5 mm of the thinnest end removed were filled with FP agar and
seeds placed using sterile forceps one per tip at the widest end. 100 mL rooting solution
was added to a pipette tip box and tips with agar and seeds placed in the box tip holder.
Boxes were sealed with parafilm and plants germinated in the dark for 4 d, and with a 16:8
(light:dark) photoperiod for 2 d.

For TRIS, seeds were sterilized as above and ‘planted’ in pipette tips. Tips were
embedded vertically in a sterile magenta filled 1 cm deep with 1% distilled water agar.
Seeds were vernalized in the dark at 4°C for 24 hr and germinated for ~60 hr at room

temperature before transplanting to TRIS chambers.

2.8.3 Lux reporter testing on roots

Strain LMB487 was grown for 3 d on UMA slopes at pH 7.0 and resuspended to ODeoo =
0.1in 15 mM MES/HEPES buffer. Pipette tips containing germinated plants (2.8.2) were
removed from boxes and the roots immersed in the LMB487 suspension. Control roots
were immersed in buffer alone. After 2 hr roots were removed, washed by dipping in fresh

buffer and imaged using a NightOWL 11 LB 983 camera (Berthold).
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2.8.4 Bacterial growth and preparation for tracking root interactions systems and
chamber imaging and interaction profiling systems

Bacterial strains were grown from loop inoculation taken from a TY plate into 100 mL
UMS media with 3 mM pyruvate (see 2.2.1) with shaking at 200 rpm for 24 hr. Before
use, bacteria were filtered through a single layer of Whatman filter paper and 20 mL
culture centrifuged at 100 x g for five min. The upper 16 mL of media was gently
removed by pipetting and 16 mL filter sterilized FP media added. This process was
repeated with 8 mL fresh FP media added the second time. Bacterial motility was
observed using an inverted optical microscope with a 10 x dark-field objective (Olympus)

and data evaluated with CellSens (Olympus).

2.8.5 Tracking root interactions systems setup and confocal imaging

Plants in pipette tips were transplanted into TRIS chambers (2.8.2) and grown on a 20°
slant to promote gravitropic root growth toward the chamber outlet in a 16:8 (light:dark)
photoperiod for 36 hr. For imaging, 1.2 mm polypropylene tubes filled with FP media
were connected to the inlet and outlet holes. 1 mL plastic syringes filled with FP media
were connected to outlet tubes using 18-gauge needles. Chambers were mounted on a
motorized microscope stage (inverted laser scanning confocal Ti-eclipse, Nikon) and
covered with a custom-made transparent lid. Bacterial cells were introduced into the
chambers by immersing the inlet tube in prepared culture (2.8.4) and drawing back gently
on the outlet syringe.

Images were acquired at = 40 uM from the root mid-plane using a 10 x objective lens.

Laser excitation at 488 nm with an emission window of 500-550 nm was used for GFP
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fluorescence and excitation of 561 nm with an emission window of 595-650 nm was used

for mCherry.

2.8.6 Seed sterilization and germination for Chamber Imaging and Interaction
Profiling Systems (ChlIPS)

Seeds for chamber imaging and interaction profiling systems (ChlIPS) were sterilized as
described in 2.8.2. For alfalfa (Medicago sativa) and clover (T. repens), seeds were placed
on sterile filter paper on a layer of 1% DWA in a square plate, sealed with parafilm. Plates
were placed upright to promote gravitropic root growth and plants were germinated at
room temperature in the dark for 24 hr and in a 16:8 (light:dark) photoperiod for a further
24 hr (M. sativa) or 3 d (T. repens). For vetch (V. villosa) and lotus (L. japonicus), seeds
were lightly embedded in 1% DWA in a square plate with a layer of sterile cellophane
directly below the seed. This allowed root growth over the layer of cellophane and not into
the agar. Seeds were germinated in the dark for 24 hr and in a 16:8 (light:dark)

photoperiod for a further 3 d (L. japonicus) or 5 d (V. villosa) before use.

2.8.7 Chamber imaging and interaction profiling systems setup and confocal imaging
(including for polarity experiments)

Sterile ChlIPS chambers (adapted from an SPL Life Sciences single well cell culture slide
#31301) were filled halfway with 2% distilled water agar to form an artificial base. Plants
were transferred to the chamber so they lay horizontal with the root perpendicular to the
chamber sides. Plants were secured by embedding a sterile metal hook into the agar over
the shoot, and the hook secured with a small spot of water agar. For imaging, the chamber

was filled with bacterial suspension and the lid placed on such that the inner lid surface
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was in contact with the liquid, allowing clear imaging. The lid and chamber were sealed
with parafilm and transferred to the motorized confocal stage. Imaging took place on a
Leica TCS SP5 laser scanning confocal microscope. Images were acquired at + 20 uM
from the root mid-plane using a 10 x objective lens. Laser excitation at 488 nm with an
emission window of 500-530 nm was used for GFP fluorescence and excitation of 543 nm

with an emission window of 600-630 nm was used for mCherry.

2.9 Bioinformatics, data handling and statistical methods

Geneious R10 was used for primer design and local sequence alignment [196]. Global
nucleotide and protein sequence alignments were carried out using BLASTn and BLASTp
(NCBI) [204]. Protein-protein interaction networks were predicted and visualized using
STRING [205]. Cellular protein localization was predicted using pSORTb v 3.0.2 [206].
In bacterial attachment assays, luminescence was evaluated using IndiGO software
(Berthold) and subject to statistical testing in GraphPad Prism 8. Unpaired t-tests were
used with the following p values: * = p <0.05, ** = p <0.001, *** = p <0.0005, **** =p
<0.0001. Imaging data from tracking root interactions systems and chamber imaging and
interaction profiling systems was evaluated with FIJI [207] and LAS AF (Leica). Data
handling was largely in MS Excel and all graphs were generated using GraphPad Prism 8.
Analysis of sequencing reads from INSeq transposon insertion mutagenesis was carried

out using a four-state HMM as described in 2.7.4.
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Chapter 3

Investigating novel root attachment factors in Rhizobium

using a new luminescence-based root-attachment assay
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3.1 Introduction

Soil bacteria of the order Rhizobiales are gram negative a-proteobacteria able to form
nitrogen-fixing symbioses with their host legumes. Within this symbiosis, rhizobia fix
atmospheric dinitrogen (N2) into ammonia (NH3), which can be used by the host plant for
amino acid synthesis, in return for carbon sources in the form of dicarboxylic acids [26].
One of the early stages of nitrogen fixing symbiosis formation is attachment of rhizobia to
the plant root hairs; attachment to bulk epidermal root surface also occurs, but by different
mechanisms [34]. Attachment to root hairs is thought to be governed by a pH-dependent
two-component system conserved among rhizobia. Under acidic soil conditions, a plant
lectin localised at root hair tips is bound by glucomannan, polarly located on rhizobia cells
[47, 56]. Under alkaline conditions, the plant lectin disassociates from roots and instead it
has been proposed that rhizobia use an extracellular rhicadhesin protein, bound to the
bacterial surface by calcium ions, to attach to an unknown plant receptor [53, 71, 208—
211]. Following attachment, infection thread formation allows rhizobia to infect nodules,
in which they form bacteroids and fix nitrogen [26].

Successful attachment to root hairs is important for subsequent symbiosis formation; a
glucomannan mutant in RIv3841 could still nodulate pea, but when co-inoculated with
wild-type was almost completely outcompeted for nodule occupancy [56]. Attachment to
the bulk root epidermis of various plants is also likely to be important for persistence of
rhizobia in the soil; root exudates can serve as preferential growth substrates for rhizobia
[34] and as much as 20 % of photosynthate can be exuded from roots [35].

Rhicadhesin has been reported to be important for attachment in Rhizobium-legume
symbioses in multiple studies [52-54, 209-211]. Smit et al. (1987) first hypothesised the

existence of a calcium-dependent adhesin when they showed that low calcium growth
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conditions reduced attachment to glass and root hair cap formation for multiple rhizobia
species under pH 7.5 attachment conditions [52]. A candidate 14 kDa calcium-binding
rhicadhesin protein was later isolated from the cell surface of Rhizobium leguminosarum
biovar viciae 248 (Rlv248) and found to inhibit root attachment at pH 7.5 when roots were
pre-treated with adhesin. Surface preparations from other rhizobia, but not non-rhizobia,
demonstrated the same properties, and were able to inhibit attachment to both legume and
non-legume plants. This suggests conservation of rhicadhesin across rhizobia and a
common mechanism of attachment to root hairs under alkaline conditions [53]. Calcium
ions were shown to be required for anchoring of rhicadhesin to the rhizobia cell surface
[211] and purified rhicadhesin rescued the attachment negative phenotype of a chvG
Agrobacterium tumefaciens mutant, deficient in -1,2 glucan production [54]. A putative
plant receptor for rhicadhesin was also identified based on its ability to prevent
rhicadhesin-mediated inhibition of RIv248 attachment to root hairs at pH 7.5 [209].
Despite the reported importance of rhicadhesin, its identity remains unknown at the gene
or protein level [34].

A two-component model has been proposed for the primary attachment to root hairs [34].
Primary attachment is defined as the initial, reversible binding of bacteria, whilst
secondary attachment is defined as tight, irreversible binding [34]. Secondary attachment
to root hairs occurs in rhizobia through cellulose microfibril, polysaccharide and secreted
protein synthesis [34, 71].

Multiple other factors have been implicated in the primary and secondary attachment of
rhizobia to the epidermis of plant roots (summarised in Figure 1-3). Moatility is important
for chemotactic attraction and root exudates (including flavonoids) induce positive

chemotaxis in strains of Rhizobium [212, 213]. Flagella (the proteinaceous protruding
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filaments, driven by a membrane-embedded motor and responsible for motility in many
bacteria) provide propulsion and hence allow rhizobia to reach root surfaces for
attachment [44]. The flagellum itself may also possess adhesin properties [45, 61, 214,
215], though to what extent flagella contribute as adhesins in RIv3841 is unclear. EPS is
also known to play a role in attachment and a mutant in pssA (a key acidic EPS
biosynthesis gene) of RIv3841 is strongly defective in attachment to pea roots after 90 min
at pH 6.5 or 7.5, especially to root hairs [56]. Ausmees et al. (2001) also identified the
Rhizobium adhering proteins (Raps) [57] which are negatively regulated by praR in
RIv3841 [59]. Mutation of praR in Rlv3841 leads to a phenotype of hyper-attachment to
pea roots, and only combinations of mutations in Rap genes could abolish the increased
attachment of a praR mutant [59]. PraR was also shown to negatively regulate plyB, a
glycanase important for correct EPS processing to facilitate attachment [58], rosR, a
regulator of cell surface components and polysaccharides (mutation of which inhibits
Rhizobium-clover symbiosis [216]), and predicted ‘cadherin’ attachment proteins [59].
There is a comparative lack of characterisation of attachment factors in Rhizobium-legume
symbioses relative to other symbiotic stages [25]. This is possibly due to the difficulty of
assessing root attachment with a method that is both simple and has reasonable
throughput, where larger numbers of experiments can be performed to give statistical
significance. Previously reported root attachment assays have relied on a handful of
methods, each of which have limitations. High magnification microscopy for the counting
of root-attached bacteria [52, 53, 210, 217-219] relies on extrapolation of data from a
small count area and is very time consuming. The same limitations apply to assaying by
confocal microscopy [56]. Whilst vortexing can be used to recover root-attached bacteria

for plating and enumeration, this method does not allow observation of the dynamics of
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spatial attachment. Frederix et al. (2014) used a scintillation-based attachment assay,
radiolabelling rhizobia [59]. Whilst quantitative, radiolabelling presents obvious
limitations. The same group then developed a Lux luminescence-based attachment assay,
labelling rhizobia with bioluminescence genes [59]. This method, combined with
appropriate imaging techniques, allows light emission from plant roots to be used as a
proxy for enumerating the bacterial attached. However, this study used an attachment
assay which examined root sections excised from pea seedlings. This excision creates an
unnatural exudation source from the wounding site, which is likely to affect attachment
dynamics and rapidly alter root physiology.

In this chapter, the rhicadhesin protein fraction from RIv3841 is characterised using root
section attachment assays and proteomic analysis. A major aim of this work was to
establish new tools for the investigation of primary root attachment in Rhizobium-legume
symbioses. To this end, the development of a new whole-root luminescence-based
attachment assay, which is compatible with studying bacterial attachment under
conditions of different pH, is presented. This method was validated using a variety of
RIv3841 strains mutated in genes encoding known attachment factors. A further key aim
was to generate a more holistic overview of primary attachment determinants and their pH
dependency. A bioinformatic approach was therefore taken to identifying potential novel
attachment factors in RIv3841 and mutants in a subset of these tested experimentally using
the Lux attachment assay. A better understanding of primary attachment determinants is of
relevance both to Rhizobium-legume symbiosis development and the mechanisms of

persistence of rhizobia in the soil.
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3.2 Results and discussion

3.2.1 A crude adhesin fraction isolated from RIv3841 inhibits bacterial attachment to
pea root sections

A crude adhesin fraction was isolated from Rlv3841 cells (2.5.1) using the method
described in [53] and visualized on an SDS-PAGE gel (Figure 3-1). A 14 kDa band was
seen in both the soluble and crude adhesin fractions and was absent from the membrane
fraction, in agreement with the results of Smit et al. (1989) [53]. The banding pattern of
the crude adhesin fraction SDS-PAGE gel showed a high level of similarity to the banding
pattern seen in the crude adhesin fraction SDS-PAGE gel of Smit et al. (1989) [53] (data

not shown).
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Figure 3-1. Sypro Ruby stained SDS-PAGE gel of the soluble, membrane and crude
adhesin fractions isolated from RIv3841. Smit et al. (1989) [53] described a 14 kDa band
of interest and bands of this size are circled in blue. Molecular weight markers are shown

at either edge of the gel (Ladder). Numbers indicate weight markers (kDa).

This crude adhesin fraction was used in a pea root section attachment assay (2.6.3) at pH
7.0 to determine whether pretreatment of roots with 600 ug crude adhesin protein for 1 hr
affected subsequent 1 hr attachment of RIv3841. Data normalization was carried out as
described in Frederix et al. (2014) [59]. Preincubation of roots with crude adhesin fraction

led to a 72 % reduction in the average number of attached RIv3841 cells (Figure 3-2).
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Figure 3-2. Attachment of bacteria to pea root sections, without and with crude adhesin

Absolute Rhizobium | Root

pretreatment. A — Number of bacteria - RIv3841[pl1J11282] (D5250) - attached to pea root
sections after 1 hr without (D5250) and with (D5250 + CA) pretreatment with crude
adhesin (CA) for 1 hr. B — Aerial and lateral view of luminescence signal from a
representative root of the D5250 group. C - Aerial and lateral view of luminescence signal
from a representative root of the D5250 + CA group. Imaging was using a NightOWL II
LB 983 camera. White bars are for scale; each represents 1 cm. Data is displayed as mean

+ SEM, n=10 roots. An unpaired t-test was used to compare groups. **** = p <0.0001

The ability of a crude adhesin fraction to inhibit the attachment of RIv3841 to pea roots
agrees with the results of Smit et al. (1989) [53] although, due to their use of an
‘attachment class’ metric (where observed levels of attachment were ranked into one of
four qualitative categories), it is difficult to make a direct comparison of the data. This
result, using a crude adhesin preparation from RIv3841, also seems to indicate that the

adhesin activity is also conserved in this strain of Rhizobium. This is important as,
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although conservation of rhicadhesin across multiple strains of rhizobia was demonstrated
[53], RIv3841 was not tested. Although the original attachment assays in [53] were carried
out at pH 7.5, the ability of the crude adhesin fraction to inhibit Rlv3841 attachment at
pH 7.0 is not unexpected, as both the rhicadhesin and glucomannan mechanisms of

attachment are thought to operate at neutral pH [34, 71].

3.2.2 The 14 kDa crude adhesin band is made up of at least 15 protein components
The 14 kDa band shown in Figure 3-1 was sent for protein identification by LC-MS/MS at
the analytics core facility, University of Duisberg-Essen (see 2.5.2). A total of fifteen

protein hits were identified from the isolated SDS-PAGE gel band (Table 3-1).
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Table 3-1. Gene designations for the proteins identified by LC-MS/MS from the 14 kDa band of RIv3841 crude adhesin preparation,

ordered by relative abundance.

Gene Protein description Protein size Predicted Relative
(kDa) localization abundance

RL4733 Conserved hypothetical protein 17 Un 100

ndk (R1580) Nucleoside diphosphate kinase 15 Ex 83

pal (RL3968) Putative OmpA family peptidoglycan associated lipoprotein 19 oM 42

RLO770 Putative phasin, phasin-2 superfamily 16 Un 10

rplQ (RL1799) 50 S ribosomal protein L17 15 Cyt 8

RL1635 Putative outer membrane protein 19 Un 7

ompl9 (RL4441) Outer membrane lipoprotein Omp19 18 oM 5

atpF1 (RL0928) ATP synthase subunitb 1 19 CytM 5

rpsH (RL1788) 30 S ribosomal protein S8 15 Cyt 3

rplT (RLO268) 50 S ribosomal protein L20 15 Cyt 3

rpsP (RL4549) 30 S ribosomal protein S16 14 Cyt 3
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rpsl (RL1672) 30 S ribosomal protein S9 17 Cyt 3

rplU (RL4676) 50 S ribosomal protein L21 12 Cyt 2

rpiR (RL1790) 50 S ribosomal protein L18 13 Cyt 2

rosR (RL1379)  Putative nodulation competitiveness transcriptional 16 Un 2
regulator

Predicted localization data is from pSORTb [206] and coded as follows: Cty = cytoplasmic, Un = unknown, CytM = cytoplasmic
membrane, Ex = extracellular, OM = outer membrane. Relative abundance reflects intensity of protein hits detected in LC-MS/MS and

is indexed to 100 for RL4733, the most abundant of the detected proteins.
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Whilst rhicadhesin was reported to be a 14 kDa protein, this was determined by running
both crude and purified protein on SDS-PAGE gels against protein standards of known
size [53]. However, this method can lead to inaccuracies, especially for small proteins
[220]. This is further evidenced by the fact that the protein band running at 14 kDa on an
SDS-PAGE gel (Figure 3-1) which was analysed here contained proteins of 12-19 kDa
(Table 3-1). Therefore, none of these proteins should be ruled out as a rhicadhesin based
on size alone.

This list contains 8 proteins which are predicted by pPSORTD to be localized in the
cytoplasm or cytoplasmic membrane (RpiQ, AtpF1, RpsH, RpsT, RpsP, Rpsl, RplU and
RpiR). These include ribosomal subunit proteins. This would indicate that at least some
RIv3841 cell lysis had occurred during the preparation of crude adhesin fraction. This is in
contrast to a previous report [53], where it was claimed that cell viability was not affected,
although no data or methodology for testing this was shown. However, given the high
sensitivity of MS/MS protein detection methods, high abundance of ribosomal proteins in
bacterial cells [221], and the low relative abundance of ribosomal subunit proteins in the
sample, this indicates that any cell lysis was likely to be minor. These cytoplasm or
cytoplasmic membrane localized proteins are unlikely candidates for rhicadhesin given
their described functions and predicted subcellular localization.

Of the remaining candidates, RLO770 (putative phasin) is also an unlikely candidate.
Phasins play a role in the accumulation and stabilization of poly-B-hydroxybutyrate
granules, an intracellular carbon storage mechanism [222, 223]. Interestingly, phasin-like
proteins were highly up-regulated in a rosR mutant of R. leguminosarum biovar trifolii.
However, as a rosR mutant is known to be defective in symbiosis [216], this provides

further evidence against RL0770 being a rhicadhesin.
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RosR itself (RL1379) was also identified as the least abundant protein in the sample in
LC-MS/MS but, although known to be involved in transcriptional regulation of cell
surface properties [216], there is no evidence for the direct involvement of this protein in
attachment.

RL1580 encodes a nucleoside diphosphate kinase (NDK); these are generally cytoplasmic
nucleotide metabolism enzymes, although may also be involved in the supply of
nucleotide-linked sugars for mycobacteria cell wall polysaccharide synthesis [224]. NDK
has been shown to be secreted by the PrsDE type | system in RIv3841, and proteins
secreted through this system (including RapA2 and RapC) have previously been shown to
be important for attachment [57, 59, 225]. However, as mutants lacking secreted NDK
have been reported to show no symbiosis defect it has not been implicated in attachment
[225].

RL3968 is annotated as the Pal component of the characterised Tol-Pal system. This
system is critical for outer membrane integrity in Gram-negative bacteria and in cell
division [226], but has no characterised role in attachment.

Ompl9 (RL4441) is an outer membrane lipoprotein; a lipid anchored protein exported
through the localization of lipoproteins (lol) pathway. Although the role of Omp19 in
RIv3841 is unknown, outer membrane lipoproteins have been implicated in iron uptake
[227], cell surface modifications [228, 229] and adhesion [230, 231] in different bacteria.
Whilst Omp19 could therefore represent a rhicadhesin, its lipid (rather than calcium ion)
anchored nature argues against this. However, given the known involvement of Omp
proteins in bacterial adhesion [230, 231] this should be investigated further.

RL1635 is a putative outer membrane protein (UniProt annotation, pPSORTb was unable to

predict localization) of 19kDa, and may represent a rhicadhesin.
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Finally, RL4733 is a conserved hypothetical protein of unknown localization and the most
likely rhicadhesin candidate, given it was the most abundant protein in the sample and is
close to 14 kDa in size.

In order to investigate these candidates (Omp19, RL1635 and RL4733) further an
attachment assay capable of profiling attachment factor importance at different pHs (given
the pH dependent nature of rhicadhesin mediated attachment, [34, 71]) was developed to

investigate this and other possible novel attachment factors further.

3.2.3 Evaluating the suitability of vermiculite for attachment studies at a range of
pHs

For the development of an attachment assay capable of determining the pH dependency
profile of attachment factors, plants and bacterial strains were buffered during growth at
the same pH. Many previous studies featured inconsistencies in pH range attachment
assays, such as growing bacteria and plants at neutral pH before resuspending bacteria in a
pH 6.5 or 7.5 buffer for the assay [56]. This is unlikely to be representative of more
realistic attachment conditions, where plants and bacteria may be exposed to a more
consistent pH for time during growth before attachment. It has previously been reported
that vermiculite is inappropriate for pH studies due to its high buffering capacity [232],
although the type of vermiculite used was unspecified. The buffering capacity of Sinclair

Pro fine vermiculite was tested as described in 2.6.1, with results shown in Figure 3-3.
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pH changes in rooting solution incubated
with fine vermiculite over time
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Figure 3-3. pH changes in rooting solution incubated with fine vermiculite over time.

25mL of rooting solution at pH 6.5 (red), 7.0 (green) or 7.5 (blue) was added to 10 g fine

vermiculite and the pH measured over time, up to 72 hours. n=3 per group.

In contrast to the results of [232], large changes in the pH of rooting solution were not

seen. This could be to do with the brand of vermiculite (not specified in [232]), cleanliness

(vermiculite was washed thoroughly and allowed to dry before all experiments in this

work) or different concentrations of rooting solution components [232]. Whilst small

upward pH changes were observed for all test groups, due to its low buffering capacity the

Sinclair Pro vermiculite was deemed appropriate for use in pH attachment studies.
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3.2.4 Validating Lux for measuring attachment of bacteria to whole roots

A major aim of this work was to develop a new whole-root luminescence-based
attachment assay which could be used for pH attachment studies. Such a tool would be
useful given the limitations of previously reported techniques (3.2). Luminescence was
previously reported to be a reliable method for measuring RIv3841 attachment to root
sections [59], but this was not validated with whole roots. In order to use luminescence, a
plasmid (plJ11282) which constitutively expresses Lux (using a pNeo promoter) needs to
be introduced into each strain assessed. Root attachment measured by vortexing pea roots
and counting the colonies released (2.6.5) was compared to assessment of attachment

using luminescence data (2.6.6) (Figure 3-4).

A B
Root attachment of RIv3841 vs rapA2/irapC Root attachment of D5250 vs rapA2/rapC Lux double
double mutant (A1480) at pH 7.0 after one hour mutant (OPS0296) at pH 7.0 after one hour,
- drop counts normalised luminesence counts
1.5x1 07' *hk

300000+

7 o
1.0<10 2000004

5.0%10°1 100000+

Absolute Rhizobium | Root

Luminesence counts / gram root

0.0+

Strain

Strain
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Figure 3-4. Comparison of colony counts and luminescence as a method of assessing
attachment of RIv3841 strains to pea roots. A — Evaluation by colony counting of bacterial
attachment to whole pea roots after 1 hr, pH 7.0; wild-type RIv3841 vs A1480 (a
rapA2/rapC double mutant, [59]). A1480 shows, on average, a 77.7% reduction in
attachment to roots. B — Evaluation by luminescence of bacterial attachment to whole pea
roots after 1 hr, pH 7.0; D5250 (RIv3841[plJ11282]) vs OPS0296 (A1480[pl1J11282])
following data normalization for weight of roots and luminescence of starting culture.
OPS0296 shows, on average, a 74% reduction in attachment to roots. Data is displayed as

mean £ SEM, n=10. An unpaired t-test was used to compare groups. *** = p <0.0005

Together with wild-type RIv3841, strain A1480, a rapA2/rapC double mutant, known to
be defective in root attachment at pH 7.0 [59] was used to assess the two methods. In the
colony count method, the mutant strain A1480 showed a 77.7% reduction in attachment
compared to RIv3841 (Figure 3-4, A). In the luminescence method, this reduction was
74% (Figure 3-4, B), mirroring the colony count data.

An example of Lux assay readout from root imaging after inoculation with different

RIv3841 strains is presented for reference in Figure 3-5, below.
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Figure 3-5. A representative example of Lux assay root imaging data following 1 hr
attachment assays. A - luminescence signal from a pea root inoculated with D5250
(RIv3841[plJ11282]) for 1 hr under pH 7.0 test conditions. B — with OPS0804 (a pssA
mutant). C — with OPS0111 (a praR mutant). Here, luminescence signal indicates reduced
attachment of a pssA mutant and increased attachment of a praR mutant in relation to
D5250 even before data normalisation (see 3.2.5 and 3.2.6). All images are scaled to a
counts per second cut-off of 500 (scale bar shown right). White bars are for scale; each

represents 1 cm. n = 10 per group, representative image provided

3.2.5 Validation of Lux-based attachment assay under different pH conditions using
a range of Rlv3841 mutants

As normalised luminescence enabled accurate quantification of bacterial attachment,
multiple further strains with characterised attachment phenotypes were tested under
different pH conditions (Figure 3-6). Most strains used with this assay are pK19mob

integration mutants. To isolate these mutants, an internal fragment of the target gene was
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cloned into the pK19mob vector and conjugated into wild-type RIv3841. Homologous
recombination causes single crossover integration mutagenesis and disruption of the target

gene. See also 2.4.3.
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Figure 3-6. Comparison of wild-type RIv3841 and known attachment deficient strains
under different pH conditions in a Lux whole root attachment assay. A — Root attachment
of D5250 (RIv3841[p1J11282]) under pH 6.5, 7.0 and 7.5 conditions. Data from A is
presented for D5250 for all further comparisons. B — D5250 vs OPS1878 (nifH mutant). C
— D5250 vs OPS0804 (pssA mutant). D — D5250 vs OPS1738 (flgE mutant). E — D5250 vs
OPS1739 (motA mutant). F - D5250 vs OPS0914 (gmsA mutant). Strains and pH
conditions are given on the x axes. Data is displayed as mean £ SEM, n=10. An unpaired

t-test was used to compare groups. *** = p <0.0005, **** = p <0.0001

3.2.5.1 Wild-type attachment is the same at pH 6.5, 7.0 and 7.5

No statistically significant difference was seen in the ability of D5250
(RIv3841[plJ11282]) to attach to pea roots under any of the pH conditions tested (Figure -
6, A). It is important to note that the pH conditions used here (6.5, 7.0 and 7.5) were
chosen because root attachment assays reported in the literature (e.g. [53, 56, 59]) were
performed within this pH range.

3.2.5.2 A nifH mutant is unchanged in attachment relative to wild-type

A nifH mutant was tested in this attachment assay and compared with wild-type Rlv3841
(Figure 3-6, B) at the three pHs. NifH is a nitrogenase iron protein essential for nitrogen
fixation. A nifH mutant is a non-nitrogen fixing strain but otherwise identical to RIv3841
[233]. No statistically significant difference was seen in the ability of a nifH mutant to
attach under any pH conditions in comparison to wild-type. This result is important as it
demonstrates that pK19 insertion mutagenesis in itself does not affect the attachment of

RIv3841 strains to pea roots.

125



3.2.5.3 Mutants in pssA, flgE and motA are impaired in attachment at all pHs relative
to wild-type

OPS0804, a pssA mutant, and OPS1738, a flgE mutant (Figure 3-6, C-D) show significant
reductions in attachment under all pH conditions when compared to wild-type, in
agreement with the expected phenotypes for these strains given previous literature reports
(see section 3.2, [44, 56]). OPS1739 (a mutant in motA, a component of the membrane
embedded flagellar motor, [234]) is also defective in attachment under all pH conditions
(Figure 3-5, E). When comparing Figure 3-6 panels D and E, there is no significant
difference between the OPS1738 (flgE mutant) and OPS1739 (motA mutant) attachment
results at each pH condition. This is an interesting result, as it implies that it is lack of
motility, rather than loss of flagellar adhesin action, which causes the defective attachment
of the OPS1738 (flgE) mutant. This assumes that the motA mutant strain remains
flagellated, as is the case for motA mutant Salmonella strains [235]. As discussed in [45,
61, 214, 215], the flagellum itself may possess adhesin properties, but it seems that this is
either not the case in RIv3841, or that adhesin properties cannot be attributed to the FIgE
flagellar hook subunit, or that flagellar adhesin properties do not contribute to primary
root attachment.

3.2.5.4 A gmsA mutant is impaired in attachment at pH 6.5 and 7.0 relative to wild-
type

A very important result in validating the suitability of the whole-root Lux assay for pH
studies was the comparison of D5250 and OPS0914 (a gmsA mutant, Figure 3-5, F). gmsA
encodes glucomannan which is the only fully characterised primary attachment factor of
known pH dependency. The results gained here, whereby a glucomannan mutant is

impaired in attachment under pH 6.5 and 7.0 conditions, but not at pH 7.5, are in
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Luminesence counts / gram root

agreement with the described model of primary root hair attachment in RIv3841 [25, 34,
71].
The results presented in Figure 3-6 provide strong validation of the whole-root Lux assay

as a method for characterising primary attachment factors under different pH conditions.

3.2.6 praR regulation of attachment is highly dependent on pH conditions
Two further strains, OPS0296 (rapA2/rapC double mutant) and OPS0111 (praR mutant)
were also used to validate the Lux attachment assay under different pH conditions, but the

results revealed an interesting pH dependency in praR regulation of attachment (Figure 3-

7, Figure 3-8).
A B
Root attachment of D5250 vs a rapA2/rapC double mutant Root attachment of D5250 vs a praR mutant
(opsozgs) at one hour, pH 6.5,7.0and 7.5 (0PSO111) at one hour, pH 65, 7.0and 7.5
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Figure 3-7. Comparison of Rlv3841and mutant strains under different pH conditions in a
Lux whole root attachment assay. A — Root attachment of D5250 (RIv3841[plJ11282])

under pH 6.5, 7.0 and 7.5 conditions vs OPS0296 (rapA2/rapC mutant). B — D5250 vs
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OPS0111 (praR mutant). Data is displayed as mean + SEM, n=10. An unpaired t-test was

used to compare groups. * = p <0.05, *** = p <0.0005, **** = p <0.0001

A rapA2/rapC double mutant strain in RIv3841 has previously been characterised as
deficient in attachment to pea roots [59]. Whilst this is seen here at pH 7.0 (Figure 3-7, A),
the mutant strain shows a large increase in attachment at pH 6.5 and 7.5. This result was
unexpected given the importance of these Raps at neutral pH, though the attachment
phenotype of this strain under different pH conditions has not previously been reported. It
suggests that RapA2 and RapC proteins interfere with binding promoted by other adhesins
at acid and alkaline pH. New hypothetical protein adhesin RapX(s) might result in very
strong binding at acid and alkaline pH, while RapA2 and RapC are most important for
binding at neutral pH. Given the reported negative regulatory function of praR on the
rapA2 and rapC genes [59], a praR mutant was tested in the Lux attachment assay (Figure
3-7, B) to investigate this further. A praR mutant demonstrates the large expected increase
in attachment relative to wild-type under pH 7.0 conditions (due to a loss of repression of
rapA2 and rapC genes, among others, [59]). However, under pH 6.5 and 7.5 mutation of
praR results in a significant inhibition of binding, although this inhibitory effect is not as
strong as its positive effect at neutral pH. This is intriguing, as it implies that, under pH
6.5 and 7.5 conditions, PraR promotes attachment via RapX(s). A triple mutant strain (a
praR/rapA2/rapC mutant) would therefore show defective attachment at pH 7.0 due to the
absence of RapA2/C. However, it may also have reduced attachment at pH 6.5 and 7.5 due
to the loss of positive regulation of RapX(s). A triple mutant strain (OPS1239) was
isolated (see 2.3.5) and conjugated with p1J11282 to isolate OPS1266, which was tested in

a Lux whole-root attachment assay (Figure 3-8).
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Root attachment of D5250 vs a praR/rapA2/rapC triple mutant
(OPS1266) at one hour, pH 6.5, 7.0 and 7.5
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Figure 3-8. Comparison of D5250 (RIv3841[pl1J11282]) and OPS1266 (praR/rapA2/rapC
triple mutant) under different pH conditions in a Lux whole root attachment assay. Data is
displayed as mean + SEM, n=10. An unpaired t-test was used to compare groups. **** =

p <0.0001

As shown in Figure 3-8, a praR/rapA2/rapC triple mutant strain is strongly impaired in
attachment under all conditions compared to wild-type (D5250). This result is consistent
with the multifaceted positive and negative regulatory activity of PraR [59].

praR itself is repressed in a population density dependent fashion by quorum sensing
regulators. As population density increases, cinR, a regulator, induces the cinlS operon.
CinS (an antirepressor) binds and inhibits PraR, thereby relieving PraR mediated

repression of rapA2 and rapC [59, 191, 236] and allowing attachment and biofilm
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formation under neutral conditions. However, studies of PraR regulation have not been
reported under different pH conditions. Based on the results presented in Figures 3-7 and
3-8 it may be that, at pH 6.5 and 7.5, PraR activity is not repressed, permitting the
expression of unknown RapX factors, which are important for attachment at pH 6.5 and
7.5. Frederix et al. (2014) demonstrated that PraR acts as a positive as well as negative
regulator [59], and it may be the case that some positively regulated targets of PraR (all of
which are uncharacterised, [59]) may act as novel adhesin factors important for attachment
at pH 6.5 or 7.5. Based on my results, and those of [59, 191, 236], a simple model of pH
dependent PraR regulation of some aspects of primary attachment machinery can be

hypothesised (Figure 3-9).

pH6.5/7.5

pn70]—> (ains )—| C_prak > ,

rapC (RL3074)

Needed for pH 7.0 attachment

T

Needed for pH 6.5 and 7.5 attachment

Figure 3-9. A simple model for PraR pH dependent regulation of some aspects of primary
attachment machinery in Rlv3841. At pH 7.0, CinS (induced by CinR, not shown) inhibits
PraR. This prevents repression of rapA2 and rapC, which are important for attachment
under pH 7.0 conditions. However, at pH 6.5 and 7.5, PraR remains active and activates
the transcription of unknown and possibly plural ‘rapX’ adherence factors which are

important for attachment under non-neutral pH conditions.
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Whilst this model provides a possible explanation for the pH dependencies of strain
attachment (Figures 3-7, 3-8 and 3-9) it is likely that the regulatory mechanisms
underlying these results are more complex. PraR is known to be a direct regulator of
rapA2 and rapC [59], but it is unknown whether other genes up or downregulated in a
praR mutant (including possible ‘rapX’ genes) are directly or indirectly regulated by
PraR. In addition to rapA2 and rapC, RIv3841 has two further annotated rap genes: rapAl
(RL3660) and rapB (RL3911). A rapB mutant strain shows no root attachment defects at
neutral pH [59], but has not been tested in acid or alkaline conditions. Given the role of
PraR in regulating rap genes, rapB represents a rapX candidate, and testing a rapB mutant
for attachment at pH 6.5 and 7.5 could shed further light on PraR pH-dependent regulation
of primary attachment. Additionally, there may be other uncharacterised regulatory
aspects of quorum sensing and PraR regulation which act as relays of external conditions

and permit the activation of different attachment mechanisms at different pHs.

3.2.7 Attempted mutation of possible rhicadhesin genes

The three most promising rhicadhesin candidates from the proteins identified from LC-
MS/MS of a crude adhesin band were Omp19 (RL4441, 18 kDa), RL1635 (putative outer
membrane protein, 19 kDa), and RL4733 (conserved hypothetical protein, 17 kDa).
Unfortunately, despite several attempts, it did not prove possible in this work to isolate
pK19mob mutants in the genes encoding these proteins. This could be because genes are
essential for membrane stability or other important, uncharacterised functions, meaning
that mutation is lethal. A second possibility is that small gene size may present a problem

for interposon mutagenesis. Gene sizes are as follows: omp19 (RL4441): 513 bp, RL1635:
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531 bp, RL4733: 471 bp. It is important that an internal fragment of the target gene is
cloned into the pK19mob vector, rather than the gene in its entirety, to ensure that
interposon mutagenesis leads to a functional disruption of the gene. For this reason, it is
normal to exclude ~100 bp from each end of the target gene when cloning an internal
fragment. For these genes, the resulting internal fragment sizes were therefore in the range
of 271-331 bp in length. Efficiency of interposon mutagenesis drops rapidly when the
target gene internal fragment used for interposon mutagenesis is below 350 bp (Poole lab,
internal communication). Such findings have also been reported elsewhere [237]. Note
that these genes were successfully targeted by the mariner transposon for mutagenesis in

INSeq, and attachment classifications are presented in Chapter 4, Table 4-17.

Having validated a Lux whole-root attachment assay suitable for pH studies and
demonstrated the involvement of a broad range of factors in primary root attachment, it
was therefore decided to undertake a bioinformatic screen for possible novel Rlv3841

attachment factors in order to continue this work.

3.2.8 Bioinformatic identification of possible novel root attachment factors

Genome scale datasets were analysed to identify likely novel root attachment factors. Data
from one RNASeq experiment, six microarrays and two INSeq conditions (Table 3-2)
were analysed by the two approaches described in Figure 3-10, resulting in the

identification of 136 putative novel root attachment genes.
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Table 3-2. RNASeq, microarray and INSeq experiments used in a bioinformatic screen for potential novel root attachment factors in

RIv3841.
Experiment Source
1) RNASeq 7-day pea rhizosphere, 7-day post-inoculation Unpublished data, this lab
2) 7-day pea rhizosphere, 1-day post-inoculation microarray [E-MEXP-2845, E-MEXP-2848] [141]
3) 7-day pea rhizosphere, 3-day post-inoculation microarray [E-MEXP-2848] [141]
4) 7-day pea rhizosphere, 7-day post-inoculation microarray [E-MEXP-2848, E-MEXP-2852, E- [141]
MEXP-2854]
5) 14-day pea rhizosphere, 1-day post-inoculation microarray [E-MEXP-2845] [141]
6) 21-day pea rhizosphere, 1-day post-inoculation microarray [E-MEXP-2845] [141]

7) 7-day pea rhizosphere inoculation, 21-day post-inoculation bacteroid microarray [E-MEXP-1918] [139]
8) INSeq rhizosphere, 7-day pea rhizosphere inoculation, 5-day post-inoculation [238]

9) INSeq root colonization, 7-day pea rhizosphere inoculation, 5-day post-inoculation [238]

For microarrays, Array Express accession numbers for datasets are given in square brackets. Where two or more accession numbers

are given, they form part of different time courses
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Figure 3-10. Flow charts of the two approaches (A and B) taken to identify
bioinformatically novel root attachment factor genes in RIv3841. Experiment numbers

refer to those listed in Table 3-2.

The rationale behind approach A (Figure 3-10) was that genes involved in early stage root
attachment should be consistently upregulated in the rhizosphere but subsequently
downregulated in the bacteroid stage of symbiosis. The rationale behind approach B was
that genes involved in early stage root attachment and/or colonization exclusively should
have a neutral phenotype when mutated in INSeq input and rhizosphere libraries. One

gene defective in the rhizosphere (pRL110071) and one defective in the rhizosphere and
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input (RLO109) was added to the list of genes generated by approach B (Step 3). Testing
mutants in these genes in a Lux assay will determine whether fitness reductions in input
and rhizosphere libraries translate into reduced root attachment, as would be expected.
All genes identified by approaches A and B (Figure 3-10) can be found in Tables Al and

A2 (Appendix 1) respectively.

3.2.9 Testing possible novel RIv3841 adhesin factor mutants in Lux whole-root
attachment assays

pK19mob interposon mutants were isolated in seven of the genes identified in section
3.3.8 and tested in Lux whole-root attachment assays. Details of these seven genes and the
rationale for their choice are summarized in Table 3-3, and attachment assay results are

shown in Figure 3-11.
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Table 3-3. Summary of bioinformatically identified genes tested in Lux whole-root attachment assay

Strain Gene Protein description Approach Rationale for choice

OPS1131 pRL110543  conserved hypothetical B Essential for colonization, neutral in input and rhizosphere
(experiments 8 and 9) — likely root attachment factor.

OPS1235 RL2969 putative transmembrane A Upregulated in the rhizosphere in experiments 1-6, downregulated in
experiment 7 —rhizosphere induction indicates possible attachment
role.

OPS1236 RL4382 putative filamentous B Defective for colonization, neutral in input and rhizosphere

hemagglutinin adherence (experiments 8 and 9) — likely root attachment factor.
factor precursor

OPS1237 RL3273 putative von Willebrand factor A Upregulated in the rhizosphere in experiments 1-6, downregulated in

type A experiment 7 (Table 3-2). Rhizosphere induction indicates possible
attachment role and annotation suggestive of role in attachment.

OPS1238 RL0109 Conserved hypothetical B Defective in input, rhizosphere and colonization, experiments 8 and 9.
Testing will determine whether input and rhizosphere defects decrease
primary root attachment.

OPS1290 pRL110071  Conserved hypothetical B Defective in rhizosphere and colonization, experiments 8 and 9.
Testing will determine whether rhizosphere and colonization defects
decrease primary root attachment.

OPS1291 pRL100053  Putative transmembrane B Essential for colonization, neutral in input and rhizosphere

(experiments 8 and 9) - likely root attachment factor.

Approach refers to the two approaches (A and B) shown in Figure 3-10. Experiment numbers refer to experiments listed in Table 3-2.
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Figure 3-11. Comparison of RIv3841 and novel interposon mutant strains under different
pH conditions in a Lux whole root attachment assay. A — Root attachment of D5250
(RIv3841[plJ11282]) under pH 6.5, 7.0 and 7.5 conditions vs OPS1236 (RL4382 mutant),
OPS1238 (RL0109 mutant), OPS1290 (pRL110071 mutant) and OPS1291 (pRL100053
mutant). B — D5250 vs OPS1235 (RL2969 mutant). C — D5250 vs OPS1131 (pRL110543
mutant. D — D5250 vs OPS1237 (RL3273 mutant). Strains and pH conditions are given on
the x axes. Data is displayed as mean = SEM, n=10. An unpaired t-test was used to

compare groups. * =p < 0.05, ** = p < 0.001, *** = p < 0.0005

OPS1236 (RL4382 mutant, Figure 3-11, A) is defective in root attachment under all pH
conditions relative to D5250. RL4382 encodes a putative filamentous hemagglutinin
(FHA) adherence factor precursor. FHA is well described in Bordetella pertussis where it
has been heavily used in acellular component vaccines [239]. In Bordetella, FHA can
either be cell surface associated, or extracellular. It is translocated across the bacterial
outer membrane by FhaC, a polypeptide transport associated (POTRA) domain containing
protein and member of the two-partner secretion (TPS) pathway, common in gram-
negative bacteria. From there it can be proteolytically processed and released, and is
important for adherence to host cells and cell agglutination [239]. Intriguingly, it has been
demonstrated that the plant pathogen Xanthomonas axonopodis pathovar citri requires a
similar FHA for host plant tissue colonization [240]. Further, the rhizosphere colonising
P. putida is known to use related proteins to colonise maize roots [241]. In RIv3841, a
neighbouring gene of FHA is RL4381, a putative outer membrane POTRA domain
containing protein. These POTRA domains are often found in beta-barrel transporters

[242]. The results presented in Figure 3-11, as well as the presence of co-localised gene
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encoding a putative POTRA domain transporter, indicate that RIv3841 also makes use of
an FHA system in primary attachment to pea roots, which has not previously been
documented.

RIv3841 strains carrying mutations in RL0109 (OPS1238), pRL110071 (OPS1290),
pRL100053 (OPS1291) (Figure 3-11, A) and RL2969 (OPS1235, Figure 3-11, B) were
also defective in attachment under all pH conditions. Little is known about these genes;
they encode a putative TIGRO2300 family protein, a beta-lactamase domain containing
protein and two putative transmembrane domain containing proteins respectively, all of
unknown function. A pRL110071 mutant was shown to be defective in the rhizosphere
(Table 3-2, experiments 8 and 9), whilst an RL0O109 mutant was defective in the
rhizosphere and input in the same experiments. The defects in primary attachment shown
for OPS1290 (pRL110071 mutant strain) and OPS1238 (RL0109 mutant strain) here could
therefore result either from a reduced strain fitness in terms of growth, or from loss of a
primary attachment factor which also plays a separate role in input and/or rhizosphere
conditions. Overall, these results indicate that the bioinformatic approaches taken in 3.3.8
to identifying putative novel RIv3841 adhesins is very successful.

OPS1131, a mutant in pRL110543 (encoding a conserved uncharacterised coiled-coil
domain containing protein), shows no statistical difference in attachment ability under any
conditions compared to D5250 (Figure 3-11, C). Given this gene was essential for
colonization but neutral in input and rhizosphere libraries in INSeq [238], it is most likely
to represent a secondary attachment determinant.

Finally, OPS1237 (RL3273 mutant, Figure 3-11, D) was defective in attachment under pH
7 and 7.5 conditions. This gene encodes a putative von Willebrand factor type A (VWA)

domain containing protein. VWA domain proteins have been widely implicated in cell
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adhesion and intracellular enzyme activity in eukaryotes, and are widely conserved [243].
Within rhizobia, R. loti has 12 VWA domain proteins (one magnesium chelatase and 11
uncharacterised) but R. meililoti has just three. Both VVanderlinde (2011) and Neudorf
(2015) have linked mutations in RL3501, a VWA domain protein, to morphology defects
and impaired cell envelope function in Rlv3841 [244, 245]. Thus, it may be that mutation
in RL3273 produces its negative effect on root attachment by direct disruption of an
adhesin factor, or indirectly through cell envelope disruption, or by a further unknown
mechanism, and that these effects are dependent on pH conditions.

Testing of mutants in putative novel adhesin factors has revealed the involvement of
several in primary root attachment which had not previously been identified. This
illustrates the usefulness of the Lux technique combined with genomic scale datasets for

investigating such factors.

3.3 Conclusion

In summary, a crude adhesin fraction isolated from Rlv3841 was able to inhibit
attachment when preincubated with root sections. The 14 kDa protein band thought to
represent this adhesin was found to be made up of 15 robustly identified protein
components, although these were unable to be characterised further at this stage due to
difficulties in isolating mutant strains in the encoding genes. Particularly for the three
most likely rhicadhesin candidates (RL4733, omp19 — RL4441 and RL1635) an in-frame
mutagenesis strategy should be applied (such as the double recombination approach
described by Link et al. (1997)) to investigate these further [246]. This is not limited by

gene size, unlike the pK19mob insertion technique used in this study.
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However, regarding the rhicadhesin hypothesis, the definition of rhicadhesin based on
ability to inhibit attachment [53] may be a flaw in its identification as an adhesin. The
ability of a protein mixture to block attachment does not necessarily imply a ‘lock and
key’ type interaction where rhicadhesin occupies plant root binding sites. Rather,
interference with the plant root or bacterial surface (surface protein aggregation, for
example) or some other indirect effect could be responsible. As an example of this, in one
case it was demonstrated that added rhicadhesin could rescue attachment of an A.
tumefaciens chvB mutant to pea root hairs [54]. However, as discussed by Matthysse
(2014), it is likely that the effects of chvA or chvB mutations are indirect and result from
multiple defects caused by the absence of cyclic-p-1,2-D-glucan from the periplasmic
space rather than the absence of rhicadhesin [55].

Although proteomics results do not conclusively identify rhicadhesin, the candidate root
attachment factors identified bioinformatically (Appendix 1 Tables 1 and 2) are
informative. Two approaches (Figure 3-10) led to the identification of 136 possible novel
root attachment genes. Testing mutants in seven of these revealed that six showed defects
in attachment compared to wild-type RIv3841. Given how many root attachment factors
there are likely to be in RIv3841, preparation of a membrane fraction, even if it is focussed
around 14 kDa proteins, may isolate one or more proteins capable of inhibiting root
attachment when pre-incubated with roots. However, this does not indicate that a protein
with this property is an important adhesin. Although it may have adhesin properties and be
directly responsible for attachment of bacterial cells to root surfaces, it may also have an
indirect mode of action. In this case, it could alter the bacterial cell surface in such a way

that it alters the presentation, structure or activity of another factor which is a direct
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adhesin. This distinction was never thoroughly investigated in the literature reports of
rhicadhesin [53, 54, 208, 211].

Whilst a singular rhicadhesin may exist, it is also possible that there are multiple
functional genes encoding rhicadhesin, or that it is expressed as a larger precursor and
subsequently processed. These would be confounding factors in the identification of a
rhicadhesin gene. Combined with the caveats of previous research, the identification of
rhicadhesin is extremely difficult. A further complication is that Smit et al. (1989) never
demonstrated conclusively that their purified rhicadhesin was a homogenous single
protein [53]. Although their purified rhicadhesin ran as a ~14 kDa band on an SDS-PAGE
gel, it could still have been a mixture of similar-sized proteins, further confounding the
definition of a rhicadhesin. Therefore, whilst a rhicadhesin with the properties described
by Smit et al. (1989) may exist, there are also multiple alternative explanations as to how
an isolated protein fraction could inhibit bacterial root attachment, and there are likely to
be many different factors that could be rhicadhesin candidates.

To investigate bacterial root attachment further, a luminescence-based whole root
attachment assay was developed and validated through comparison with a bacterial colony
counting method and by testing with known attachment factor mutants. Crucially, the
assay was able to demonstrate the known pH dependent profile of a glucomannan mutant
in attachment. This work also highlighted the importance of motility in primary root
attachment, and indicated that it is motility of strains, rather than flagellar adhesin
properties, that is important for this process.

Whilst mirroring the characterised attachment phenotype of a rapA2/rapC double mutant
and a praR mutant, this assay also shed new light on the complexities and pH dependency

of PraR regulation. By investigating the attachment phenotype of a rapA2/rapC/praR
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triple mutant strain, additions to the known PraR regulatory circuit were able to be
proposed which may account for the unexpected attachment phenotypes seen.

Using a bioinformatic approach to investigate genome-scale RNASeq, microarray and
INSeq datasets, 136 putative novel root attachment factor genes were identified in
RIv3841. Testing of pK19mob mutants in seven of these genes in a Lux assay revealed
that six showed reduced attachment under two or more pH conditions in comparison to
wild-type. This indicates that the bioinformatic approaches taken to identifying putative
novel RIv3841 attachment factors was very successful. Further, this testing implicated
genes and factors previously unreported in the primary root attachment process, including
FHA, a VWA domain protein and multiple uncharacterised proteins.

Given these findings, and the low-throughput nature of individual pK19mob mutant
isolation and testing, this chapter provides justification for taking a genome-scale
approach to characterising primary RIv3841 attachment determinants at different pHs.
INSeq (Chapters 4 and 5) is a powerful method for such investigation and provides a

further experimental avenue by which to investigate the possible identity of rhicadhesin.
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Chapter 4

Genome-scale characterisation of the primary
attachment determinants in the R. leguminosarum
symbiosis under acid, neutral and alkaline pH

conditions
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4.1 Introduction

To attach to the roots of host legume plants rhizobia use multiple mechanisms. The
earliest stages of physical interactions between bacteria and plant roots rely on universal,
non-specific binding forces [34]. These include Van der Waals forces (caused by
momentary changes in molecular electron density [247]), electrostatic interactions (caused
by differences in molecular electric charge [44]) and hydrophobic interactions (the
strongest of these universal interactions [46, 248, 249]) [34].

Following this, soil bacteria exhibit a range of different specific molecular mechanisms of
primary root attachment. These include adhesive pili (Agrobacterium tumefaciens, [250]),
flagella and outer membrane proteins (Azospirillum spp., [60, 89]), pili and outer
membrane porins (Pseudomonas spp., [67, 214]) and flagella and proteinaceous fimbriae
(S. enterica, [69]).

For rhizobia, primary root attachment factors include not only the glucomannan system,
important for attachment to root hairs at acidic pHs [56, 71], but also the proposed
rhicadhesin system [53, 210], thought to be required for root hair attachment at alkaline
pHs. RIv3841 uses additional attachment factors important for primary attachment to root
hairs and/or bulk root. Characterised examples include Rhizobium adhering proteins
(Raps) [57, 59], acidic exopolysaccharides [56] and PraR regulated genes [59]. The work
presented in Chapter 3 developed a new method for assaying primary attachment and
provided evidence for the involvement of many factors that have yet to be included in
primary attachment models (see 3.2.9). Successful primary root attachment is important
for both nitrogen-fixing symbiosis formation with legumes [56], but also accessing root
exudates, which can serve as growth substrates [34]. Therefore, a detailed understanding

of primary root attachment will improve understanding of the early nitrogen-fixing
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symbioses stages and persistence of rhizobia in the soil. Increased understanding of these
processes is timely. Soil degradation as result of intensive agriculture [1] and climate
change induced acidification [251] may alter the balance of primary root attachment
factors relied on by rhizobia. This could be important for agricultural inoculant formation.
Further, development of synthetic symbioses seeking to engineer root-associative
interactions with nitrogen-fixing bacteria to boost crop yields [35, 109] could leverage the
genetic circuitry of primary root attachment mechanisms to increase effectiveness.

The presence of diverse primary root attachment mechanisms in rhizobia is not surprising
considering the heterogeneity of the soil environment and the diversity of plant roots
encountered. A single gram of bulk soil can contain 108 bacterial cells [252] and varies
widely in soil particle size, nutrient concentration and pH [253-256]. Competition for
plant root attachment is intense and can involve the interaction of plant beneficial rhizobia
and other soil bacteria, pathogenic bacteria, mycorrhizal fungi and many more [257-260].
Additionally, plant roots may also undergo physical changes in different soil conditions
which necessitate adaptation by attaching bacteria. One example of this is the alkaline pH-
induced dissociation of plant root hair lectin, thought to prevent glucomannan-mediated
attachment of RIv3841 [25, 47, 60].

The complexity of the soil growth environment is reflected in the genome architecture of
RIv3841. The 7.75 Mb genome consists of a circular chromosome (4800 genes) and six
plasmids: pRL7 (186 genes), pRL8 (142 genes), pRL9 (313 genes), pRL10 (471 genes),
pRL11 (644 genes) and pRL12 (790 genes) [138, 151]. This is considerably larger than
the typical bacterial genome, which is around 5 Mb and encodes ~5,000 proteins [261].
Various ‘omics studies have indicated a plethora of gene functions in RIv3841 ([139, 141,

143] as examples). However, despite this, ~25% of RIv3841 genes remain
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uncharacterised. Although some gene functions have been inferred from regulatory
profiles in transcriptomics [139, 141], this does not identify the importance or role of
genes under specific conditions, such as primary root attachment.

Mariner transposon insertion sequencing (INSeq) is a technique that overcomes these
limitations. This method allows the effect of mutation on individual genes to be analyzed
under conditions of interest using libraries of single insertion bacterial mutants coupled
with high-throughput sequencing [169]. By combining sequencing data with a hidden
Markov model (HMM), the importance of individual genes in tested conditions can be
ascertained.

A benefit of this technique in relation to Tn5 transposon insertion screens is the specific
targeting by the mariner transposon of thymine-adenine (TA) motifs [176]. This defined
insertion site requirement allows in silico prediction of insertion site density in any
genome sequence and robust statistical analysis based on a defined number of insertion
sites [151]. The HMM used here expands on the binary essential/non-essential
classifications of other statistical methods by assigning each gene to one of four
classification states. These are based on the inferred fitness effect on a bacterium of
mutation to a given gene and are as follows: essential (ES, the bacterium is unable to
tolerate insertion), defective (DE, insertion impairs fitness of the bacterium), neutral (NE,
insertion has no fitness effect) and advantaged (AD, insertion increases fitness of the
bacterium). Successful application of an HMM to transposon insertion mutagenesis
screens has been reported in a variety of bacterial species [183, 262, 263]. Figure 4-1
summarizes how an INSeq experiment and HMM gene assignments can give information

on the bacterial genes involved in primary attachment to roots.

148



N %
ra \L 4
' I ) — —_— 7 | ”’. \,\’
o s
) - o o’ '\
|
Input library \/ Output library
Root attachment assay Recover attached bacteria
ES
NE

AD

Figure 4-1. Using INSeq and HMM-assigned gene classifications to investigate bacterial
root attachment. Mutated bacteria containing a single transposon insertion are represented
as ovals where color indicates the HMM classification for root attachment. Red = ES
(essential, mutants do not attach to roots and are lost from the total population), orange =
DE (defective, mutants reduce in frequency in the population), blue = NE (neutral, no
change in the frequency of the mutants), green = AD (advantaged, mutants increase in

frequency in the total population).

The first use of INSeq in rhizobia was reported by Perry and Yost (2014), who adapted the
INSeq mutagenesis vector from Goodman et al. (2011) [169] with a Rhizobiaceae specific
promoter driving transposase activity and an nptll neomycin resistance cassette. This
resulted in the pSAM_RI mariner transposon mutagenesis vector (see Table 2-1 and 2-2),
used to investigate gene requirements for Rlv3841 growth on TY media [151]. Wheatley

et al. (2017) also used pSAM_RI INSeq in RIv3841 to characterise the influence of
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atmospheric and 1 % oxygen concentrations on growth with glucose or succinate as a
carbon source [143].

Here, pPSAM_RI is used in an INSeq experiment to characterise the primary attachment
determinants of RIv3841 to pea roots at three different pHs: 6.5, 7.0 and 7.5. This
demonstrates that this process is far more complex than previously reported and uncovers
multiple novel mechanisms involved in attachment.

The raw data for this INSeq experiment can be found in Appendix 2, Table 1.
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4.2 Results and discussion

4.2.1 Root attachment assays — determining inoculum density and bacterial recovery
method for INSeq

Root attachment assays with RIv3841 (2.6.5) were carried out to determine the optimum
starting inoculum density for INSeq analysis after recovery of root-attached bacteria

(Figure 4-2).

Recovered RIv3841 as a function of starting inoculum density

3x%10°+

2x10°

1x10%4

Absolute Rhizobium (cfu) / Root

Inoculum density (cfu/mL)

Figure 4-2. Recovered RIv3841 as a function of starting inoculum density after 1 hr

attachment to pea roots at pH 7.0. Inoculum density is given as ODgoo. N = 5 for all groups.

As demonstrated in Figure 4-2, the higher the starting inoculum density of RIv3841, the
greater the number of RlIv3841 cells recovered from roots after 1 hr attachment. For
statistically robust HMM state assignments for genes in an INSeq experiment, it is

desirable to have at least 500-750-fold coverage of the genome represented in the output
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library. The number of plants required to achieve this for a given starting inoculum

density can be calculated using the data shown in Figure 4-2 and the following equation:

Pn=F e
n=Fc-
(n)

where Pn is the number of plants needed for the desired fold coverage, Fc is the desired
fold coverage, x is the mean of the number of root-attached bacteria and n is the number of
genes in the genome.

For the starting inoculum densities shown in Figure 4-2, Table 4-1 provides the number of

plants needed for 500 or 750-fold coverage using the equation above.

Table 4-1. Number of plants needed for 500- or 750-fold coverage of 7,300 genes in the

genome of RIv3841 based on input inoculum density (ODsoo)

Input inoculum Plants needed for 500-fold Plants needed for 750-fold
(ODs0o) coverage of 7,300 genes coverage of 7,300 genes
0.001 107 161
0.01 12 18
0.1 2 3

Note that, for RIv3841, an ODgoo of 0.1 = 108 cfu/mL (data not shown). Given that 500-
750-fold coverage of a genome is considered a minimum requirement for robust statistical
analysis, and that Lux attachment assays were conducted with an inoculum of ODsgo 0.1, it

was decided to use a starting inoculum of ODego 0.1 with 10 plants per test condition.
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Each test condition was performed in triplicate (see 4.2.2). This starting inoculum density
and plant number should allow for > 3,000 fold coverage of the ~7,300 RIv3841 genes
(and >165-fold coverage of the 140,056 TA sites).

Primary attachment is defined by relatively weak and reversible interactions between
bacteria and plant roots. Secondary attachment is defined by a more ‘irreversible’
interaction [34, 264, 265], meaning that it is difficult to remove bacteria from roots. Any
INSeq assay seeking to define gene roles in root attachment must recover as much of the
root-attached bacterial population as possible or risk mis-classifying genes. To this end,
the numbers of RIv3841 that could be recovered from roots after a 1 hr attachment assay
by either vortexing alone, or by vortexing and grinding roots with a pestle and mortar,

were compared (see 2.6.5, Figure 4-3).

Recovered RIv3841 as a function of starting inoculum density in
vortexed vs vortexed and ground roots
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Figure 4-3. RIv3841 recovered by vortexing alone or vortexing and grinding using a
starting inoculum density of ODegoo 0.1 in a 1 hr attachment assay to pea roots at pH 7.0. n

=5 for all groups

No statistically significant difference was seen between the number of bacteria recovered
by vortexing alone compared to vortexing and grinding of roots (Figure 4-3). It can
therefore be concluded that vortexing alone is sufficient to recover attached Rlv3841 cells

in this INSeq root attachment assay.

4.2.2 INSeq experimental design

To characterise primary attachment determinants at different pH conditions, an INSeq
experiment was designed (Figure 4-4). A population of insertion mutants (library 1-3, 500
mL of an ODeoo 0.1 population) was used to inoculate 10 pea plants for each test condition
(pH 6.5, 7.0 and 7.5), resulting in each being performed in triplicate.

Insertion mutants were recovered from roots after 1 hr and grown in liquid TY for 12 hr
before the 12 sample libraries (3x3 experimental conditions + 3 input libraries) underwent
barcoding, mariner library preparation and sequencing (2.7.3, Figure 4-4).

HMM gene classifications were averaged across the three replicates to increase robustness

of analysis.
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Figure 4-4. INSeq experimental design. 50 mL of insertion mutant inoculum (library 1-3,
ODs00 0.1) was inoculated onto each pea plant root at pH 6.5, 7.0 or 7.5 and incubated for
1 hr before recovery by vortexing (resulting in three replicates). Recovered bacteria for
each attachment group were pelleted and grown on TY agar for 12 hr to increase bacterial
gDNA concentration (and effectively decrease plant DNA contamination, see 4.2.4 for
further discussion) before DNA preparation (not shown). Input library gDNA samples
were extracted directly from input inoculum. Each sample (input and 3 x root-attached)
underwent DNA extraction and library preparation before sequencing (see 2.7.2, 2.7.3 and

2.7.4).

4.2.3 HMM analysis of INSeq data

HMM analysis of sequencing reads assigned 7,319 genes (99.7%) in the RIv3841 genome
to one of the following categories, indicating how their mutation affects bacterium fitness:
ES, DE, NE or AD (see Figure 4-1). The 0.3% of genes (21) unrepresented did not contain

TA sites [151], and could not be analyzed using INSeq. In total, 87 million barcoded
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sequencing reads were obtained from a total of twelve samples (nine from plants and three
input libraries).

Isolation of mariner libraries produced highly saturated mutant pools. The input libraries
were shown by sequencing to have an average insertion density (percentage of TA motif
insertion sites that carry one or more insertions) of 82% (Table 4-2). The greater the
insertion density in the input library, the higher the coverage of TA motif insertion sites.
Insertion densities <25% are considered insufficient for robust statistical analysis [146,
150, 169, 179]. Note that for the chromosome or any plasmids individually the insertion
density obtained did not differ more than = 5% from the average input figure given in
Table 4-2, indicating unbiased mariner insertions across the genome. In this INSeq
experiment, it was important that sufficiently large mutant libraries could be recovered
from roots so that HMM classifications of genes could be compared between the input and
root-attached samples. The insertion densities obtained for the root-attached libraries
(Table 4-2) provides early validation of the inoculum density parameters chosen for this

experiment.

Table 4-2. Percentage insertion density in the input and root-attached (pH 6.5, 7.0 and

7.5) libraries.
Library Insertion density
Input 82 %
pH 6.5 48 %
pH 7.0 50 %
pH 7.5 50%

156



Insertion density is defined as the proportion of total TA motifs that contain at least one

insertion in each sequenced library.

4.2.4 INSeq gene classifications
The distribution of HMM gene classifications across the four different states (ES, DE, NE

and AD) in input and root-attached libraries is shown in Table 4-3, below

Table 4-3. Distribution of HMM assignment of RIv3841 genes in input and root-attached

(pH 6.5, 7.0 and 7.5) libraries.

HMM Library
assignment Input pH 6.5 pH 7.0 pH 7.5
ES 1% 6 % 7% 5%
DE 10 % 7% 6 % 7%
NE 86 % 86 % 86 % 87 %
AD 3% 1% 1% 1%

Values are given as percentage of the 7,319 genes which contain TA sites.

Additional processing of the input library data was necessary to allow valid comparison
between the input and root-attached libraries because of the 12 hr TY growth step for the
bacteria recovered from roots. This step increases bacterial gDNA concentration and
dilutes contaminating plant DNA before extraction (see 2.7.2). TY was chosen for this as
it has been shown, following bacterial centrifugation and resuspension, to promote rapid

growth of RIv3841 (Poole Lab, data not shown). Regrowth in TY, even though it was for
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a relatively short time (12 hr, ~ 4 generations for RIv3841) could lead to an inadvertent
selection pressure on mutants and affect downstream HMM classifications.

To prevent this, input library data was curated post-HMM processing to remove any
mutations that result in a non-NE gene classification in the HMM when strains are grown
on TY. At the outstet, a total of 954 genes were classified as non-NE (meaning ES, DE or
AD) in the input library (UMA media) (2.2.1). Perry and Yost (2014) reported 759 genes
which were non-NE for growth on TY. Of these, 540 shared a non-NE classification in the
input library and 219 were uniquely non-NE on TY. Taking these 219 genes into account
(where HMM classification could be skewed due to the TY growth step), 14% of the
genome was classified as non-NE in the input library.

When using INSeq to identify primary root-attachment determinants, it is genes that are

NE in the input but non-NE in attachment which are of interest.

4.2.5 Validation of INSeq predictions
Initial validation of these INSeq results was provided by comparing the HMM
classifications of well-characterised genes with their known or predicted phenotypes from

previous relevant literature (Table 4-4)
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Table 4-4. Summary of HMM classifications of well-characterised genes with known

or expected phenotypes.

Gene(s)

INSeq

classification

Description and references

murB, -C, -G, -D, -F, -E
(RL3305, -06, -07, -09,
-11, -12, respectively)
RL1769-99 (50S and
30S ribosomal subunits)

repABC modules of all

plasmids

kdtA (RL0O902)

dnaC (RL1551) and

dnaX (RL0134)

DE or ES - all

conditions

DE or ES - all

conditions

DE or ES —all

conditions

DE —all

conditions

DE or ES —all

conditions

Peptidoglycan biosynthesis genes; key
structural role in the cell wall, of critical
importance to cell viability [266]

Ribosomal subunit proteins are essential for
protein synthesis and cellular viability [267]
RepABC systems maintain rhizobial plasmids
in daughter cells; previous work has identified
ES genes on all plasmids; plasmid
maintenance should be essential for cell
function [151]

KdtA catalyzes the transfer of 3-deoxy-D-
manno-octulosonate (Kdo) to the precursor of
Lipid A, the anchor of LPS. The Lipid A Kdo
domain is required for growth [268]

DnacC is a putative DNA helicase and DnaX a
putative polymerase, essential for DNA

replication [269]
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sufS (RL2578), sufC DE or ES—all Iron sulphur biogenesis and transport related

(RL2580), sufB conditions proteins, shown to have a lethal phenotype on

(RL2582) mutation [192]

aapJ (RL2204) NE —all Putative solute binding protein of PAAT L-
conditions amino acid transporter, mutation has non-

lethal phenotype [270]
mntH (RL0940) NE —all Putative manganese transporter, mutant has
conditions comparable growth rate to RIv3841 in non-

manganese limited conditions [271]

All conditions = input, attachment at pH 6.5, 7.0 and 7.5

Various cellular components are critical for viability, including peptidoglycan (the main
shape-maintaining element of the bacterial cell wall) [266] and ribosomal subunits
(required for protein synthesis) [267]. In addition, RepABC for each plasmid, KdtA and
DNA separation and replication proteins are also required [151, 268, 269]. Fe-S clusters
are used as cofactors by various proteins, with Suf proteins involved in oxidative stress
responses. RIv3841 has only one Suf system, so any mutation is deleterious [192]. Given
the importance of these cell components, it would be expected that mutants in any of these
factors would show reduced fitness in INSeq, which is indeed the case (Table 4-4).
Conversely, mutations in the transporters aapJ and mntH (involved in the transport of
polar amino acids and manganese ions, respectively) are not deleterious under free-living
conditions, and would be expected to be NE in INSeq, which is what was found in these

experiments (Table 4-4).
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Further to this literature validation, HMM classifications of known secondary attachment
factors were also compared with literature. In this case it was hoped that established
secondary attachment factors would not be affected in this INSeq experiment to discover
primary attachment factors. This would show that the two stages can be separated
experimentally. Cellulose fibril deposition is a characterised secondary attachment process
in R. leguminosarum, enabling root colonization [71]. The genes encoding cellulose
synthesis regulator PleD (RL1730, also known as CelR) as well as cellulose synthase
CelABC (RL1646-48) were classified as NE in INSeq assessing primary attachment at all
pHs, as were RhiABC genes (pRL100169-71) (Appendix 2, Table 1). The rhi genes,
named for being strongly rhizosphere-induced, have been implicated in secondary root
attachment and are required for successful five-day colonization of pea roots [141, 238].
The NE classification of these known secondary attachment factors provides validation of

the sampling (1 hr post-inoculation) as suitable for investigating primary attachment.

4.2.6 Primary attachment gene requirements and functional classifications

After filtering genes which were assigned a non-NE HMM classification in the input
library, 6146 genes remained. Some genes were required (ES/DE) for attachment at
discrete pH conditions with others required at multiple pHs. In total, 292 genes classified
NE in the curated input library were classified as ES/DE in one or more of the root-
attached libraries; the distribution of these is shown in Figure 4-5. These genes and their
HMM classifications from experiments listed in Table 4-5 and 4-7 are given in Appendix
1 Table A3 (all pHs), Table A4 (pH 6.5), Table A5 (pH 7.0), Table A6 (pH 7.5), Table A7

(pH 6.5 and 7.0), Table A8 (pH 7.0 and 7.5) and Table A9 (pH 6.5 and 7.5).
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H7.0
24 P

pH 7.5

58

Figure 4-5. Genes classified as NE in the input library and required (ES/DE) in one or
more of the root-attached libraries. Total genes = 292. Venn diagram circle color indicates

pH; red = pH 6.5, green = pH 7.0, blue = pH 7.5.

Thus far, the only described primary attachment determinants with a pH-dependent profile
of activity are glucomannan [56] and the hypothesized rhicadhesin [34, 53, 56, 71, 208,
210, 211]. Given that there are large numbers of genes specifically required at different
pHs (50, 44 and 58 at pH 6.5, 7.0 and 7.5, respectively, Figure 4-5), this is likely to be a
vast underrepresentation of the complexity of primary root attachment. Differences in
plant root surfaces at different pHs, exemplified by the dissociation of root hair lectins at
alkaline pH, [25, 47, 60], may at least partially account for this. However, it appears that
there are many unexplored factors involved.

The functional classifications of these 292 genes (Figure 4-4) were investigated, and
comparison made with those genes required (ES/DE) in the input library. Riley codes
(classifying genes into one of seven broad functional categories based on their putative

function [138, 272]) are useful for this purpose. Figure 4-6 shows the Riley classification

162



of the 1,173 genes required (ES/DE) in the input library compared with that of the 65

genes required (ES/DE) for attachment at all pHs.

Functional classification of genes required in the input
library vs genes required under all attachment conditions

Cell processes

Macromolecule metabolism

Intermediary metabolism [ —
—
L

Cell membrane/envelope
Nucleic acid replication/repair/synthesis
Regulation

Uncharacterised

0 5 10 15 20 25 30 35
Percent of total genes

M Input W Root attached - all pHs

Figure 4-6. Functional classification (using Riley codes) of the 1,173 genes required
(ES/DE) in the input library compared with the 65 genes required (ES/DE) for primary
root attachment at pH 6.5, 7.0 and 7.5. Data is presented as percentage of total genes in

each category.

Functional classifications (Figure 4-6) reveal that the most abundant ES/DE gene class in
the input library is intermediary metabolism, implying that metabolic pathway functions
are the most important determinants in ‘free-living’ growth. In contrast, the 65 genes
ES/DE under all root attachment conditions show higher representation of cell process,

cell membrane/envelope and macromolecule metabolism, as well as uncharacterised
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genes, indicating these classes are the most importance in successful primary root

attachment.

4.2.7 Genomic localization of genes required for primary root attachment

Further insight can be gained by comparing the genetic loci of genes required (ES/DE) for
primary attachment (this work) and secondary attachment (5 d colonization of pea roots,
[238]). The experiments of Wheatley (2018) [238] were at neutral pH, so comparison was

made to 162 genes required (ES/DE) for primary attachment at pH 7.0 (shown in Figure 4-

7).

A B C

Gene distribution in the Gene distribution of primary Gene distribution of 5-day
RIv3841 genome attachment ES/DE genes at pH 7.0 colonization ES/DE genes at pH 7.0

[ N\

B Chromosome ® pRL7 ® pRL8 = pRLS ® pRL10 ® pRL11 m pRL12

Figure 4-7. Genomic localization of genes (as a proportion of the total). A — 7,340
RIv3841 genes. B — 162 primary attachment genes required (ES/DE) at pH 7.0. C — 125
secondary attachment genes required (ES/DE) at pH 7.0 determined from 5 d colonization

INSeq [238].
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In the RIv3841 genome, 65.4 % of annotated genes are located on the chromosome, with
the remainder divided between the six plasmids (Figure 4-7, A). At pH 7.0, the
distribution of the genes required for primary attachment (Figure 4-7, B) shows that,
compared the genome, the location is skewed towards the chromosome (~81%) and away
from the plasmids, with no pRLS8 representation. In contrast, genes required for secondary
attachment (Figure 4-7, C) show a distribution more like that of the genome, with ~65%
encoded on the chromosome and representation of all plasmids, although there is a clear
skew to pRL10 (~15% compared to ~6% in the genome).

This demonstrates that different factors are involved in primary and secondary attachment
and that genes required for the latter are likely to be induced during the attachment
process. The fact that most of the nodulation and nitrogen fixation genes are encoded on
pRL10 [141] as well as the rhi genes, important root colonization determinants [238] may
explain the skew to pRL10 in 5 d colonization. This agrees with a model in which
secondary attachment factors (e.g. extracellular fibrils) are synthesized in response to
successful primary attachment [60, 71], and provides further validation of the

experimental separation of attachment stages.

4.2.8 Mapping gene requirements at different symbiosis stages from INSeq data
INSeq datasets (detailed in Table 4-5) are available for multiple stages of the RIv3841/pea
symbiosis and development of bacteroids. It is possible to map gene requirements for
primary attachment with those of other symbiosis stages to see if they are primary
attachment-specific or also needed for later symbiosis stages (Figure 4-8). Of those genes

required (ES/DE) only in primary attachment, 104 of 292 genes (Figure 4-5) are likely to
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represent factors important for attachment to the bulk root epidermis. Those 49 genes
which are ‘progressive’ through infection threads and nodulation (i.e. needed for primary
root attachment and all subsequent symbiosis stages, Figure 4-8) are likely to be involved
in attachment to root hairs since these are the site of infection thread development [26].
The remaining 139 of 292 genes needed in one or more of the root attached libraries
(Figure 4-5) are required (ES/DE) at non-contiguous stages of the symbiosis, and not
shown in Figure 4-8. These genes are likely to have discrete functions at different stages
of symbiosis development. For example, they may be required in primary attachment and
in nodulation. INSeq HMM designation for the genes discussed can be found in Appendix

1, Tables A3-A9.

Table 4-5. Details of the five INSeq libraries used to map the gene requirements to stages

of Rlv3841 symbiosis with pea plants.

Library Condition Genes required Source
(ES/DE)
Rhizosphere Pea rhizosphere 904 [238]
Primary root 1 hr root 292 This work
attachment attachment, pH
6.5,7.0,7.5
Colonization 5d root 911 [238]
(secondary root colonization
attachment)
Infection thread Infection thread 1131 Unpublished data, Poole
Lab
Nodulation Nodule bacteroids 1043 Unpublished data, Poole

Lab

Conditions refer to the environment the output libraries were extracted from prior to DNA

isolation and library preparation/sequencing.
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<

18,4,3,6,4

1,3,1,5,0

0,0,0,1,0

13, 27, 24, 36, 4
8,6,51,4
2,1,1,5,0

2,2,0,0,0

Figure 4-8. Genes required (ES/DE) at each stage of RIv3841/pea symbiosis. Light boxes
show genes required (ES/DE) in primary root attachment (and other stages where
applicable) at different combinations of pHs. Color code: brown - pH 6.5, 7.0 and 7.5. Red
—pH 6.5 only. Green — pH 7.0 only. Blue — pH 7.5 only. Purple — pH 6.5 and 7.5. Dark
orange boxes show genes required in other conditions (Table 4-5). All genes were NE in

the input library.
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4.2.9 Comparison of INSeq predictions and Lux attachment assays

To compare results from Lux attachment assays and HMM classifications, attachment
assay data from Chapter 3 (Figure 3-5, 3-7 and 3-11) was compared to the HMM gene
classifications for primary root attachment obtained in this chapter.

INSeq investigates the effect of single-insertion mariner transposon mutants, so
meaningful comparison with the double and triple mutant strains tested in Lux assays was
not possible. It is also difficult to compare the HMM classifications (ES, DE, NE, AD)
directly with the simpler statistical testing of results (as a percentage of wild-type
attachment) in Lux assays. To enable comparison, the following assumptions were made:
genes classified as NE in INSeq should show no statistical difference in attachment in a
Lux assay from wild-type (RIv3841[plJ11282], D5250), while genes required (ES/DE)
should show a statistically significant reduction from wild-type in Lux attachment assays.
Significant or non-significant differences in the case of Lux assays are based on unpaired
t-test results with the upper threshold for p value significance set at p <0.05. Table 4-6
gives a comparison of the 13 single mutant strains tested in Lux whole-root attachment

assays in Chapter 3 with the gene classification from primary attachment INSeq data.
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Table 4-6. Comparison of INSeq and Lux attachment assay data.

Gene Strain Luminescence from mutant as a INSeq classification
percentage of wild-type @

pH65 | pH70 | pH75 pH65 | pH7.0 pH 7.5
praR (RL0O390) OPS0111 61% 467% 67% NE NE NE
pssA (RL3752) OPS0804 21% 37% 38% DE DE DE
gmsA (RL1661) OPS0914 1% 16% 70% * DE DE NE
pRL110543 OPS1131 105% * 133% * 114% * NE NE NE
RL2969 OPS1235 8% 16% 67% NE NE NE
RL4382 OPS1236 3% 20% 8% DE DE DE
RL3273 OPS1237 138% * 45% 42% NE NE NE
RL0O109 OPS1238 8% 23% 18% DE ES ES
pRL110071 OPS1290 28% 43% 21% DE DE DE
pRL100053 OPS1291 4% 7% 19% DE DE DE
flgE (RLO728) OPS1738 19% 12% 36% NE NE NE

169




motA (RLO703) OPS1739 16% 13% 12% NE NE NE

nifH (pRL100162) OPS1878 102% * 107% * 99% * NE NE NE

aWild-type in Lux attachment assay is RIv3841[plJ11282] (D5250). Results are expressed as average root attachment of test strain in
percent, indexed to 100% attachment for D5250 under each condition. Lux attachment results in black show agreement with INSeq
data, while those in red do not when using the criteria defined in 4.2.9. * indicates that in Lux attachment assay the strain does not
show a statistically significant difference from D5250 using an unpaired t-test with the upper threshold for p value significance set at p

<0.05.
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Comparing results from the Lux attachment assay to the HMM classifications for primary
attachment reveals that, using the criteria defined, there is close agreement in the results
from the two techniques for 25 out of 39 comparisons (13 strains tested under three
attachment conditions, Table 4-6). Whilst this is a reasonable degree of agreement
(~66%), there are various reasons why the two would not completely agree since they are
measuring slightly different things. This is due to the design of each experimental
technique, each with limitations that need to be considered.

The conflict in results for OPS0111 praR (RL0390, mutant strain OPS0111), could be due
to the low gene TA site number (only four in this case) which affects the degree of
certainty in HMM gene classification. Although the HMM incorporates neighboring TA
site data to smooth read counts, low TA site number may still reduce the certainty of
classification [183]. Using TnSeq, Griffin et al. (2011) and Zhang et al. (2012) reported
uncertainty in assigning state call to bacterial genes with fewer than six TA sites [173,
273]. Therefore, despite the relatively high saturation of the input library (Table 4-2), low
TA site number may present an issue for HMM classification, and care should be taken for
genes with under six TA sites. 83% of the annotated RIv3841 genes have >six TA sites.
The use of a richer media for mariner transposon library construction, or pooling more
independent conjugations (as described by DelJesus et al. in [274]) would increase input
saturation and reduce this problem. For the remaining lack of agreement between these
two techniques (genes RL2969, RL3273, RL0728 and RL0703), TA site number is unlikely
the issue, each gene having >20 TA sites.

Another possible reason for results disagreement is the different nature of the two assays.
In a Lux assay, inoculum is an ODsoo 0.1 resuspension of a single strain. In INSeq,

inoculum is the mariner transposon input library, a heterogeneous population of ~115,000
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different mutant strains (140,845 genomic TA sites and 82% insertion density). This raises
the possibility of in trans complementation, where bacteria possessing a functional copy
of a gene may act to ‘rescue’ bacteria with a non-functional copy of the same gene
(providing them with a secreted factor, as described for lethal factor in Bacillus anthracis,
for example [275]). To test if in trans complementation could rescue strains OPS1235
(mutated in RL2969), OPS1237 (mutated in RL3273), OPS1738 (mutated in flgE) or
OPS1739 (mutated in motA) in a Lux attachment assay, further assays were performed as
described in 2.6.6. However, inoculation was at 1:1 or 1:100 mixture of plJ11282-labelled
test strain (mutant) and Rlv3841 (unlabeled), thereby providing wild-type RIv3841 cells
with functional copies of all genes which would be able to rescue mutant cells reduced
attachment phenotypes if in trans complementation is occuring. Complementation was
seen for OPS1235 at a 1:100 inoculum, returning attachment to wild-type levels at all pHs
tested (Figure 4-9). As RL2969 encodes a putative transmembrane protein, it seems that
either this protein could be released from wild-type cells surfaces and bind cell surfaces of
mutant strains to increase attachment ability by acting as an attachment factor.
Alternatively, this protein could act to aggregate wild-type cells with mutants on the root
surface, and thereby yield a complementation phenotype in attachment. Precisely how this
in trans complementation is occurring remains unclear; more detailed characterisation of
RL2969 could shed further light on this. However, this result shows that in trans
complementation may skew INSeq results for a subset of genes and mask their role in

primary attachment.
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Root attachment of D5250 vs an RL2969 mutant (OPS1235) at one hour,
pH 6.5, 7.0 and 7.5, and at different inoculum ratios

600000+

F*dkk

400000+

200000+

Luminesence counts / gram root

Figure 4-9. Comparison of D5250 (RIv3841[pl1J11282]) and OPS1235 (RL2969 mutant)
in single inoculum, or in 1:1 or 1:100 mixed inoculum with unlabelled RIv3841 in a Lux
whole root attachment assay. Strains, inoculum ratios and pH conditions are given on the
x-axis. Data is displayed as mean + SEM, n=10. An unpaired t-test was used to compare

groups.

For the remaining three strains (RL3273, flgE and motA mutants) complementation was
not seen under any tested conditions (data not shown). Although the reasons for this are
unclear, it may be that a lower inoculum ratio would be needed to see effects. In INSeq,

mutants in a given TA site will be present at a frequency of (in this case) ~1:115,000.
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However, Lux assay sensitivity precludes testing at such low ratios of labelled cells. Note
that a method such bacterial recovery from roots and plating on antibiotics could be used
to investigate rescuing of attachment in mutants at extremely low inoculum ratios.
However, this approach was not pursued here.

Particularly intriguing are the results for OPS1738 (flgE mutant) and OPS1739 (motA
mutant). These non-motile strains are classified as NE in INSeq but are strongly defective
in a Lux attachment assay (Table 4-6, Figure 3-5). Lux results mirror the characterised
motility requirement for migration towards roots and positioning for primary attachment
[34, 44, 45, 276]. In a mixed inoculum it may be possible that the presence of a majority-
motile population could result in a biased Brownian motion or ‘aided motility’. This could
occur through cell-cell collisions between chemotaxing cells and non-motile cells and lead
to positioning of non-motile cells in proximity to the root, permitting primary attachment.
In combination with the above, motile bacteria could disrupt a boundary layer around the
plant root (caused by replusive hydrodynamic forces at the root surface, [44]). Rotating
flagella are known to act as an active propeller to overcome these boundaries [44], and
non-motile cells may be able to benefit from this boundary disruption. Therefore, ‘aided
motility’ could be thought of as a combination of biased Brownian motion and root
boundary effect disruption in a mixed motile/non-motile bacterial cell population, which
can allow non-motile cells to attach to roots by reaching the root surface. If this happens
for enough non-motile cells, TA site representation may be high enough in the output
library for NE classification. Here, the fitness values (see 2.7.5) for flgE and motA did
decrease (from 248 in the input to an average of 144 in the outputs for flgE, and from 756
to 231 for motA). Although the HMM uses more sophisticated statistics for gene

classifications [183], a decrease in fitness value does indicate a decrease in strain presence
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in the output library. This may support the notion of some ‘aided motility’ occurring. A
mathematical modelling exercise could shed more light on the extent to which this is

possible in a mixed motile/non-motile bacterial population undergoing chemotaxis.

4.2.10 Increasing the specificity for identification of primary root attachment factors
from INSeq results — pleiotropy filtering

Many of the factors identified in INSeq show pleiotropic effects on other stages of
symbiosis (188 of 292 genes, Figure 4-5). This could indicate that they have discrete roles
at other stages of symbiosis, or that loss of primary attachment function leads to loss of
mutant strains when assaying at later symbiosis stages using INSeq.

However, if a mariner mutant shows pleiotropic effects in growth on different media or
under different metabolic conditions, this may be an indicator that a gene may not be a
specific primary attachment determinant. Rather, that mutation impairs cellular function in
a way that reduces attachment in a general, non-specific way. To increase the specificity
of primary attachment factor identification, HMM classifications were cross-referenced
against other INSeq datasets (listed in Tables 4-5 and 4-7). Results were used to assign a
‘pleiotropy filter’, where genes showing a non-NE classification in any of the experiments
listed in Table 4-7 were considered non-specific primary attachment determinants. This
filter can be seen in Tables A3-A9. The distribution of the updated list 0f116 post-filtering

genes is shown in Figure 4-10.
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Table 4-7. Details of INSeq libraries used to increase the specificity of primary root

attachment factor identification

Library Condition Genes required Source
(ES/DE)
VMM Vincents 845 [175]
media
21% oxygen UMS/glucose/ 1168 [238]

10mM glucose NHgs, 21% O

1% oxygen UMS/glucose/ 1100 [238]
10mM glucose NH4, 1% O2

21% oxygen UMS/succinate 1166 [238]
20mM succinate  /NHa, 21% O-

1% oxygen UMS/succinate 1192 [238]
20mM succinate  /NH4, 1% O>

Selection conditions refer to the environment the output libraries were extracted from

prior to DNA isolation and library preparation/sequencing.
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Figure 4-10. Specific primary attachment determinants. These genes have been classified
as NE in the input library, required (ES/DE) in one or more of the root-attached libraries
(pH 6.5, 7.0 or 7.5) and have been classified as NE in the following INSeq datasets:
VMM, 21% oxygen 10mM glucose, 1% oxygen 10mM glucose, 21% oxygen 20mM
succinate and 1% oxygen 20mM succinate (see Table 4-7). Total genes = 116. Venn
diagram circle color indicates the pH at which the attachment assay was performed; red =

pH 6.5, green = pH 7.0, blue = pH 7.5

4.2.11 Primary attachment determinants required under different pH conditions
Filtering increased the specificity of primary attachment determinant identification
(4.2.10). Remaining genes (Figure 4-10) were investigated in more detail to determine
what roles they play and how pH changes influence RIv3841 primary attachment
mechanisms. Table 4-8 provides a summary of the tables and figures in which this data is
shown. Note that only two genes were classified as AD and are discussed in the next

chapter (5.2.12, Table 5-13 and Table A17).
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Table 4-8. Summary of where results are presented for genes required (ES/DE) for

primary attachment at pH 6.5, 7.0 and 7.5 and combinations thereof.

Primary attachment  Genes required Reference Tables and Figures
pHs (ES/DE)

pH 6.5, 7.0and 7.5 22 Table 4-9, Appendix Table A3, Figure 4-11

pH 6.5 only 22 Table 4-10, Appendix Table A4, Figure 4-12

pH 7.0 only 14 Table 4-11, Appendix Table A5, Figure 4-13

pH 7.5 only 31 Table 4-12, Appendix Table A6, Figure 4-14

pH 6.5and 7 11 Table 4-13, Appendix Table A7, Figure 4-12
and 4-13

pH7.0and 7.5 7 Table 4-14, Appendix Table A8, Figure 4-13
and 4-14

pH 6.5and 7.5 9 Table 4-15, Appendix Table A9, Figure 4-12
and 4-14
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Table 4-9. 22 genes identified as required (ES/DE) for primary attachment at pH 6.5, 7.0 and 7.5

Gene(s) Symbiosis Description
defects
pRL100053 PA, Col, IT, Putative transmembrane domain containing protein, helix-turn-helix 37 domain. See Figure 3-11 and section
Nod 3.2.9. Unknown protein localization.
pRL100174 RA Hypothetical protein, no known conserved domains. Unknown protein localization.
hslO (RL0O551)  Rhi, PA, Col Putative Hsp33-like chaperonin. Redox regulated molecular chaperone protecting thermally unfolding and
oxidised proteins from aggregation — defence against oxidative stress [277, 278]. May assist in coping with a
diverse rhizosphere environment (see 4.1)
RLO876 RA Conserved hypothetical protein, no known conserved domains. Cytoplasmic protein localization.
RL1381 RA Uncharacterised protein. Unknown protein localization.
amn (RL1478) PA, IT,Nod AMP nucleosidase; catalyses hydrolysis of AMP to form adenine and ribose 5-phosphate. Changes in AMP
levels allow rapid adjustments to changing metabolic conditions [279].
RL2400 RA, Nod Putative MarC family transmembrane protein, not involved in antibiotic resistance [280], function unknown.
Cytoplasmic membrane protein localization.
tpiA (RL2513) Rhi, PA, Col Putative triosephosphate isomerase. Upregulated in Staphylococcus aureus biofilm, possibly due to oxygen

limitation [281]. Glycolytic enzymes play additional roles when localised on the cell surface (e.g. a-enolase
plasminogen binding in streptococci and GAPDH transferrin binding activity in S. aureus) [282, 283].
Surface localised glycolytic enzymes are multifaceted and can be involved in substrate binding. TpiA has
been shown to be surface localised and have a direct role in attachment to host cells in Mycoplasma

gallisepticum [284].
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recA (RL2637)

Rhi, PA, Col,
IT, Nod

RecA is needed for DNA repair and the SOS response. The major activity of RecA in DNA metabolism is the
promotion of DNA strand exchange [285]. Requirements for all symbiosis stages suggest that RecA may
assist in coping with a diverse rhizosphere environment (see 4.1). However, recA disruption has been shown
to reduce adherence and colonization of host cells by Vibrio cholerae, although the mechanism underlying

this remains unknown [286].

pfp (RL3322)

PA, IT

Putative pyrophosphate-fructose 6-phosphate 1-phosphotransferase. Catalyses the first committed step in
glycolysis, the phosphorylation of D-fructose-6-phosphate [287]. Like RL2513 (see above), could have
multifaceted role

pssA (RL3752)

Glycosyl transferase involved in EPS biosynthesis [288, 289]. Mutants are deficient in EPS production and
form biofilms slowly compared to RIv3841. Does not attach to root hairs [56]. Biofilms are flat and
unstructured [58]. See also Figure 3-5 and section 3.2.5.

rpoH (RL3766)

Rhi, PA, Col

Putative RNA polymerase sigma-32-factor, heat shock. Involved in the regulation of expression of heat shock
genes and stress response; may also confer pH change and osmotic stress tolerance [290]. May assist in

coping with a diverse rhizosphere environment (see 4.1)

RL3987-90

Rhi, PA, Col,
IT, Nod

RL3987 — uncharacterised, SpoVT-AbrB domain. RL3988 — uncharacterised, PINc domain. PIN domains
function as single stranded RNA nucleases [291]. In prokaryotes they are usually the toxin of toxin-antitoxin
operons, helping free-living prokaryotes cope with nutritional stress [292]. RL3989, RL3990 — Holliday
junction ATP dependent DNA helicases RuvA and RuvB; DNA damage repair mechanism. May be required

for osmotic shock responses [293, 294]

RL4065

Rhi, Col, RA

Conserved hypothetical protein, no known conserved domains. Cytoplasmic protein localization.

RL4145

RA

Putative conserved Lacl type transcriptional regulator (repressor). Regulatory targets unknown. Cytoplasmic

protein localization.
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RL4362/ dacC PA, IT, Nod RL4362 — putative cobalamin (vitamin B12) synthesis protein, CobW domain [295]. Required by S. meliloti
(RL4363) for symbiosis with M. sativa [296]. Only one cobalamin dependent enzyme (nrdJ, S.meliloti cobalamin
dependent ribonucleotide reductase, RNR) affects symbiosis. Removal of ndrJ impairs symbiosis; rhizobia
are lysed in the plant cytoplasm [297]. Loss of RL4362 may reduce fitness for competitive primary
attachment. Note that cobalamin synthesis genes may be misclassified due to high homology with glutamine
amidotransferases, which are involved in peptidoglycan amidation [298].
RL4363 — dacC, putative penicillin binding protein, peptidase S11 domain. In E. coli dacC processes sugar-

peptide cell wall precursors; involved in peptidoglycan biosynthesis [299].

RL4381/RL4382 PAJPA, Col  Putative POTRA domain transporter (RL4381) and filamentous hemagglutinin adhesin (RL4382). See Figure
3-11 and section 3.2.9

Genes are listed together where co-localised. Symbiosis defects describe the test conditions under which these genes are classified as
ES/DE. Rhi = rhizosphere, RA = (primary) root attachment, Col =5 d colonization, IT = infection thread, Nod = nodulation. Protein

localization was predicted using pSORTb v 3.0.2 [206].
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The genes described in Table 4-9 constitute the core primary attachment factors for
RIv3841 in symbiosis with pea, being required at all pHs. The requirements for RL4381
and RL4382 were previously unknown, but this result (along with those in 3.2.9, where a
mutant in RL4382 is impaired in attachment in a Lux assay) shows that FHA is crucial to
root attachment. The requirement for pRL100053 (Table 4-6) was demonstrated in 3.2.9,
although its exact function remains unknown.

The requirement for pssA is unsurprising. This glycosyltransferase catalyses the transfer of
glucose-1-phosphate from UDP-glucose to the isoprenylphosphate lipid carrier, the first
stage in EPS biosynthesis [288]. This again (in addition to Lux attachment assay results
Table 4-6 and 3.2.9) highlights the central role of EPS in primary attachment.

RL4362 is annotated as a putative cobalamin synthesis protein, but may actually represent
a peptidoglycan amidation factor [298]. This seems likely given the co-involvement of
RL4363, a peptidoglycan biosynthesis factor in E. coli [299], and points to the importance
of peptidoglycan function and modification in primary attachment.

Of interest is RL2513, encoding the glycolytic enzyme TpiA. The demonstrated
moonlighting function of this enzyme [282, 283], particularly in Mycoplasma
gallisepticum attachment [284], indicates a novel function in Rlv3841/pea interactions,
where it may be surface localised. This may also be the case for pfp (RL3322), though this
is less clear.

Further genes - RL0O051, rpoH - RL3766, amn - RL1478, RL3987-90 and recA - RL2637 -
demonstrate a requirement for stress responses, metabolic changes and DNA repair in
primary attachment. Of these, recA has been shown to play a role in Vibrio cholerae cell
adherence, although it is unclear as to whether this is due to the role of RecA in stress

responses or its ability to alter the expression of colonization factors [286]. For others,
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their requirement may reflect stresses encountered in assay conditions where inoculum is
resuspended in buffer before root inoculation, which could induce nutritional and
oxidative stress. However, considering the broad functions of these genes, the diversity of
stresses in a real rhizosphere environment (including oxidative, nutritional and
temperature-related), and that many are required for subsequent symbiosis stages
(particularly colonization, where experiments were conducted in vermiculite [238]), it
seems possible that they may also be important under field conditions, although this
cannot be definitively concluded at this stage. The remaining genes involved (Table 4-9)
are largely of unknown function.

In addition to the genes described in Table 4-9, several genes known to be important for
primary attachment were also required (ES/DE) at all pHs but were also classified as
ES/DE in the input libraries. This is presumably due to their importance for normal cell
functioning. These factors include exoR (RL2037) (involved in succinoglycan synthesis,
flagellar gene expression and biofilm formation [300, 301]), chvA (RL4640) (cyclic-p-1,2-
D-glucan synthase; one of the first known attachment mutants, also hypersensitive to
osmotic stress [55, 302—-304]) and rosR (RL1379) (nodulation competitiveness and

polysaccharide transcriptional regulator, [216]).
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Figure 4-11. Diagram of a stylized gram-negative RIv3841 cell showing the primary attachment determinants at all pH 6.5, 7.0 and 7.5
(see Table 4-9), grouped by function. Cell outer membrane, peptidoglycan layer, inner membrane, plasmids, nucleoid and other

cellular factors are shown, not to scale.
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Table 4-10. 22 genes identified as required (ES/DE) for primary attachment at pH 6.5 only.

Gene(s) Symbiosis Description
defects

pRL100176 Rhi, RA Pseudogene — generally considered non-functional, but can encode partial activity or affect mRNA stability
of homologues genes [305]. Unknown protein localization.

pRL100177 RA Putative homologue of eukaryotic tubulin. Unknown protein localization.

fucA RA Putative a-L-fucosidase. Cleaves fucosidic bonds in glycans (particularly in peptidoglycan structures)[306];

(pRL100274) likely involved in remodelling of the cell surface. Fucose rich EPS has been documented in R. sullae [307].

pRL110283 RA, IT, Nod Putative DNA binding protein. Cytoplasmic protein localization.

pRL120021 RA, Col Uncharacterised protein. Unknown protein localization.

impA RA Inner membrane protein ImpA. Mutation of impA causes outer membrane disruption in Actinobacillus

(pRL120475) actinomycetemcomitans [308]. Expressed from the pathogenic injection type VI secretion system operon in
V. cholerae [309]. Nicolsamide reduces Xanthomonas oryzae leaf blight disease in rice by downregulating
xanthan, EPS and impA expression [310]

npr (RL0O032)/  Rhi, RA, IT, Components of the phosphenolpyruvate phosphotransferase (PTS) system regulate lifestyle switches [155].

manX (RL0O033) Nod Phosphorelay between Npr and ManX is believed to regulate carbon metabolism [311]. Npr and ManX are
co-localised with the Chvl operon [312] and globally regulate ATP-dependent ABC transporter activity in a
pos-translational fashion [155, 313]. Mutation of PTS system components causes dry colony morphology due
to reduced EPS secretion [313].

RL0398 RA, IT, Nod Putative N-acetyltransferase (NAT). STRING database indicates functional interaction with RL0399

(putative endopeptidase, interaction score 0.91) and MurE (peptidoglycan biosynthesis factor, interaction

score 0.71) — possibly related to alterations in peptidoglycan structure
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RL0614 RA Unknown function. Cytoplasmic protein localization.

RLO726 RA, IT, Nod Conserved hypothetical exported protein, transglycosylase Slt domain. Degrades peptidoglycan via § 1-4
glycosidic bond cleavage. Linked to biofilm formation in S. enterica, E. coli and Acinetobacter baumannii
[314-316]. Lytic transglycosylases participate extensively in cell wall remodelling, recycling of
peptidoglycan and space-making for insertion of cell-envelope spanning structures [317]. A lytic
transglycosylase (RL4716) was characterised in RIv3841 as required for cell envelope function and biofilm
formation [318].

ctak (RL1026) RA Putative cytochrome c¢ oxidase polypeptide I11. Biofilm formation is promoted by some cytochrome c
oxidases under anoxic conditions in P. aeruginosa, possibly due to nitric oxide (NO) accumulation [319]

RL2211 RA, Nod Uncharacterised protein. Phasin 2 domain commonly found in phasin proteins which stabilise
polyhydroxybutarate storage granules [222]. Unknown protein localization.

hflX (RL2285) RA GTPase HfIX. Heat-shock induced ribosome splitting factor; rescues translationally stalled ribosomes under
heat shock [320].

ccdA (RL2303)  Rhi, RA, Putative cytochrome c-type biogenesis protein, DsbD transmembrane domain, disulphide bond formation and

Col, IT, Nod redox condition maintenance [321]

RL2316 RA Putative guanylate cyclase. Catalyses formation of cyclic di-GMP (c-di-GMP), key second messenger in
biofilm formation / motile to sessile lifestyle switch [79]. NO can stimulate biofilm formation by regulating
c-di-GMP levels in Shewanella oneidensis [322]

nnrE (RL2394)  Rhi, RA Multifunctional fusion protein NnrE. Repairs epimers of NAD(P)HX, a damaged form of NAD(P)H

RL2564 RA Hypothetical exported protein. Unknown protein localization.

RL2595 RA Putative MutT/nudix family protein. Mutagenesis of nudix proteins in P. syringae str DC3000 and P.

aeruginosa display defects in motility and biofilm formation [323]
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dgkA (RL2780) RA Diacylglycerol kinase DgkA. In E.coli, DgkA mutants are defective in biofilm formation [316], and DgkA
function has been linked to phospholipid recycling and LPS modifications [324]. In B. subtillis it is important
for lipoteichoic acid synthesis [325]

RL3179 RA Putative cobalamin (vitamin B12) synthesis protein, CobW domain, may also be involved in peptidoglycan
amidation. See Table 4-9, RL4362
gelA (RL4404) RA Gel forming EPS production protein GelA. Regulated by RosR [158]. Mutation has no effect on 2-9 day biofilm

formation or 90 minute pH 6.5 or 7.5 attachment to root hairs [56]. Appears to have role in primary bulk root
attachment at pH 6.5 based on this data.

Genes are listed and described together where co-localised. Rhi = rhizosphere, RA = (primary) root attachment, Col = 5 d colonization,

IT = infection thread, Nod = nodulation. Protein localization was predicted using pSORTb v 3.0.2 [206].
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Genes required for primary attachment at pH 6.5 suggest specific RIv3841 adaptations
under these conditions. Cell wall and surface modification requirements are demonstrated,
including EPS, peptidoglycan and LPS modifications (fucA -pRL100274, RL3179 and
dgkA - RL2780, respectively) and cell wall remodelling (RLO726), possibly for the
insertion of cell envelope spanning structures, which can include flagella and secretion
systems [317]. This could theoretically be linked to impA (pRL120475) requirement, as
this is known to be involved in membrane function and attachment [308, 310]. However,
RL2564 (hypothetical exported protein) or one of the other uncharacterised proteins could
also be involved.

The gelA (RL4404) requirement is of particular interest as, whilst annotation and RosR
regulation is suggestive of a role in attachment, no role had been previously defined for
this EPS production protein [56, 158].

Biofilm formation factors (ctak - RL1026 and RL2595) required only at pH 6.5 may
reflect adaptation to changing root surface profiles (as hypothesised in the
glucomannan/rhicadhesin system [34, 56]), or bacterial pH adaptations.

The ES/DE classifications of npr (RL0032) and manX (RL0O033) are of interest, as
mutation reduces EPS secretion and ATP dependent ABC transporter activity [313], and it
is unclear why these PTS system components should be required for attachment only at
pH 6.5.

RL2316 was also required for attachment at pH 6.5 and is interesting given its role as a
likely catalyst of c-di-GMP formation. This is a key second messenger in biofilm
formation and the motile to sessile lifestyle switch in many bacterial species [79] (c-di-
GMP in attachment is discussed in detail in 5.2.12 and 7.8). Further genes in Table 4-10

are also important, though their precise role remains unknown.
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Table 4-11. 14 genes identified as required (ES/DE) for primary attachment at pH 7.0 only.

Gene(s) Symbiosis Description
defects

pRL100112 Rhi, RA, Col Putative dehalogenase-hydrolase (HAD), member of a large superfamily of phosphohydrolases. HADs
display activity against various phosphorylated metabolites [326]. A mutant in a Xanthomonas axonopodis
pv. citri HAD is defective in biofilm formation [327]

pRL120518 RA Putative TetR family transcriptional regulator

RL0O052 RA Uncharacterised protein. Unknown protein localization.

RL1013 Rhi, RA, Uncharacterised protein, 17kDa Anti 2 motif. These motifs are common membrane proteins and include

Col, IT surface antigens in Rickettsia [328]. Unknown protein localization.

RL1052 RA Uncharacterised protein. Unknown protein localization.

pspA (RL1106)  Rhi, RA Putative PspA family regulator, phage shock protein A. Involved in antibiotic resistance and biofilm
formation in E.coli and pathogenesis in S. typhimurium [329, 330]

RL1371 Rhi, RA, Col Putative transmembrane protein

scpA (RL2044) RA Segregation and condensation protein A, participates in chromosomal division during cell partition

anmK (RL2587) RA Anhydro-N-acetylmuramic acid kinase AnmK. Catalyses the phosphorylation of 1,6-anhydro-N-
acetylmuramic acid (anhMurNAc), cleaving the 1,6 anhydro ring and generating MurNAc-6-P. Required for
cell wall recycling [331, 332]

tyrS (RL2588) Rhi, IT, Nod Tyrosine-tRNA ligase TyrS. Catalyses attachment of tyrosine to tRNA

gor (RL2694) RA, IT, Nod RL2694 — Glutathione reductase (Gor). RL2695 — uncharacterised protein. Unknown protein localization.

/RL2695 I/ RA

ahpD (RL3226) RA Alkyl hydroperoxide reductase AhpD
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RL4704 RA Putative glyoxylase family protein, member of the VOC superfamily. Members of this family are known to
detoxify methylglyoxal, formed as a by-product of lipid metabolism [333]

Genes are listed and described together where co-localised. Rhi = rhizosphere, RA = (primary) root attachment, Col = 5 d colonization,

IT = infection thread, Nod = nodulation. Protein localization was predicted using pSORTb v 3.0.2 [206].
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At pH 7.0 primary attachment factors include the cell wall recycling AnmK protein
(RL2587), which cleaves peptidoglycan structures [331, 332]. This is indicative of further
cell wall and surface modifications required for attachment competence at this pH. In line
with this, RL4704 requirements (detoxifying by products of lipid metabolism) may
indicate LPS modification and turnover, though this is speculative.

Further factors important in biofilm formation (pspA and pRL100112) and a possible
surface antigen-like adhesin (RL1013) are also necessary specifically at pH 7.0, with the

function of remaining factors given in Table 4-11 being unclear.
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Table 4-12. 31 genes identified as required (ES/DE) for primary attachment at pH 7.5 only.

Gene(s) Symbiosis Description
defects

fhuA2 RA, Col Outer membrane siderophore receptor FhuA2

(pRL120322)

pPRL120795 RA Uncharacterised protein. Unknown protein localization.

miaB (RLO395) RA tRNA-2-methylthio-N(6)-dimethylallyladenosine synthase

RL0O401 RA, Nod Putative universal stress protein, UspA family.

RL0561 RA, Col Putative AraC family transcriptional regulator

rpil (RL1552) Rhi, RA, 50S ribosomal protein L9 Rpil

Col, IT, Nod

RL1164 / RA RL1164 — uncharacterised protein, unknown protein localization. RL1165 — uncharacterised protein, 93%

RL1165 identity to gene RLV_3555 from R. leguminosarum biovar viciae, PepSY domain containing. These domains
are likely to have a protease inhibitory function and may be cell wall associated [334]. Biofilm
metalloprotease 1 (Bmpl) from Pseudoalteromonas contains a PepSY domain required for biofilm formation
[335]

pmtA (RL1338)/ RA rl1338 — putative phosphatidylethanolamine (PE) N-methyltransferase PmtA. Significantly upregulated in a

RL1339 praR mutant of RIv3841, suggesting attachment role [59]. Phosphatidylcholine is found in the membranes of
Rhizobiaceae and is synthesized from PE by PmtA. pmtA mutation in Bradyrhizobium japonicum disrupts
symbiosis formation [336]. rl1339- uncharacterised protein

rpoZ (RL1505)  Rhi, RA DNA directed RNA polymerase subunit omega, RpoZ. The smallest RNA polymerase subunit. However,

additional roles have been identified: deletion of RpoZ impairs biofilm formation and sliding motility in M.

192



smegmatis [337] and biofilm formation in E. coli [338] and S. aureus [339] through transcriptional changes.
In S. aureus, rpoZ deletion impairs production of two tributyrin lipases. Loss of these lipases impairs biofilm

formation; this may partly explain the rpoZ mutant phenotype [340].

RL2080 / RA/RA, IT, rl2080 — putative acetyltransferase, RL2081 — putative transmembrane protein, RL2083 — putative

RL2081 / Nod / Rhi, acetyltransferase

RL2083 RA, Col, IT

RL2094 RA RL2094 — putative polyhydroxybutarate (PHB) synthase. RL2095 — uncharacterised protein. Unknown

/RL2095 protein localization.

RL2489A RA Uncharacterised, 100% identity to transglycosylase associated protein Rleg_2013 from R. leguminosarum
biovar trifolii WSM1325. Transglycosylation is a key step in bacterial peptidoglycan synthesis, catalysing
glycan chain polymerisation [341, 342]

RL2491 RA Conserved hypothetical exported protein

SixA (RL2644) RA Phosphohistidine phosphatase SixA, conserved. SixA is the only known bacterial phosphohistidine
phosphatase, and dephosphorylates Npr in E.coli [343]. Implicated in biofilm formation in E. coli [344]. See
also Table 4-10, RL0032 / RLO033

RL2777 / RA RL2777 — uncharacterised protein. Cytoplasmic protein localization. RL2778 - Putative exopolysaccharide

RL2778 biosynthesis protein

RL2857 / RA RL2857 — putative LysR family transcriptional regulator. RL2858 — conserved hypothetical exported protein,

RL2858 coiled-coil domain

hflC (RL3253), RA/RA,IT Putative transmembrane serine proteases HfIC and HfIK. Functional HfIC and HfIK also modulate HfIB

hflK (RL3254)

activity. HfIB, an AAA metalloprotease, is involved in membrane protein regulation, LPS biosynthesis and

biofilm formation in E. coli, B. subtillis and others (where it is often called FtsH) [345, 346]. indicating a role
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in membrane regulation and biofilm formation [347-349]. HfIB itself (encoded by RL3965) is ES/DE under
all conditions in this work, including input (Appendix 2 Table 1).

RL4018 RA, IT, Nod Putative ATP binding component of ABC transporter. 96% identity to Lipid A ABC exporter from R.
leguminosarum biovar trifolii WSM2304, gene Rleg2_3249. Mutants with reduced lipid A show a delay in
nodulation onset and impaired bacteroid shape [350]. Further, defects in lipid A production reduce surface

attachment and motility [351]

RL4062 RA, IT, Nod Putative amidohydrolase

RL4063 RA Uncharacterised protein. Unknown protein localization.

RL4075 DE Putative 5’-nucleotidase

RL4383 RA Putative AsnC family transcriptional regulator

RL4497 Rhi, RA, Putative transmembrane protein, coiled-coil domain
Nod

Genes are listed and described together where co-localised. Rhi = rhizosphere, RA = (primary) root attachment, Col = 5 d colonization,
IT = infection thread, Nod = nodulation. Percentage identities describe similarity at the protein level (see 2.9). Protein localization was

predicted using pSORTb v 3.0.2 [206].

194



Cell wall and surface modifying factors also feature heavily in the primary attachment
requirements at pH 7.5. RL1165 (encoding a possible cell wall protease modulator) and
likely phosphatidylcholine production pmtA (RL1378) genes fit this category. The
upregulation of pmtA in a praR mutant (PraR is a known attachment factor regulator, [59])
supports its role in primary attachment. RL2489A (encoding a likely transglycosylase),
RL4018 (encoding a likely lipid A exporter) and hflC (RL3253) and hflK (RL3254) —
transmembrane serine proteases, also involved in FtsH/HfIB regulation, see Table 4-12 —
also fit into this category.

Interestingly, the smallest DNA polymerase subunit rpoZ (RL1505) is also required for
attachment at pH 7.5. Aside from DNA synthesis, additional roles in biofilm formation
(and therefore attachment) have been identified for RpoZ [337—-339]. Based on the
published literature, this is the first time RpoZ has been implicated in attachment in
rhizobia.

The requirement for sixA (RL2644) is particularly intriguing. SixA is a phosphohistidine
phosphatase that dephosphorylates Npr in E. coli [343]. Both Npr and ManX were
required for primary attachment at pH 6.5, and an activating phospho-relay exists between
Npr and ManX [311]. In S. meliloti loss of ManX increases succinoglycan accumulation
[352] and it is known that succinoglycan production affects EPS | composition and host
colonization in this Rhizobium [353-356]. Theoretically, dephosphorylating Npr would
deactivate phosphorelay signaling, altering EPS | composition [357]. However, EPS
structures display high strain-specificity and, whilst succinoglycan EPS I is well
characterised in S. meliloti, EPS in R. leguminosarum is markedly different (an
octasaccharide repeating unit of glucose, glucuronic acid and galactose in a 5:2:1 molar

ratio, [76]). It has been shown that mutating components of the PTSN system in Rlv3841
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globally reduces ATP-dependent ABC transporter activity in a post-translational manner,
and that these mutants displayed dry colony morphology [155]. The ‘dry’ colony
morphology is most likely as a result of reduced EPS secretion through an unknown ABC
exporter [313]. Thus, although the effects of PTSN" signaling are complex, it seems that
regulatory control of this switch is important in facilitating primary attachment to pea
roots under pH 6.5 or 7.5 conditions, and this may be linked to levels of EPS secretion
and/or modification in a pH dependent manner.

The remaining genes required for attachment at pH 7.5 are largely uncharacterised and of

unknown function in attachment.
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Table 4-13. 11 genes identified as required (ES/DE) for primary attachment at pH 6.5 and 7.0 only.

Gene(s) Symbiosis Description
defects
pRL100220 Rhi, RA, IT  Uncharacterised protein
pRL100242 Rhi, RA, Col Uncharacterised protein. Cytoplasmic protein localization
pPRL110043 RA Putative transmembrane transporter protein. 99% similarity to arabinose efflux permease family protein in R.

leguminosarum biovar trifolii WSM597. EPS arabinose content regulates cell aggregation in Azospirillum

[358]
ppx (RL1600) RA, Col, IT, Putative exopolyphosphatase Ppx; can function in the hydrolysis of EPS [359]
Nod
gmsA (RL1661) RA Glucomannan biosynthesis protein GmsA. Characterised factor important for polar primary root attachment
at acidic but not alkaline pH [56]. See also Figure 3-5
ecfE (RL2227) Rhi, RA, Zinc metalloprotease EcfE. STRING database indicates functional interaction with CdsA (RL2266,
Col, IT phospholipid metabolism, score 0.92) and BamA (RL2228, outer membrane assembly factor, score 0.87)
suggesting a role in membrane lipid processing
hfg (RL2284) RA, Col RNA binding protein Hfg. Global post transcriptional regulator. Loss of Hfq in S. meliloti delays nodulation
and reduces competitiveness for attachment to alfalfa roots [360]
RL2520 RA Putative transmembrane protein, ABC transporter permease. Many ABC transporters are involved in lipid
transport to the outer membrane [361]
RL3277 RA Putative transmembrane protein
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RL4309 RA, IT, Nod Putative transmembrane protein. 94% identity to R. hidalgonense DedA family protein (CO674 _30990).
DedA proteins appear to function in membrane homeostasis; mutants show altered membrane lipid

composition in multiple bacterial species [362].

RL4335 RA Uncharacterised protein. Unknown protein localization.

Genes are listed and described together where co-localised. Rhi = rhizosphere, RA = (primary) root attachment, Col = 5 d colonization,
IT = infection thread, Nod = nodulation. Percentage identities describe similarity at the protein level (see 2.9). Protein localization was

predicted using pSORTb v 3.0.2 [206].
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Among the genes required for primary attachment at both pH 6.5 and 7.0 is pRL110043, a
likely arabinose efflux protein which increases EPS arabinose content. Exactly how this
influences attachment is not clear, but the change to EPS composition is clearly important,
and similar EPS profiles are important for Azospirillum cell aggregation [358].

RL4309, ppx (RL1600), RL2520 and RL2227 are all likely involved in EPS or membrane
lipid modifications and stress the importance of cell surface and secreted factor changes
for attachment competence at different pHs.

The involvement of glucomannan (gmsA, RL1661) fits the characterised profile for this
attachment factor [56] and indicates that INSeq was able to accurately classify the gene in
this case. Well characterised genes giving rise to known phenotypes when mutated were
analysed in terms of INSeq classification (Table 4-4) and gave further confidence in
INSeq’s ability accurately classify genes using the HMM.

The remaining genes in Table 4-13 are uncharacterised.
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Table 4-14. Seven genes identified as required (ES/DE) for primary attachment at pH 7.0 and 7.5 only.

Gene(s) Symbiosis Description
defects

cycM (RL0141) RA,IT,Nod Membrane-bound cytochrome ¢ CycM

RLO617 Rhi, RA, Col Putative dTTP/UTP pyrophosphatase

RL1504 RA, Col Uncharacterised protein, NYN domain. Possibly novel RNAse with regulatory role [363]. Cytoplasmic
protein localization.

clpS (RL2212) RA, IT, Nod ATP dependent Clp protease adaptor protein CIpS. CIpS modifies CIpA substrate specificity [364]. A clpS
mutant of P. aeruginosa showed 70% reduction in biofilm formation and significant impairment in
attachment to abiotic surfaces after one hour [365]

RL2642 / dksA RA RL2642 — uncharacterised protein. RL2643 — putative DnaK suppressor protein DksA. Studies from various

(RL2643) bacteria indicate that these chaperones can be secreted and bind ligands, contributing to cell adherence and
biofilm formation [366-369]. Cytoplasmic protein localization.

RL4083 RA Uncharacterised protein, SGHN family esterase domain. Unknown protein localization.

Genes are listed and described together where co-localised. Rhi = rhizosphere, RA = (primary) root attachment, Col = 5 d colonization,

IT = infection thread, Nod = nodulation. Protein localization was predicted using pSORTb v 3.0.2 [206].
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Only 7 genes are needed for primary attachment exclusively at both pH 7.0 and 7.5.
Although most are of uncharacterised or unknown function, two are better defined. One of
these, dksA (RL2643), encodes a cellular chaperone factor which can be secreted,
potentially contributing to attachment via ligand binding [366-369], and may also play
this role in RIv3841. As this seems to be the first indication of chaperone secretion and
ligand binding involved in primary attachment in rhizobia, it would be of interest to fuse
this gene to a fluorescent protein and confirm its export with microscopy before further
characterisation.

The second gene is clpS (RL2212), a modifier of the substrate preference of the CIpA
protease [364]. CIpA (RL2213) itself is also required for attachment at pH 7.0 and 7.5 (but
also DE in 1% oxygen 20mM succinate INSeq and therefore filtered from analysis, see
Table A8). The proteolytic targets of ClpS modulated ClpA remain unclear [364, 365], but

are of interest in understanding pH 7.0/7.5 primary attachment further.

201



Table 4-15. Nine genes identified as required (ES/DE) for primary attachment at pH 6.5 and 7.5

Gene(s) Symbiosis Description

defects
pRL100162A/ Rhi, RA, Col pRL100162A — hypothetical protein. Unknown protein localization. pRL100163 — uncharacterised protein,
pRL100163 asparagine synthetase family domain. Cytoplasmic protein localization.

pRL100470 RA, Rhi, IT,  Uncharacterised protein. Uncharacterised protein localization.

Col
pRL110045 / RA, Rhi, Col pRL110045 — uncharacterised protein. Unknown protein localization. pRL110046 — putative transcriptional
PRL110046 / RA, Rhi, regulator. Cytoplasmic protein localization.

Col, IT, Nod
RL1805/degQ RA RL1805 — putative transmembrane protein. RL1806 — Periplasmic serine endoprotease DegQ. In B. subtilis
(RL1806) DegQ stimulates phosphotransfer to a transcriptional regulator affecting biofilm formation, promoting

transition from a motile to sessile attached state [370]

RL2098 RA Putative transmembrane protein
dacF (RL2477) RA Putative penicillin-binding protein DacF. Functions as a D-alanyl-D-alanine carboxypeptidase in E. coli and

is thought to be involved in cell wall synthesis and modifications [371]

Genes are listed and described together where co-localised. Rhi = rhizosphere, RA = (primary) root attachment, Col = 5 d colonization,

IT = infection thread, Nod = nodulation. Protein localization was predicted using pSORTb v 3.0.2 [206].
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A small number of genes are important for attachment at pH 6.5 and 7.5, though the
reasons for these non-linear pH requirements are unclear. Despite most of the genes in this
category being uncharacterised or of unknown function, degQ (RL1805) seems to promote
biofilm formation and dacF (RL2477) is involved in cell wall modification. It may be the
case that DacF promotes different cell wall modifications at pH 6.5 and 7.5 which are

required for primary attachment, or that the same modifications promote attachment under

both conditions.
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Figure 4-12. Diagram of a stylized gram-negative RIv3841 cell showing the primary attachment determinants identified as ES/DE at

pH 6.5 (red, see Table 4-10), 6.5 and 7 (orange, see Table 4-13) and 6.5 and 7.5 (purple, see Table 4-15), grouped by function. Cell

outer membrane, peptidoglycan layer, inner membrane, plasmids, nucleoid and other cellular factors are shown, not to scale.
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Figure 4-13. Diagram of a stylized gram-negative RIv3841 cell showing the primary attachment determlnants identified as ES/DE at
pH 7.0 (green, see Table 4-11), 7 and 7.5 (blue, see Table 4-14) and 6.5 and 7 (orange, see Table 4-13), grouped by function. Cell

outer membrane, peptidoglycan layer, inner membrane, plasmids, nucleoid and other cellular factors are shown, not to scale.

205



EPS — sixA (dephosphorylates Npr), RL2778 | Adhesins —dksA (DnaK suppressor protein) | Exported — RL2858, RL2491 (conserved
(EPS biosynthesis) hypotheticals)

LPS
. - Cell processes — clpS (clpA adaptor protein),
Porin > - Peptidoglycan — dacF (carboxypeptidase), RL1165 Stress responses: RLO617 (dTTP/UTP pyrophosphatase), rpoZ,
(PepSY domain protein), RL2489A (transglycosylase) RLO401 (universal RL2094 (PHB synthase), RL2857, RL4383,

stress protein) RLO561, (transcriptional regulators), miaB S
Unk fancti 4 (tRNA synthase), RL4075 (5’ -nucleotidase), §
nknown function an . . . S
. il (505 ribosomal protein), RL2080, RL2083 =11
Protein e localization — pRL100162A, il { (acetyltrangerases]) RL4062
PRL110045, pRL100470, ocomee (amidohydrolase) -‘E
Peptidoglycan - RL4083, RL1164, RL1135, Ribosomes
Plasmids O RL2095, pRL120795, RL4063 3

Lipoprotein
Unknown function,
cytoplasmic localization -

pRL100163, pRL110046,
RL2642, RL1504, RL2777

Nucleoid

0 Q
0000 000000000000

Membrane —RL1805, degQ (serine protease), RL2098, cyeM (membrane bound
cytochrome c), pmtA (phosphatidylcholine synthase), hflIC, hflK (transmembrane
serine proteases), fhuA2 (siderophore receptor), RL2081, RL4977

Phospholipid Transporter — RL4018 (lipid A exporter) |

00000000000

s e ey | SXRRERETILIRERELY

Figure 4-14. Diagram of a stylized gram-negative RIv3841 cell showing the primary attachment determlnants identified as ES/DE at
pH 7.5 (dark blue, see Table 4-12), 7 and 7.5 (blue, see Table 4-14) and 6.5 and 7.5 (purple, see Table 4-15), grouped by function. Cell

outer membrane, peptidoglycan layer, inner membrane, plasmids, nucleoid and other cellular factors are shown, not to scale.
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4.2.12 Regulators required for primary attachment under all pH conditions

Three transcriptional regulators were required (ES/DE) for primary attachment at all pHs
in INSeq (see Table 4-9 and Table A3). These were: RL4145 (putative conserved Lacl
type transcriptional regulator), RL3453 (putative two-component sensor-regulator;
histidine kinase) and mctR (pRL100406, putative two component sensor/regulator,
transcriptional regulator). Note that RL3453 was classified DE in a 21% oxygen 20mM
succinate INSeq (Poole Lab, unpublished data) and mctR (pRL100406) was classified AD
in a VMM INSeq [175] and so neither are featured in the post-filtering list of genes given
in Table 4-9. However, due to the low number of transcriptional regulators involved in
root attachment at all pHs, all three were examined here. Only MctR (pRL100406) has
any known function, as part of a two-component sensor-regulator system activating mctP
expression (MctP is a transporter of alanine and other monocarboxlates) [148]. What role
this may play in primary attachment is unclear.

Transcriptional regulators are often located adjacent to their regulatory targets. Genes in
the vicinity of the two uncharacterised regulators were screened to see if they might
represent regulated primary attachment determinants. Genes had to be in close proximity
to the regulator, have an ES/DE HMM classification at one or more pHs and have
annotation suggestive of possible role in primary attachment (see Table 4-16).

Although the putative regulatory targets of RL3453 and RL4145 are mostly conserved
hypothetical, hypothetical exported or putative transmembrane (making precise
assignment of function difficult), one gene, RL3463 (a possible regulatory target of

RL3453), has a role in lipoprotein biosynthesis.
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Table 4-16. Putative targets of the transcriptional regulators RL3453 and RL4145

identified as required for primary root attachment.

Putative regulatory targets HMM classification
Transcriptional from INSeq
regulator

Locus Description Input pH pH pH

65 70 75

RL3453 RL3461  Conserved hypothetical protein DE DE DE DE

RL3462  Conserved hypothetical protein NE DE DE DE

RL3463  Putative prolipoprotein DE DE ES ES

diacylglyceryl transferase

RL3464  Conserved hypothetical protein DE DE ES ES

RL4145 RL4147  Conserved hypothetical protein DE DE ES DE

RL4158  Conserved hypothetical exported DE ES DE DE
protein

RL4159  Putative transmembrane protein DE ES DE DE

ES = essential, DE = defective, NE = neutral

To investigate transcriptional regulatory requirements further, pK19 interposon
mutagenesis was used to disrupt RL3453 and RL4145 (see 2.4.3), and each mutant strain
was labelled with the Lux plasmid (by conjugating with plJ11282), giving OPS1967 and
1968, respectively. OPS1967 and OPS1968 were tested in a Lux root attachment assay
(Figure 4-15). Both strains showed a statistically significant reduction in attachment under
all conditions compared to wild-type (D5250, RIv3841[pl1J11282]), a result which agrees

with those of INSeq (Figure 4-15).
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Figure 4-15. Comparison of Rlv3841and mutant strains at pH 6.5, 7.0 and 7.5 in a Lux
root attachment assay. A — Root attachment of D5250 (RIv3841[pl1J11282]) vs OPS1967
(RL3453 mutant). B — D5250 (RIv3841[plJ11282]) vs OPS1968 (RL4145 mutant). Data is
displayed as mean £ SEM, n=10. An unpaired t-test was used to compare groups. ** =p

<0.001, *** = p <0.0005, **** = p <0.0001

Whilst a Lux attachment assay confirms the importance of RL3453 and RL4145 for
primary root attachment, RNASeq of these mutant strains combined with protein-protein
and/or protein-DNA interaction studies, among other techniques, would be required to

comprehensively elucidate their regulatory targets.

4.2.13 Using INSeq to investigate rhicadhesin
The proposed rhicadhesin primary attachment factor mediates attachment under alkaline
conditions and is a protein of ~14 kDa [34, 53, 71, 210]. Following the inconclusive

attempts to identify rhicadhesin using proteomic approaches (see 3.2.2), INSeq primary
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attachment results were screened to identify rhicadhesin candidates. As glucomannan
(gmsA) (the proposed ‘partner’ of rhicadhesin, mediating attachment under acidic
conditions [56, 71]) was required for root attachment both at pH 6.5 and 7.0 in INSeq (see
Table 4-13), it follows that rhicadhesin should be required at one or both of pH 7.0 and
7.5. A size filter of 12-16 kDa was applied. Based on these criteria the candidates in Table
4-17 were identified (first seven entries, above red line). The INSeq HMM classifications
for the eight rhicadhesin candidates identified in LC-MS/MS (in 3.2.2, Table 3-1) that
were not predicted to be in the cytoplasm or cytoplasmic membrane are also included

(Table 4-17, below red line).
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Table 4-17. Rhicadhesin candidates identified from INSeq (above red line) and proteomics (below red line)

Gene Protein description Protein size INSeq classification
(kDa)

Input pH pH pH

6.5 7.0 7.5

RL1165 Conserved hypothetical protein 12 NE NE NE DE
RL1166 Putative ribonuclease-L-PSP family protein 14 NE NE NE DE
RL1339 Conserved hypothetical protein 15 NE NE NE DE
RL2095 Conserved hypothetical protein 15 NE NE NE DE
dksA (RL2643)  Putative DnaK suppressor protein 15 NE NE DE DE
RL2858 Conserved hypothetical exported protein 13 NE NE NE DE
RL4383 Putative AsnC family transcriptional regulator 16 NE NE NE DE
RLO770 Putative phasin, phasin-2 superfamily 16 NE NE NE NE
ndk (RL1580) Nucleoside diphosphate kinase 15 NE NE NE NE
RL1635 Putative outer membrane protein 19 DE DE DE DE
pal (RL3968) Putative OmpA family peptidoglycan associated lipoprotein 19 DE ES DE ES
ompl19 (RL4441) Outer membrane lipoprotein Omp19 18 DE DE DE DE
RL4733 Conserved hypothetical protein 17 DE ES DE ES

ES = essential, DE = defective, NE = neutral.
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There was no overlap in the rhicadhesin candidates identified from INSeq and proteomic
analysis using the criteria described (Table 4-17, 3.3.2), showing that none seem to fit the
properties required for a rhicadhesin (required for attachment only under alkaline or
neutral-alkaline conditions [34, 53, 71]). However, this result may be misleading, as
rhicadhesin is hypothesised to be a root hair specific attachment factor. Given that the
INSeq experiment examined attachment to the entire root (and root hairs likely constitute
a relatively small part of this in terms of surface area), genes required only for attachment
to root hairs, or root hairs in specific root zones, may be misclassified and therefore
overlooked as rhicadhesin candidates. It is unclear as to why some rhicadhesin candidate
genes identified in proteomics should be classified DE in the input (Table 4-17), as
rhicadhesin is not thought to be an integral component of the bacterial cell [53]

Although proteomics results do not identify rhicadhesin, the candidates extracted from the
INSeq data (Table 4-17, above red line) are informative. These demonstrate that multiple
factors in the 12-16 kDa range display the pattern of defects expected for rhicadhesin and
contribute to attachment under alkaline conditions. They may not all be direct adhesins in
themselves; effects may be indirect, but this seems less likely for candidates such as dksA
(RL2643- see Table 4-14) and RL2858 (encoding a conserved hypothetical exported
protein). As none of these were identified via proteomic approaches, it is impossible to say
whether any of these represent the rhicadhesin(s) first putatively isolated by Smit et al.
(1989) [53]. As rhicadhesin is thought to be important for attachment to root hairs, more
detailed attachment studies (using high magnification microscopy) would be needed to
characterise the spatial attachment characteristics of mutants in these genes at alkaline

pHs.
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INSeq could be applied to identifying primary attachment factors directly involved in root
hair attachment at different pHs. Ramos et al. (2003) and Qiao et al. (2013) describe the
isolation of purified root hairs from M. truncatula and G. max using liquid nitrogen [372,
373]. A primary attachment INSeq followed by isolation of root hairs and recovery of
bacteria would identify attachment factors required for root hair attachment. However,
there are technical challenges. Ramos et al. (2003) reported 40 wg root hair yield from-100
M. truncatula root tips, whilst this was 800-1000 mg from 60 whole soybean roots for
Qiao et al. (2013) [372, 373]. The yield of root hairs, number of bacteria attached, and
whether bacteria remain attached during root hair isolation all represent significant
challenges to experimental design.

Whilst this approach could be used to identify rhicadhesin, the caveats of previous
research and the technical challenges associated with root-hair INSeq meant that the
characterisation of rhicadhesin was not pursued further in this work. However, pursuing
the characterisation of rhicadhesin as part of this work has enabled far greater insights into
the vast array of root attachment factors utilized by RIv3841 in attachment to pea roots at

different pHs.

4.3 Conclusion

In summary, experimental parameters for a primary root attachment INSeq experiment at
different pHs were determined. Approximately 87 million barcoded sequencing reads
were obtained from twelve sample libraries with high (82%) insertion density. HMM
classifications were obtained for 7,319 (99.7%) of RIv3841 genes. Input library data was

curated using a published dataset [151] to account for a TY bacterial recovery step
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following isolation from plant roots; this left 86% of the genome classified as NE in the
input library.

INSeq results were compared with the phenotypes of mutants characterised in the
literature. Lux data for mutant strain attachment from Chapter 3 was also compared to the
INSeq gene classifications obtained in this chapter. There was a broad overlap between
the INSeq and Lux attachment assay results, although there were some discrepancies. In
one case (praR), this was likely due to low TA site number reducing HMM classification
accuracy. The disagreement of Lux and INSeq results for two motility mutant strains
(OPS1738, flgE and OPS1739, motA) was surprising, but could possibly be explained by
the differing nature of the experimental assays. Lux assays use a homogenous single
inoculum while INSeq involves inoculation with a mixed population of mutants. This was
clearly a factor in the case of an RL2969 mutant. An RL2969 mutant (strain OPS1235)
was identified as attachment-deficient in a single inoculum Lux assay but was NE in the
INSeq experiment. Rescue by in trans complementation was suggested to be occurring in
INSeq, as the OPS1235 mutant strain was similarly able to be rescued in a Lux attachment
assay with 1:100 (mutant:wild-type) inoculation. After accounting for this (and with the
regulator mutants tested in Lux assays in 4.2.12), Lux and INSeq showed a ~75%
agreement rate using the defined criteria (see 4.2.9).

In total, 292 genes were identified as required (ES/DE) for primary attachment at one or
more pHs, with over half of these required specifically at one pH (50 at pH 6.5, 44 at pH
7.0 and 58 at pH 7.5). Examining functional classifications revealed that genes encoding
proteins involved in cell processes, cell membrane/envelope and macromolecule
metabolism, as well as a high proportion of uncharacterised genes, were involved in

primary attachment. Comparison of the genomic localization of primary attachment vs 5-
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day colonization genes that seemed to be important included some primary attachment
factors that may be constitutively expressed, as opposed to secondary attachment
determinants which are largely inducible.

Using data from INSeq experiments across symbiosis development stages, it was possible
to determine the genes required only for primary attachment (104) or for primary
attachment and subsequent symbiosis stages (49). This is useful in identifying which
factors may be involved in attachment to bulk root epidermis (generalist attachment
factors) as oppose to root hairs, from which infection threads form. The latter can be
considered symbiosis determining primary attachment factors.

INSeq data from experiments with different growth media or metabolic conditions was
leveraged to increase the specificity of primary attachment factor identification. This
filtering reduced the 292 identified factors to 116, with over half specific to one
attachment pH. Examining these in more detail shed light on a range of different factors
used by RIv3841 for primary attachment to pea roots in a pH dependent fashion. A
summary of the different gene functions needed at different pHs for the primary

attachment of RIv3841 to pea roots is shown in Figure 4-16.
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Figure 4-16. Gene functions needed for primary attachment of RIv3841 to pea roots at pH
6.5, 7.0, 7.5 and combinations thereof. Circle color indicates pH: red = pH 6.5, green = pH
7.0, dark blue = pH 7.5. Text color indicates pH requirement of indicated gene function
for primary attachment: red = pH 6.5, orange = pH 6.5 and 7.0, green = pH 7.0, blue = pH
7.0 and 7.5, dark blue = pH 7.5, purple = pH 6.5 and 7.5, black = pH 6.5, 7.0 and 7.5.

Gene functions are drawn from Tables 4-9 to 4-15, see also Figures 4-11 to 4-14.
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For attachment at all pHs, the requirement for PssA highlighted the core importance of
EPS. The demonstrated requirement for FHA (RL4382) is novel and should be built into
models of primary attachment after further corroborating evidence is obtained. Similarly,
moonlighting glycolytic enzymes (particularly TpiA) also seem to be important, as do
likely peptidoglycan modification factors (RL4362/RL4363). Further genes required with
functions in cell stress responses (hslO — RL0551) and DNA repair (recA — RL2637) may
reflect stresses encountered in the assay, and similar stresses may also be encountered
under field conditions. Transcription factors (notably RL4145) are also likely required,
though regulatory targets need to be identified in future transcriptomic studies.

At pH 6.5, EPS, LPS and peptidoglycan modifications were required for attachment,
notably glycan fucosidic bond cleavage (fucA, pRL100274), diacylglycerol kinase activity
(dgkA, RL2780, linked to phospholipid recycling and LPS modifications [324]) and
transglycosylase mediated cell wall alterations (RL0726). Of importance was the
demonstration of GelA (RL4404) function as a primary attachment factor at pH 6.5, likely
involved in bulk root epidermis, as oppose to root hair attachment.

At both pH 6.5 and 7.0, pRL110043 (an arabinose efflux protein) indicated a specific EPS
structural change needed for attachment, whilst other EPS and membrane lipid
modifications were also necessary. These included ppx (RL1600), a putative
exopolyphosphatase, and RL4309, a likely DedA family protein which functions in
membrane homeostasis [362]. The RNA binding protein Hfg (encoded by RL2284) is also
required. This is of interest, as loss of this factor has been shown to reduce
competitiveness for attachment to alfalfa roots in S. meliloti, likely through metabolic

pathway perturbation and loss of stress-associated chaperone regulation [360]. INSeq
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highlighted the pH dependent profile of glucomannan activity reported previously [56],
demonstrating the resolving power of this technique.

AnmK (RL2587, which cleaves peptidoglycan structures, [331, 332]) was required at pH
7.0. Also needed were biofilm promoting factors such as pspA (RL1106), which functions
to promote biofilm formation by stabilizing the cytoplasmic membrane [329], and
membrane proteins including RL1013, which features a protein motif also present in
surface antigens of other bacterial species [328].

The ClpS/ClpA protease system was needed at pH 7.0 and 7.5, although the proteolytic
targets remain unclear. As with TpiA, the DnaK suppressor protein DksA seems to have a
moonlighting role, being secreted to bind ligands and contribute to cell adherence at these
pHs.

At pH 7.5, higher membrane phosphatidylcholine requirements were highlighted (PmtA),
along with various protease-driven cell wall changes (Table 4-12). These include those
induced by hflC (RL3253) and hflK (RL3254), transmembrane serine proteases. As well as
their own proteolytic activity, HfIC and HfIK also modulate HfIB, a metalloprotease
known to be involved in regulation of membrane proteins and biofilm formation in E. coli
and other bacteria [345, 346]. HfIB itself (encoded by RL3965) is classified ES/DE in the
input library and at all attachment pHs. As HfIC and HfIK are only needed pH 7.5 (whilst
HfIB is needed at all pHs) it seems that HfIC and HIfK proteolytic activity and/or
modulation of HfIB activity is occurring to promote pH 7.5 attachment. Another novel
finding was the requirement for RpoZ. A DNA polymerase subunit, RpoZ has been linked
to transcriptional regulation of attachment factors [337—339] and is likely to be

functioning similarly in RIv3841.
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The requirement for SixA at pH 7.5 and Npr/ManX at pH 6.5 seems to indicate an
opposing signalling system. The PTSN" system (of which these components are part)
controls the complex metabolic phenotypes. At pH 6.5, Npr/ManX requirements indicate
EPS secretion through ATP dependent ABC transporters [313]. At pH 6.5, SixA likely
deactivates this system, reducing transporter activity [343]. This may be compensated for
by other factors required at pH 7.5, such as PmtA, RL2489A and RL4018 (likely lipid A
exporter). A summary of the different gene functions needed at different pHs for the
primary attachment of RIv3841 to pea roots is shown in Figure 4-16.

These results largely indicate the disparate cell wall, EPS and LPS requirements for
primary attachment to pea roots at different pHs and demonstrate a greatly increased
complexity of primary attachment mechanisms compared to the published literature.
Two uncharacterised regulators, encoded by RL3453 and RL4145, were needed for
attachment at all pHs. Using genomic proximity and HMM classifications to infer
regulatory targets indicated that exported, transmembrane and lipoprotein biosynthesis
proteins were likely to be regulated by these proteins. Mutants in RL3453 and RL4145
(OPS1967 and OPS1968) were confirmed to be deficient in root attachment using Lux
whole-root attachment assays with a single inoculum. These mutants will be useful for
RNASeq to investigate the transcriptional networks important in primary attachment
further.

Using the INSeq dataset to investigate possible rhicadhesin genes identified seven
candidates encoding proteins between 12-16 kDa which were required for attachment only
at pH 7.0 and/or 7.5. There was no overlap between these genes and those previously
identified from proteomic analysis of a protein preparation band thought to contain

rhicadhesin. Whilst this does not necessarily mean proteins identified by proteomics
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cannot be a rhicadhesin, it does highlight the numerous caveats of previously published
[53, 54, 208-211] rhicadhesin research:

I) defining an adhesin based on ability of a protein preparation to inhibit attachment does
not conclusively demonstrate it is an adhesin

I1) Given the high number of factors involved in RIv3841 root attachment, preparation of
a membrane fraction may isolate root attachment factors, but this does not indicate they
are more important for primary attachment than any other factor

I11) There may be multiple functional genes encoding rhicadhesin, or multiple
rhicadhesins

V) Smit et al. (1989) never conclusively demonstrated they were working with a single
purified protein; their ‘purified adhesin’ could have been a protein mixture [53]

V) There are multiple RIv3841 factors of 12-16 kDa that contribute to attachment at pH

7.0 and/or pH 7.5, all of which could be considered rhicadhesins

Whilst pursuing the characterisation of rhicadhesin as part of a wider strategy to identify
root attachment factors has been very informative, the identity of the protein(s) isolated by
Smit et al. (1989) [53] remain unclear. Given the number and diversity of Rlv3841
primary attachment factors, they may well have isolated a protein that plays a role in this
process, but whether in a direct or indirect capacity is unknown. Pending further, in depth
characterisation of small surface localized root attachment factors (particularly for calcium
binding activity and involvement in attachment specifically to root hairs, postulated
characteristics of rhicadhesin - Smit et al. (1989) [53]) it seems unhelpful to describe
primary root attachment in RIv3841 as a two component, pH-dependent

glucomannan/rhicadhesin system. More holistically, it should be thought of as a process
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employing diverse cellular factors, with a focus on EPS, LPS and peptidoglycan
biosynthesis and modification, as well as direct adhesins (such as FHA), membrane
proteins and uncharacterised factors, all of which show different pH dependencies. Whilst
glucomannan is clearly important for attachment at acidic and neutral pHs [56] (also seen
here in a Lux attachment assay — Figure 3-6 — and INSeq), there is likely to be a multitude
of other factors that contribute to root hair attachment at alkaline pHs.

This chapter highlights the power of INSeq for investigating early stage symbiosis
determinants on a genome-wide scale and has revealed far greater complexity than

previously known in primary attachment mechanisms.

221



222



Chapter 5

Genome-scale characterisation of the primary
attachment determinants of R. leguminosarum to roots

of a non-host legume and non-legume
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5.1 Introduction

The first physical interaction in Rhizobium-legume symbioses occurs when bacteria attach
to their hosts roots [26]. A comparative lack of research into this interaction [25] means
that relatively few factors involved in primary root attachment have been fully
characterised. The use of INSeq to investigate primary root attachment determinants at
different pHs in RIv3841/pea symbiosis (described in Chapter 4 of this thesis) revealed far
greater complexity than previously thought. By enabling genome-wide characterisation of
attachment determinants in a single screen, it provided a powerful tool to unearth novel
biological roles in symbiosis formation for >100 genes.

It is not just attachment leading to nitrogen-fixing symbioses (in which rhizobia provide
fixed nitrogen in return for carbon sources [25]) which can bring benefits to rhizobia. The
ability to attach to bulk root epidermis, or the roots of non-host plants, neither of which
results in nodule formation and nitrogen-fixing symbiosis development, is also likely to
give nutritional benefits as exudates from roots can serve as preferential growth substrates
for rhizobia [34]. This interaction could be considered a symbiosis in itself, as the host
plant may also derive benefits. For example, R. leguminosarum is able to colonise the
roots of tomato and pepper plants and promote plant growth, likely through indole acetic
acid and siderophore production [38]. Further studies have reported similar effects of R.
leguminosarum in maize, lettuce, rice, canola and more [36-38]. Plant growth promoting
rhizobacteria (PGPR) may also confer benefits by protecting plants from pathogens. R.
leguminosarum biovar viciae inoculation of pea gives protective effects against Didymella
pinodes pathogenesis [43]. The protective effects against D. pinodes-induced wilt disease
are in addition to the plant growth promotion resulting from nitrogen-fixing symbiosis

formation [43]. Sistani et al. (2017) demonstrated that inoculation of pea seeds with R.
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leguminosarum biovar viciae induced changes in the seed proteome and metabolome. By
inducing higher ROS responses, plant cell wall structural changes and production of
antimicrobial seed flavonoids and triterpenoids (notably soyasapogenol), significant
reductions in D. pinodes infection were observed [43]. In addition, different rhizobial
isolates have been reported to protect chickpea against Fusarium wilt [374]. In this case
Arfaoui et al. (2006) screened 21 field isolates of R. leguminosarum biovar ciceri. 17 were
able to directly inhibit Fusarium oxysporum growth and protect plants from disease via
production of volatiles and/or cyanide and some also displayed phosphate solubilising
capabilities, meaning plant growth promotion could also occur via nutrient provision
[374]. Recent imaging work has even demonstrated that, at least in the short term (up to
12 hours post-inoculation), B. subtilis (acting as a PGPR) was able to physically exclude
E. coli from interacting with Arabidopsis roots, suggesting a possible physical protection
against plant pathogens is possible in some cases [188]. Such physical exclusion has been
documented for B. subtilis acting against the plant pathogen P. syringae pv tomato
DC3000, which is able to infect Arabidopsis roots. Bais et al. (2004) demonstrated that
root protection was effected by B. subtilis forming extensive biofilms on the root surface
(thus physically preventing pathogen-root contact) and secreting surfactin, a lipopeptide
antimicrobial which is toxic to P. syringae [375].

Intriguingly, recent microbiome research has demonstrated that the presence of a nitrogen
fixing symbiosis, in this case between L. japonicus and M. loti, is able to influence the
wider microbiome structure of organisms interacting with roots in the rhizosphere. In
plants deficient in symbiosis formation the microbiome structure is dramatically altered,
implying that a legume host selects a broad taxonomic range of root associated bacteria

that could contribute to plant growth [121].
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Attachment of different bacteria to roots is a diverse process with different factors thought
to be involved, which show considerable variation [34]. For example, whilst
Agrobacterium rely on adhesive pili and capsular polysaccharide (among other factors) for
root attachment, Pseudomonas is able to use outer membrane porins as well as pili and
flagella, and LPS and outer membrane proteins plays a role in Azospirillum [34] (see also
Figure 1-3).

As shown in Chapter 4, the factors required for attachment of RIv3841 to the roots of one
plant (pea) also show considerable diversity under different conditions (in this case, pH
changes). A good example of this is the variation seen in EPS. EPS is known to be of
crucial importance in attachment of RIv3841 to roots [58, 77]; in this thesis a mutant in
pssA (RL3752), a glycosyltransferase involved in the first step of EPS biosynthesis [288]
was seen to be deficient in root attachment both in a Lux whole-root attachment assay
(Figure 3-5) and using INSeq (Table 4-9). However, EPS requirements are more nuanced
than this. Several genes involved in EPS processing were required for primary root
attachment at different pHs. These included gelA (RL4404, gel forming EPS production
protein important in attachment at pH 6.5), ppx (RL1600, putative exopolyphosphatase
functioning in EPS hydrolysis [359], important at pH 6.5 and 7) and RL2778 (a putative
EPS biosynthesis protein, important for attachment at pH 7.5). In addition to processing of
EPS, multiple genes were identified as required for attachment at different pHs with likely
roles in LPS and peptidoglycan modification, as well as functional roles in the membrane,
highlighting the importance of polymeric substances and the bacterial cell membrane and
wall structures in primary attachment. There is considerable diversity in EPS structures

between different Rhizobium (R. leguminosarum biovars triofolii and viciae and S. meliloti
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all demonstrate distinct EPS structures [376]), and this can influence the specificity of the
nitrogen fixing symbiosis [96].

Given that so many different factors are required to attach to the roots of pea at different
pHs (Chapter 4), and that different bacteria use different factors for primary attachment to
different plant roots [34], it may also be the case that different RIv3841 factors are
required to attach to the roots of different plants.

Given the broad role of PGPR-root interactions in increasing crop yields in diverse plants
and eliminating pathogens (see also [39-42]), improving our understanding of root-
bacteria interactions is of major interest to both basic and applied plant research.

Very little is known about the mechanistic determinants of interactions of rhizobia with
non-host plants in terms of primary attachment factor requirements. Albareda et al (2008)
examined the effects of salt concentration, culture age, pH and inoculum composition on
total numbers of rhizobia colonising the roots of non-host plants [377]. Further,
Villacieros et al (2002) investigated the colonization of P. fluorescens in the alfalfa
rhizosphere and how this was influenced by the presence of S. meliloti [378]. This
demonstrated that, whilst both strains colonize the alfalfa rhizosphere efficiently alone, in
co-inoculation S. meliloti came to dominate the rhizosphere and reduced the deleterious
effects of P. fluorescens single inoculation on alfalfa growth. 16S rRNA sequencing has
been used to investigate the rhizosphere community influence of rhizobial strain co-
inoculation on Dalbergia odorifera roots (demonstrating that different rhizobial
inoculums cause different shifts in rhizosphere strain abundance [379]). Further, the
influence of Bradyrhizobium on arbuscular mycorrhizal fungi colonization of soybean
roots has also been characterised, showing that bacterial co-inoculation could significantly

enhance fungal colonization and increase plant dry weight [380]. However, whilst
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providing overviews of changes in community structure and levels of attachment to roots
under different conditions, among other parameters, these studies provide no mechanistic
information in terms of how bacteria physically attach to the roots of different plants.
The large diversity seen in Rhizobium EPS structures (given as an example above) hint
that interactions with different plant species may involve very different primary
attachment determinants. This idea is reinforced by the different primary attachment
determinants used by different rhizobacteria when attaching to plant roots [34] (see also
4.1). In this chapter, the use of INSeq to investigate the primary attachment determinants
of Rlv3841 to soybean (a non-host legume) and barley (a non-legume) roots at pH 7.0 is
described. The major aim of this work was to investigate whether primary attachment
determinants of RIv3841 are unique to different plants, or whether mechanistic overlap is
seen, and to improve our understanding of root-bacteria interactions. By combining this
data with a subset of the pea primary root attachment data from Chapter 4, the core
determinants required for primary attachment to multiple plant species and the variable
determinants, which show specificity depending on the plant species, are defined. To the
best of my knowledge, this represents the first study to define the determinants of primary
attachment to roots of different plants for a given rhizobial species.

The raw data for this INSeq experiment can be found in Appendix 2, Table 2.
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5.2 Results and discussion

5.2.1 Attachment assays of RIv3841 — determining inoculum density and bacterial
recovery method for INSeq

Attachment assays with RIv3841 (2.6.5) were carried out to determine the optimum
starting inoculum density for INSeq after recovery of root-attached bacteria for both
soybean and barley (Appendix 1, Figures Al and A2, see also Figure 4-2 for pea). As was
the case for pea (where recovered bacteria rose with increasing inoculum density, leading
to the recovery of ~ 2 x 10° cells/root after 1 hr with 50 mL of an ODeoo 0.1 inoculum),
higher starting inoculum density gave greater numbers of RIv3841 cells recovered from
roots after one hour.

As discussed in 4.2.1, there is a minimum fold-coverage requirement (500-750) of genes
in INSeq for robust downstream HMM classification. The numbers of plants required to
achieve this 750-fold coverage or higher for soybean and barley is calculated using the
equation from 4.2.1 and the data in Appendix 1, Figures Al and A2. For a given starting
inoculum density, Table 5-1 provides the number of plants needed for 750-fold coverage

for both soybean and barley.
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Table 5-1. Number of plants needed for 750-fold coverage of 7,300 genes in the genome

of Rlv3841 based on input inoculum density (ODeoo) for soybean and barley

Input inoculum (ODeoo) Plants needed for 750-fold coverage of 7,300 genes
Soybean Barley
0.001 30 18
0.01 16 10
0.1 1 2

Given the results presented in Table 5-1 and the setup of Lux attachment assays and
INSeq work presented in Chapter 4, it was decided to use a starting inoculum of ODggo 0.1
with 10 plants per test condition. Each test condition was repeated in triplicate (see 4.2.2).
This starting inoculum density and plant number should allow for > 3,000 fold coverage
of the ~7,300 RIv3841 genes for each plant.

As in Chapter 4, no statistically significant difference was seen between the number of
RIv3841 recovered by vortexing compared to vortexing and grinding of roots for either
plant (for soybean shown in Appendix 1, Figure A3 and barley in Appendix 1, Figure A4),
meaning that vortexing alone should be sufficient to recover RIv3841 cells in INSeq

primary root attachment assays.
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5.2.2 INSeq experimental design

To characterise Rlv3841 primary attachment determinants with barley and soybean roots,
an INSeq experiment was designed (Figure 5-1). Results were compared with primary
attachment determinants identified using INSeq for pea roots at pH 7.0 (Chapter 4). An
ODsoo 0.1 (108 cfu/mL) population of insertion mutants (library 1-3, 500 mL) was used to
inoculate 10 soybean or barley plants in triplicate. Insertion mutants were recovered from
roots after 1 hr and grown in liquid TY for 12 hr before the 9 sample libraries (2x3
experimental conditions + 3 input libraries) underwent barcoding, mariner library
preparation and sequencing (2.7.3) (Figure 5-1). HMM gene assignments were averaged

across three replicates for each plant as described in 4.2.2.
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Figure 5-1. INSeq experimental design, 50mL of insertion mutant inoculum (library 1-3,
ODs00 0.1) was inoculated onto each soybean or barley root at pH 7.0 and incubated for 1
hr before recovery by vortexing (resulting in three replicates). Recovered bacteria for each
attachment group were pelleted and grown on TY for 12 hours to increase bacterial gDNA

concentration (and effectively decrease plant DNA contamination) before DNA
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preparation (not shown). Input library gDNA samples were extracted directly from input
inoculum. Each sample (input and 3 x root-attached) underwent DNA extraction and

library preparation before sequencing (see 2.7.2, 2.7.3 and 2.7.4).

5.2.3 HMM genome analysis

For primary attachment to roots of soybean or barley, HMM analysis of sequencing reads
assigned each of the 7,319 genes in the RIv3841 genome to one of the following
categories, based on how gene mutation affects bacterium fitness: ES, DE, NE or AD (see
Figure 4-1), as in the previous chapter for pea plants. In total, 127 million barcoded
sequencing reads were obtained from a total of nine samples (six from plants and three
input libraries). The insertion densities (proportion of total TA motifs that contain at least
one insertion in each sequenced library) for libraries were as follows: input — 87 %,
soybean pH 7 — 54%, barley pH 7 — 56%. These insertion densities are more than
sufficient, based on multiple reviews of Tn-Seq and INSeq data analyzed using a HMM
approach and their respective library insertion densities, for robust statistical analysis and

assignment of HMM gene classification [146, 150, 169, 179].

5.2.4 INSeq gene classifications

The distribution of HMM gene classifications across the four different states (ES, DE, NE
and AD) in input and root-attached libraries for the two plants is shown in Table 5-2. Note
that for the chromosome or any plasmids individually the insertion density obtained did
not differ more than + 3% from the average input figure given in Table 5-2, indicating

unbiased mariner insertions across the genome.
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Table 5-2. Distribution of HMM assignment of RIv3841 genes in the input and root-

attached (pea, soybean and barley, pH 7.0) libraries.

HMM gene Library condition
assignment Input pH 7.0 pea pH 7.0 soybean | pH 7.0 barley
ES 1% 6 % 7% 8 %
DE 10 % 7% 8 % 6 %
NE 86 % 86 % 84 % 85 %
AD 3% 1% 1% 1%

Data for pea plants grown at pH 7.0 is from Chapter 4 (see Table 4-3, section 4.2.4).

Values are given as percentage of the 7,319 genes which contain TA sites.

As explained in the previous chapter, due to the nature of the experimental design, the
input library data was curated using the published dataset from Perry and Yost (2014)
[151] to account for the 12 hour TY growth step for recovered root-attached populations.
This 12 hr growth step was used for bacteria recovered from roots to increase bacterial
gDNA concentration and dilute contaminating plant DNA before DNA extraction.
Curation removed any inadvertent selection on genes from this step which could affect
downstream HMM classification (see also 4.2.4). When using INSeq to identify primary
root-attachment determinants, it is genes that are NE in the input but non-NE in

attachment which are of interest.
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5.2.5 Literature validation of INSeq predictions

In order to provide preliminary validation of the HMM gene classifications for soybean
and barley root attachment, the INSeq classifications of well-characterised genes (see
4.2.5) were compared with their known or predicted phenotypes according to previous
publications. It was not expected that HMM classifications should be plant dependent.
These genes are listed in Table 4-4, and include genes encoding peptidoglycan
biosynthesis factors, ribosomal subunits, DNA helicases and polymerases, all critical for
cell viability. Mutation in these genes leads to an ES or DE HMM classification in
attachment to soybean and barley, as is the case for pea. Similarly, genes encoding non-
essential factors, such as the putative manganese transporter mntH (RL0940) are classified
as NE in attachment to soybean and barley, as well as pea. Classifications for these genes
in attachment to soybean and barley were the same as for attachment to pea (Table 4-4),
providing both initial validation of this dataset and an indication of reproducibility in the

HMM classifications.

5.2.6 Primary attachment gene requirements and functional classifications

In total, 464 genes classified as NE in the curated input libraries were classified as ES/DE
in one or more of the pH 7.0 root-attached libraries (input library data from chapter 4 was
used for pea, and input library data from this chapter used for soybean and barley). The
distribution of these is shown in Figure 5-2, below. These genes and their HMM
classifications from experiments listed in Table 4-5 (pea rhizosphere [238], 5 d root
colonization [238], infection thread and nodule bacteroids - unpublished data, Poole Lab)
and Table 4-7 (Vincents media [175], 21% or 1% oxygen with 10mM glucose or 20mM

succinate, [238]) are listed in the following Appendix 1 tables: Table A10: all plants,
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Table A1l: pea only, Table A12: soybean only, Table A13: barley only, Table Al4: pea

and soybean, Table A15: pea and barley, Table A16: barley and soybean.

Soybean

B Pea
I Barley

Figure 5-2. Genes required (ES/DE) for primary attachment to roots of pea, soybean and
barley at pH 7.0. Total genes = 464. Color indicates plant; green = pea, yellow = soybean,

brown = barley.

The distribution of genes required for attachment to pea, soybean and barley roots (Figure
5-2) is interesting because it indicates that, whilst there are a large number of genes (68)
required for attachment to all plants, there are also a large number of genes required
exclusively for attachment to one or two of the three plants. This demonstrates both the
conservation of some primary attachment mechanisms for RIv3841 across plant species,
but also some mechanistic specificity in attachment, which is dependent on plant host.
Functional classifications were examined for genes required for attachment to all plants
(68 genes) or to pea (40 genes), soybean (201 genes) or barley (52 genes) exclusively

using Riley codes [138, 272] as described in 4.2.6 (Figure 5-3).
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Functional classification of genes required for
attachment to roots of pea, soybean and barley

Cell processes

Macromolecule metabolism
Intermediary metabolism

Cell membrane/envelope

Nucleic acid replication/repair/synthesis

Regulation

|\r"ww

Uncharacterised

o

10 20 30 40 50
Percent of total genes

B All plants M Pea Soybean M Barley

Figure 5-3. Functional classification (using Riley codes) of the 68 genes required
(ES/DE) for attachment to pea, soybean and barley roots at pH 7.0 compared with the 40,
201 and 52 genes required for attachment only to pea, soybean or barley roots respectively

at pH 7.0. Data is presented as percentage of total genes in each category.

Functional classifications (Figure 5-3) reveal that the most abundant ES/DE gene classes
for attachment to all plants are uncharacterised genes and macromolecule metabolism.
However, differences in the functional classifications of genes required for attachment to
individual plants are visible. Like the finding from pea (Figure 4-6), it seems that
uncharacterised genes play an important role in determining successful primary root

attachment in all cases, although this is especially the case for barley.



5.2.7 Genomic localization of genes required for primary root attachment to pea,
soybean and barley

Further insight can be gained by comparing the loci of genes required (ES/DE) for
attachment to the roots of these three plants (Figure 5-4). As for the functional
classifications above, comparisons were made for the genes required for attachment to all
plants (68 genes) with the genes required for attachment only to one of the three plants (40

genes for pea, 201 genes for soybean and 52 genes for barley, Figure 5-2).

A B
Distribution of genes in the Distribution of primary attachment
RIv3841 genome ES/DE genes for all plants
C D E
Distribution of primary attachment Distribution of primary attachment Distribution of primary attachment
ES/DE genes for pea ES/DE genes for soybean ES/DE genes for barley

=

B Chromosome ® pRL7 ® pRL8 = pRLS ® pRL10 ® pRL11 m pRL12
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Figure 5-4. Genomic localization of RIv3841 genes (as a proportion of the total). A —
genome of RIv3841 (7,340 genes). Genes required (ES/DE) for attachment to roots at pH
7.0 to B —all plants (68 genes), C — pea (40 genes), D — soybean (201 genes), E — barley

(52 genes).

As discussed previously, 65.4% of the annotated encoded genes in the RIv3841 genome
are located on the chromosome, with the remainder divided between six plasmids (Figure
5-4, A). The distribution of primary attachment genes required for attachment to all plants
tested (pea, soybean and barley, Figure 5-4, B) indicates that, compared to the genome the
location of these genes is skewed toward the chromosome (91%) and away from the
plasmids, with no representation for pRL12 or 8. This most closely mirrors the
distribution seen for barley (Figure 5-4, E), where the chromosomally encoded factor
requirement is 94%. Figure 5-4 C demonstrates that, for pea, chromosomally encoded
factors form the bulk of primary attachment determinants (as they do in all cases), but
plasmid representation is also the highest of all plant groups. Plasmid pRL10 is the most
well represented; this is of interest as pRL10 is referred to as the symbiosis plasmid,
encoding symbiotic functions in the nod, nif and fix genes [381].

Gene localization of soybean only attachment determinants is particularly interesting, as it
demonstrates a large overrepresentation of pRL11 genes (28 genes in total) and is the only
attachment condition featured in this work to require any genes encoded on pRLS8 (three
genes) (Table 5-3, Figure 5-4, D). These three genes are presented in Table 5-3, below,
along with six genes from pRL11 which are sequentially encoded and may play a
complementary role in promoting attachment based on annotation functionally linking

them to the pRL8 genes.
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The three pRL8 genes required for attachment to soybean roots encode conjugal transfer
or pilus stabilising/secretion machinery and the six pRL11 genes cluster functionally
around Flp pilus function (Table 5-3). The Flp pilus is part of the FIp/Tad system, which is
known to be important for initial adhesion and biofilm formation in many Gram positive
and negative bacteria [382]. S. meliloti mutants in the Flp pili cluster are impaired in
nodulation with M. sativa, which is likely to be due to attachment and colonization defects
[383]. A. tumefaciens with mutations in the ctp locus (which encodes the Flp/Tad system
in this bacterium) shows reduced adherence and biofilm formation on abiotic surfaces
[44]. Deletions in the Flp/Tad genes in many other bacteria, including Pectobacterium (a
potato pathogen), Vibrio vulnificus, Aggregatibacter actinomycetemcomitans and
Caulobacter crescentus, have also been shown to reduce surface adhesion [44, 384, 385].
Studies such as these have led to the general conclusion that Flp/Tad (here the pRL11
genes in Table 5-3) and Flp/Tad related genes (here putatively the pRL8 genes in Table 5-
3, which may function in pilus stabilisation and/or secretion) are involved in attachment
and biofilm formation [87]. It therefore seems that RIv3841 requires pilus formation and
type 1V secretion system components for primary attachment to soybean roots at pH 7.0.
Although this has not been documented in the RIv3841 interaction with pea,
Agrobacterium and Pseudomonas are known to use pili in primary attachment to plant

roots [34].
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Table 5-3. Genes from pRL8 and pRL11 required (ES/DE) for RIv3841 attachment to soybean roots at pH 7.0 which may play a

complementary role in promoting attachment.

Gene Description

trbLp8 P-type conjugative transfer protein TrbL. Found in the trb locus of Agrobacterium Ti plasmids, involved in the type IV secretion

(PRL80133) system for conjugative transfer. A homologue of VirB9, a type VI secretion system protein evolved from the conjugative
apparatus which exports virulence proteins in pathogenic bacteria. Essential for virulence in Agrobacterium, also stabilises the
pilin conjugative structure [386-389].

trbHp8 Putative conjugal transfer protein TrbH. Contains a putative membrane lipoprotein lipid attachment site.

(pRL80134)

trbGp8 Putative conjugal transfer protein TrbG. A homologue of VirB6, an essential component of type 1V secretion machinery for pilus

(pRL80135) formation in Agrobacterium [388].

pRL110569 Putative transmembrane protein. 95% identity to a pilus assembly protein (gene EHH54_1685) from R. leguminosarum.

pRL110570 Hypothetical exported protein.

pRL110571  Uncharacterised protein. 96% identity to Flp pilus assembly protein CpaB from R. leguminosarum biovar viciae. RcpC family
protein expressed from the tight-adherence Tad locus in gram negative bacteria.; likely has a role in modifying and assembling the
Flp pilin [390].

pRL110572 Putative Flp pilus assembly protein. T2SP-E domain, containing components of the type Il secretion system, type 4 pili and type
IV secretion system.

pRL110573 Putative transmembrane pilus component protein. T2SSF domain, found in the type Il secretion system and type 4 pili.

pRL110574 Putative transmembrane pilus component protein. 100% identity to Flp pilus assembly protein TadB from R. leguminosarum

biovar viciae WSM1455, predicted to form part of a large molecular structure for Flp pili assembly and secretion [391].
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5.2.8 Increasing specificity of primary root attachment factor identification from
INSeq — pleiotropy filtering

As discussed in 4.2.10, factors identified as primary attachment determinants which also
show pleiotropic effects under different media or metabolic test conditions may be less
likely to represent specific primary attachment factors. To increase the specificity of
primary attachment factor identification and provide a starting point for in-depth analysis,
results from this INSeq experiment were cross-referenced against the INSeq datasets listed
in Table 4-7 (Vincents media [175], 21% or 1% oxygen with 10mM glucose or 20mM
succinate, [238]). Results were used to assign a ‘pleiotropy filter’ (see 4.2.10) where genes
showing a non-NE classification in any of the experiments listed in Table 4-7 were
considered as non-specific primary attachment determinants. Use of this filter can be seen
in Appendix 1, Tables A10-A16. Filtering resulted in 312 genes which are required
specifically for root attachment. Their distribution over the three plants is shown in Figure

5-5.

Soybean

B Pea
I Barley
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Figure 5-5. Genes specific for primary attachment to roots of pea, soybean and barley.
These 312 genes have been classified as NE in the respective input library, required
(ES/DE) in one or more of the root attached libraries (pea, soybean or barley, all at pH
7.0) and have been classified as NE in the following INSeq datasets: VMM [175], 21%
oxygen 10mM glucose, 1% oxygen 10mM glucose, 21% oxygen 20mM succinate and 1%
oxygen 20mM succinate, [238] (see Table 4-7). Color indicates plant; green = pea, yellow

= soybean, brown = barley.

5.2.9 Specificity in RIv3841 primary attachment factor requirements is highly plant-
dependent

While there are clear differences in the genes specific for primary attachment to different
plants, there is also substantial overlap between the plant species (Figure 5-5).

In order to visualize the specificity of the interaction for each plant species, the number of
genes involved only in attachment to one plant’s roots can be expressed as a percentage of
the total number of genes involved in attachment to those roots. For example, after
filtering a total of 55 genes are required (ES/DE) for attachment to pea roots (14 + 6 + 11
+ 24, see Figure 5-5). Of these, 14 are specific for attachment to pea roots alone (31%).
69% are therefore also involved in attachment to barley and/or soybean and can be
considered non-specific for pea. This calculation illustrating the specificity for attachment

to pea, soybean and barley is summarized in Figure 5-6.
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Figure 5-6. Specificity of primary attachment factors for Rlv3841 attaching to pea,
soybean and barley roots. Data are expressed as percentage of genes required (ES/DE) for
primary attachment to plant roots post-filtering (5.2.8, Figure 5-5) which are specific (i.e.
required for attachment to one plant type only, blue) or non-specific (i.e. required for
attachment to more than one plant type, orange). Gene numbers are given within the bars
for each plant type. Total n = 55 genes for pea, 240 genes for soybean and 113 genes for

barley.

Dividing the data in this way (Figure 5-6) demonstrates that Rlv3841 displays the highest
unique primary attachment factor requirements (~86%) in interaction with the roots of
soybean (non-host legume). The roots of pea plants (host legume) and barley (non-
legume) show a similar proportion (~35% in each case), of specific primary attachment
factors. This is surprising, given that primary attachment factor requirements for legume
roots might be expected to be more similar than for non-legume roots. However, given the

far higher unique primary attachment factor requirements, and the demonstrated
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requirement for pilus formation and type IV secretion system components for primary
attachment to soybean roots at pH 7.0 (see 5.2.7), it seems that this is not necessarily the
case. Primary attachment factor requirement may therefore be governed by features of the
root surface which are not conserved along legume/non-legume lines. This could also be
influenced by differential gene induction in response to different plant exudation profiles,

although to what extent this is occurring remains unclear.

5.2.10 Regulatory requirements for RIv3841 primary attachment to pea, soybean and
barley roots

Given the large differences in gene specificity requirements for primary attachment
(described in 5.2.9 and Figure 5-6), it seems logical that genes with differing regulatory
functions play a role in attachment to different plant roots. Given that soybean shows the
highest requirement for specific genes (~86%, Figure 5-6), it may be the case that soybean
has the highest number of specific regulators involved. Using Riley codes [138, 272] to
identify regulators showed that, post-filtering (5.2.8), there is one regulator required for
primary attachment to all plants (RL4145, Table 5-4), three required only for pea
(pRL120518, RL1105 and pspA — RL1106, Table 5-4), 22 required only for soybean
(Table 5-4), and six required only for barley (Table 5-4). These figures may support the
idea that higher specificity in primary attachment factor requirements is coupled to
increased regulatory requirements as the numbers for soybean are higher than those of
other plants. Only six have functional annotation. These are pspA (RL1106), putatively
required for attachment to pea, ecfM (pRL100385), mur (RL0397), cheY1 (RL0687) and
aldR (RL1965), required for attachment to soybean and msiR (RL2857), required for

attachment to barley.
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Table 5-4. Genes with regulatory function (based on Riley codes) that are required (ES/DE) in primary attachment to all plants, or to

pea, soybean or barley roots exclusively, at pH 7.0.

Gene Plant Description

RL4145 All putative Lacl family transcriptional regulator (repressor) (see also Figure 4-15)

pRL120518 Pea putative TetR family transcriptional regulator

RL1105 Pea putative TetR family transcriptional regulator

pspA (RL1106) Pea putative (phage shock protein A) PspA family regulator by protein-protein interactions (see Table 4-
11

ecfM Soybean puzative RNA polymerase ECF sigma factor, family ECF20/ECFO01. As a member of the clade VI
sigma factors, EcfM may play a role in stress response or host interactions [392]

(PRL100385)

PRL110046 Soybean putative FNR/CRP family transcriptional regulator

pRL110283 Soybean putative ArsR family transcriptional regulator

RL0229 Soybean putative LysR family transcriptional regulator

mur (RLO397) Soybean putative FUR-like transcriptional regulator, manganese uptake regulator [393]

cheY1 (RLO687) Soybean putative two-component sensor/regulator; chemotaxis transcriptional regulator CheY

RLO762 Soybean putative XRE family (HipB) transcriptional regulator

RL1040 Soybean putative LysR family transcriptional regulator

245



RL1162 Soybean putative two-component sensor/regulator; transcriptional regulator

RL1163 Soybean putative two-component sensor/regulator; histidine kinase

aldR (RL1965) Soybean putative AsnC family positive transcriptional regulator of alanine dehydrogenase [394]
RL2486 Soybean putative LysR family transcriptional regulator

RL2766 Soybean putative ArsR family transcriptional regulator

RL2779 Soybean putative two-component sensor/regulator; histidine kinase

RL3146 Soybean putative LysR family transcriptional regulator

RL3148 Soybean putative ArsR family transcriptional regulator

RL3196 Soybean putative MarR family transcriptional regulator

RL3263 Soybean putative LysR family transcriptional regulator

RL3265 Soybean putative AraC family transcriptional regulator (activator)

RL4189 Soybean putative LysR family transcriptional regulator

RL4219 Soybean putative DeoR family transcriptional regulator (repressor) of sorbitol/mannitol operon
RL4604 Soybean putative GntR family transcriptional regulator

RLO159 Barley putative MarR family transcriptional regulator

RL0O561 Barley putative AraC family transcriptional regulator (activator)

RL2657 Barley putative GGDEF/GAF sensory box protein
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msiR (RL2857) Barley putative ArsR family transcriptional regulator MsiR, regulates MsiA canavanine (found in seed
exudate) exporter
RL3455 Barley putative MarR family transcriptional regulator

RL3595 Barley putative Lacl family transcriptional regulator (repressor)

Where available, gene annotation is given in brackets next to gene number.
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RL4145 (the regulator important for RIv3841 primary root attachment to all plants, Table
5-4), has been investigated using a Lux attachment assay (Figure 4-15 and Table 4-9) and
was required for attachment to pea roots under all pH conditions. Although the regulatory
targets of RL4145 remain unknown (the only predicted functional interaction partner from
the STRING database with a confidence score >0.6 is RL4144, a putative
oxidoreductase/dehydrogenase) this gene seems to be a very important regulator of
attachment to pea, soybean and barley roots, including at different pHs.

One regulator involved in attachment only to pea is annotated: pspA (RL1106). This phage
shock protein A gene functions to stabilise the cytoplasmic membrane in E. coli and
promote biofilm formation [329]. It is also upregulated under membrane stress conditions
in R. leguminosarum biovar trifolii, where it may improve desiccation tolerance [395].
Although the link with root attachment in this case remains unclear, desiccation tolerance
has previously been linked in RIv3841 with higher EPS accumulation [396]. Given the
importance of EPS in root attachment [34, 71, 77], if loss of pspA affects EPS production,
this could corroborate the importance of this factor for primary attachment to pea roots.
Of the 21 regulators required for primary attachment to soybean only four are annotated:
ecfM (pRL100385), mur (RL0397), cheY1 (RL0O687) and aldR (RL1965) (Table 5-4). Of
interest is the requirement for cheY1 (RL0687), a response regulator controlling flagellar
rotation in chemotaxis. In the previous chapter, motility and chemotaxis components were
not required for RIv3841 attachment to pea roots in INSeq, even though they were
required in the Lux root attachment assay (see Figure 3-5). Possible reasons for this,
mainly concerning the mixed inoculum setup of INSeq compared with the homogenous
single inoculum for Lux assays, were discussed in 4.2.9. CheY1 is a minor chemotaxis

regulator, whilst CheY?2 is of greater importance; deletion of cheY1 reduces swimming
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ability by 30%, whereas this figure is 70% in the case of cheY2 deletion [397]. If

chemotaxis is necessary for primary attachment to soybean roots, cheY2 would also be

expected to be required. However, cheY2 has only a single TA site (cheY1 has three). As

discussed in 4.2.9, low TA site number (< six) can confound HMM classification.

To investigate this further, several other chemotaxis genes shown to be required by this
INSeq experiment in the soybean library and with more TA sites were compared to the
same genes in the input, pea and barley libraries using fitness values (FV). FVs allow

numerical comparison of the fitness of bacteria carrying mutations in particular genes

under different test conditions, providing a simplified visualization of the data underlying

HMM classifications [143] (see 2.7.5). Comparisons of gene TA site number and HMM

classifications are shown in Table 5-5 and comparison of FVs for the same genes are

shown in Figure 5-7.

Table 5-5. Comparison of TA site number and HMM classifications for five chemotaxis-

related genes under different INSeq conditions

FV (HMM classification)

Gene #TA 11 Pea 12 Bar Soy
mcpR (pRL120056) — putative methylation accepting 29 NE NE NE NE DE
chemotaxis protein
icpA (RLO685) — putative chemoreceptor protein 15 NE NE NE NE DE
cheX1 (RL0686) — putative chemotaxis related CheX 3 NE NE NE NE DE
protein
cheY1 (RLO687) — putative two component 3 NE NE NE NE DE
sensor/regulator; chemotaxis regulator CheY
cheW3 (RL4030) — putative chemotaxis protein 9 NE NE NE NE DE
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HMM state call is given in brackets next to each FV. #TA = number of gene TA sites. | 1

= input library 1 (for pea). | 2 = input library 2 (for barley and soybean). Bar = barley. Soy

= soybean.
FV of chemotaxis genes as a percentage of input in
attachment to pea, barley and soybean roots
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Figure 5-7. Fitness value (FV) of five RIv3841 chemotaxis-related genes (reflecting how
mutation affects organism fitness under test conditions) from INSeq attachment to pea,
barley and soybean roots. FVs are expressed as a percentage of input, where input is
indexed at 100%. For pea, indexing is to input library 1 and for barley and soybean

indexing is to input library 2. HMM classifications can be found in Table 5-5.

Using fitness values to analyze INSeq results (Figure 5-7) demonstrates that the
requirement for chemotaxis in RIv3841 attachment to soybean does not seem to be an
artefact of low TA site number in genes. However, genes such as RL0695 — RL0725
(encoding flagellar and flagellar motor structural proteins) have a NE classification for
attachment to soybean, as well as pea and barley (Appendix 2 Table 2). This indicates that

specific aspects of chemotaxis are needed for attachment to soybean roots, independent of
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non-chemotactic motility. For motile bacteria with mutations in chemotaxis related genes,
a negative attachment phenotype may arise due to aberrant swimming, whereby bacteria
swim randomly and are therefore not correctly positioned in proximity to the root surface
for attachment. Non-motile bacteria may still be able to reach the root via the ‘aided
motility’ mechanism (biased Brownian motion and overcoming of repulsive root boundary
forces) hypothesized in 4.2.9, accounting for the NE classification of flagellar genes such
as RL0O695 — RL0O725. However, the question of why chemotaxis requirements should be
seen only for attachment to soybean, and not pea or barley roots, remains. This could be
explained by differential exudation between plants. Plants including pea, soybean and
barley exude carbon-rich molecules from their roots which act as chemoattractants,
chemorepellents and carbon sources for soil bacteria, and likely play a role in preferential
recruitment of certain bacteria to form the root microbiome [34, 212, 213, 398]. In this
study, soybean roots are by far the largest of the three root types and may therefore exude
higher levels of all compounds, including any chemoattractants. This in turn could provide
a stronger advantage to those bacteria able to sense these chemoattractants in this INSeq
experiment, making them more likely to reach roots than for plants with lower levels of
root exudation. A stronger selection for root attachment on chemo-sensing bacteria
combined with the aberrant swimming of motile but non-chemotactic bacteria could
potentially result in under-representation of chemotaxis mutants in the soybean root-
attached library.

Of the six regulators specific for barley primary root attachment only one is annotated:
msiR (RL2857, Table 5-4). MsiR regulates the MsiA-mediated export of canavanine, a
toxin found in seeds and exudates of some plants, including many legumes [141]. MsiA

(RL2856) is also required (DE) specifically for primary attachment to barley roots.

251



Canavanine export is important for root attachment and rhizosphere persistence for

Rhizobium interacting with canavanine-producing legumes [141, 399]. Previous work has
shown that soil extracts from barley-cropped areas contain unidentified phytotoxins which
can inhibit plant root growth. It may be that barley roots produce a phytotoxic canavanine

analogue, accounting for the requirement for the canavanine export system in Rlv3841.

5.2.11 Primary attachment determinants required for interaction with different
plants

Filtering increased the specificity of primary attachment determinant identification (5.2.8).
There remains a distribution of gene requirements for attachment to different plant roots.
These were investigated in more detail to determine what roles they may play and how
different host roots influence RlIv3841’s mechanisms of primary attachment. For brevity,
only factors with roles discernible from their annotation are discussed below. The full lists
of factors (including uncharacterised and hypothetical proteins) can be found in Appendix
1, Tables A10-A16.

Table 5-6 provides a summary of the tables in which the results are stored.
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Table 5-6. Summary of tables of genes required (ES/DE) in primary attachment to pea,

soybean and barley roots (Tables 5-7 to 5-13) and Appendix 1, Tables (A10 to A16)

Plant(s) Number of Reference tables
genes required

Pea, soybean, barley 24 Table 5-7, Figure 5-8, Appendix Table A10
Pea only 19 Table 5-8, Appendix Table All
Soybean only 172 Table 5-9, Appendix Table A12
Barley only 40 Table 5-10, Appendix Table A13
Pea and soybean 6 Table 5-11, Appendix Table A14
Pea and barley 11 Table 5-12, Appendix Table A15
Barley and soybean 38 Table 5-13, Appendix Table A16

Number of genes are from the Venn diagram shown in Figure 5-5.
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Table 5-7. Twenty-four genes?identified as required (ES/DE) for primary attachment to pea, soybean and barley roots.

Gene(s) Description

pPRL110043 Putative transmembrane transporter protein. 99% similarity to arabinose efflux permease family protein in R. leguminosarum
biovar trifolii WSM597. EPS arabinose content regulates cell aggregation in Azospirillum [358]. See also Table 4-13 and
Figures 4-12 and 4-13

pRL100112 Putative dehalogenase-hydrolase (HAD), member of a large superfamily of phosphohydrolases. HADs display activity

against various phosphorylated metabolites [326]. A mutant in a Xanthomonas axonopodis pv. citri HAD is defective in
biofilm formation [327]. See also Table 4-11 and Figure 4-13

hslO (RLO551)

Putative Hsp33-like chaperonin. Redox regulated molecular chaperone protecting thermally unfolding and oxidised proteins
from aggregation — defence against oxidative stress [277, 278]. May assist in coping with a diverse rhizosphere environment
(see 4.1). See also Table 4-9 and Figure 4-11

RLO617

Putative dTTP/UTP pyrophosphatase. See also Table 4-14 and Figures 4-13 and 4-14

RL1013

Uncharacterised protein, 17kDa Anti 2 motif. These motifs are common membrane proteins and include surface antigens in

Rickettsia [328]. Unknown protein localization. See also Table 4-11 and Figure 4-13

amn (RL1478)

AMP nucleosidase; catalyses hydrolysis of AMP to form adenine and ribose 5-phosphate. Changes in AMP levels allow rapid

adjustments to changing metabolic conditions [279]. See also Table 4-9 and Figure 4-11

ppx (RL1600)

Putative exopolyphosphatase Ppx; can function in the hydrolysis of EPS [359]. See also Table 4-13 and Figures 4-12 and 4-13

clpS (RL2212)

ATP dependent Clp protease adaptor protein ClpS. ClpS modifies CIpA substrate specificity [364]. A clpS mutant of P.
aeruginosa showed 70% reduction in biofilm formation and significant impairment in attachment to abiotic surfaces after one
hour [365]. See also Table 4-14 and Figures 4-13 and 4-14.

hfq (RL2284)

RNA binding protein Hfg. Global post transcriptional regulator. Loss of Hfg in S. meliloti delays nodulation and reduces

competitiveness for attachment to alfalfa roots [360]. See also Table 4-13 and Figures 4-12 and 4-13
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tpiA (RL2513)

Putative triosephosphate isomerase. Upregulated in Staphylococcus aureus biofilm, possibly due to oxygen limitation [281].
Glycolytic enzymes play additional roles when localised on the cell surface (e.g. a-enolase plasminogen binding in
streptococci and GAPDH transferrin binding activity in S. aureus) [282, 283]. Surface localised glycolytic enzymes are
multifaceted and can be involved in substrate binding. TpiA has been shown to be surface localised and have a direct role in

attachment to host cells in Mycoplasma gallisepticum [284]. See also Table 4-9 and Figure 4-11.

recA (RL2637)

RecA is needed for DNA repair and the SOS response. The major activity of RecA in DNA metabolism is the promotion of
DNA strand exchange [285]. Requirements for all symbiosis stages suggest that RecA may assist in coping with a diverse
rhizosphere environment (see 4.1). However, recA disruption has been shown to reduce adherence and colonization of host
cells by Vibrio cholerae, although the mechanism underlying this remains unknown [286]. See also Table 4-9 and Figure 4-
11.

dksA (RL2643)

RL2643 — putative DnaK suppressor protein DksA. Studies from various bacteria indicate that these chaperones can be
secreted and bind ligands, contributing to cell adherence and biofilm formation [366-369]. Cytoplasmic protein localization.
See also Table 4-14 and Figures 4-13 and 4-14

gor (RL2694)

RL2694 — Glutathione reductase (Gor). See also Table 4-11 and Figure 4-13

pfp (RL3322)

Putative pyrophosphate-fructose 6-phosphate 1-phosphotransferase. Catalyses the first committed step in glycolysis, the
phosphorylation of D-fructose-6-phosphate [287]. Like tpiA (RL2513) (see Table 4-9), could have multifaceted role. See also
Table 4-9 and Figure 4-11

RL3987-90

RL3987 — uncharacterised, SpoVT-AbrB domain. RL3988 — uncharacterised, PINc domain. PIN domains function as single
stranded RNA nucleases [291]. In prokaryotes they are usually the toxin of toxin-antitoxin operons, helping free-living
prokaryotes cope with nutritional stress [292]. RL3989, RL3990 — Holliday junction ATP dependent DNA helicases RuvA
and RuvB; DNA damage repair mechanism. May be required for osmotic shock responses [293, 294]. See also Table 4-9 and
Figure 4-11
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RL4065

Conserved hypothetical protein, no known conserved domains. Cytoplasmic protein localization. See also Table 4-9 and
Figure 4-11

RL4145

Putative conserved Lacl type transcriptional regulator (repressor). Regulatory targets unknown. Cytoplasmic protein

localization. See also Table 4-9 and Figure 4-11

RL4362/ dacC
(RL4363)

RL4362 — putative cobalamin (vitamin B12) synthesis protein, CobW domain [295]. Required by S. meliloti for symbiosis
with M. sativa [296]. Only one cobalamin dependent enzyme (nrdJ, S.meliloti cobalamin dependent ribonucleotide reductase,
RNR) affects symbiosis. Removal of ndrJ impairs symbiosis; rhizobia are lysed in the plant cytoplasm [297]. Loss of RL4362
may reduce fitness for competitive primary attachment. Note that cobalamin synthesis genes may be misclassified due to high
homology with glutamine amidotransferases, which are involved in peptidoglycan amidation [298]. RL4363 — dacC, putative
penicillin binding protein, peptidase S11 domain. In E. coli dacC processes sugar-peptide cell wall precursors; involved in
peptidoglycan biosynthesis [299]. See also Table 4-9 and Figure 4-11.

RL4381

Putative POTRA domain transporter. See also Table 4-9, Figures 3-11 and 4-11 and section 3.2.9

4Number of genes are from the Venn diagram shown in Figure 5-5. Red = Genes also required (ES/DE) in attachment to pea roots at

all pHs tested in Chapter 4.
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These genes, being ES/DE in attachment to pea, are discussed in the relevant tables and
figures in Chapter 4, which are referenced in Table 5-7. The genes listed in Table 5-7 are
‘core’ determinants of primary attachment in RIv3841, as they are required not only for
attachment to pea, but also to soybean and barley roots. Of these 25 genes, 14 (highlighted
in red) are required for attachment to pea roots under all pH conditions and are therefore
some of the most important primary attachment determinants in the Rlv3841 genome.

These are shown, along with brief functional descriptions, in Figure 5-8, below.
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RL2513 — triosephosphate isomerase;
possible moonlighting glycolytic enzyme
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Figure 5-8. Diagram of a stylized gram-negative Rlv3841cell showing the primary attachment determinants whose genes were

identified as required (ES/DE) in attachment to pea (pH 6.5, 7.0 and 7.5), soybean and barley (see Table 4-9). Cell outer membrane,

peptidoglycan layer, inner membrane, plasmids, nucleoid and other cellular factors are shown, not to scale.
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Table 5-8. Fourteen genes? identified as required (ES/DE) for primary attachment to pea roots only (pH 7.0).

Gene Description

pRL100053 Putative transmembrane domain containing protein, helix-turn-helix 37 domain. Unknown protein localization. See Table 4-9
and Figures 3-11 and 4-11 and section 3.2.9.

pRL100174 Hypothetical protein, no known conserved domains. Unknown protein localization. See also Table 4-9 and Figure 4-11

pRL100242 Uncharacterised protein. Cytoplasmic protein localization. See also Table 4-13 and Figures 4-12 and 4-13

pRL120518 Putative TetR family transcriptional regulator. See also Table 4-11 and Figure 4-13.

cycM (RLO141)

Membrane-bound cytochrome ¢ CycM. See also Table 4-14 and Figures 4-13 and 4-14

RL1105

putative TetR family transcriptional regulator. See also Table 4-11 and Figure 4-13

pspA (RL1106)  Putative PspA family regulator, phage shock protein A. Involved in antibiotic resistance and biofilm formation in E.coli and
pathogenesis in S. typhimurium [329, 330]. See also Table 4-11 and Figure 4-13

RL1504 Uncharacterised protein, NYN domain. Possibly novel RNAse with regulatory role [363]. Cytoplasmic protein localization.
See also Table 4-14 and Figures 4-13 and 4-14

gmsA (RL1661)  Glucomannan biosynthesis protein GmsA. Characterised factor important for polar primary root attachment at acidic but not
alkaline pH [56]. See also Tables 4-13 and Figures 3-5, 4-12 and 4-13

scpA (RL2044)  Segregation and condensation protein A, participates in chromosomal division during cell partition. See also Table 4-11 and

Figure 4-13

anmK (RL2587)

Anhydro-N-acetylmuramic acid kinase AnmK. Catalyses the phosphorylation of 1,6-anhydro-N-acetylmuramic acid
(anhMurNAc), cleaving the 1,6 anhydro ring and generating MurNAc-6-P. Required for cell wall recycling [331, 332]. See
also Table 4-11 and Figure 4-13

ahpD (RL3226)

Alkyl hydroperoxide reductase AhpD. See also Table 4-11 and Figure 4-13
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pssA (RL3752)  Glycosyl transferase involved in EPS biosynthesis [288, 289]. Mutants are deficient in EPS production and form biofilms
slowly compared to RIv3841. Does not attach to root hairs [56]. Biofilms are flat and unstructured [58]. See also Table 4-9
and Figures 3-5 and 4-11 and section 3.2.5

RL4704 Putative glyoxylase family protein, member of the VOC superfamily. Members of this family are known to detoxify
methylglyoxal, formed as a by-product of lipid metabolism [333]. See also Table 4-11 and Figure 4-13

aNumber of genes are from the Venn diagram shown in Figure 5-5.
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These genes, being defective in attachment to pea when mutated, are discussed in the

relevant reference tables and figures in Chapter 4, which are referenced in Table 5-8.
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Table 5-9. Twenty-seven genes (out of 172%) with discernible roles identified as required (ES/DE) for primary attachment to soybean

roots only (pH 7.0).

Gene

Description

redAh (pRL110048) R. etli has two redAh genes [400] which encode proteins similar to MurG, a transferase involved in the membrane steps of

peptidoglycan biosynthesis [401]

pPRL110395 Putative succinoglycan biosynthesis protein. Glycosyltransferase family 2 domain, can transfer sugars to diverse substrate
including cellulose and teichoic acids

pRL110439 Putative glycosyltransferase. 92% identity to beta-N-acetylhexosaminidase from Rlv trifolii WSM2304. Role in cell wall
recycling; hydrolyses -1,4 glycosidic bonds in peptidoglycan [402]

pRL110453 Uncharacterised protein, 91% identity to regulator of enolase from RIv trifolii WSM2304. Enolase is involved in glycolysis

and gluconeogenesis but also has a moonlighting role. In surface localised form it mediates surface attachment and biofilm
formation in S. aureus, Actinomyces naeslundii and even the fungi Candida albicans, though the mechanism remains
unclear [282, 283, 403—-405]. Enolase (r12239) is ES/DE in input and all plant libraries (it is a central metabolic enzyme)

but, as its regulator is only required in attachment to soybean roots, this may suggest that enolase plays a role.

mcpR (pRL120056)

Methyl accepting chemotaxis protein, can mediate chemotaxis to malate and fumarate [406], both common root exudates

[407]. Malate release from Arabidopsis and tomato roots induces root colonization by soil microbes [408, 409].

Int (RLO391) Apolipoprotein N-acyltransferase. Catalyses N-acylation of apolipoprotein, the last step in lipoprotein maturation. Most
lipoproteins are anchored in the outer membrane [410]

RL0664 Putative transmembrane acetyltransferase, shows homology to EPS modifying gene pssR and may acetylate EPS, CPS, N-
acetylglucosamine or other targets [411]

cheX1 (RL0O686) Chemotaxis related CheX protein. CheY-P phosphatase, role in flagellar directional change [412]
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cheY1 (RL0687)

Chemotaxis response regulator, minor role in flagellar reorientation [397]

icpA (RL0865) Chemotaxis protein with a broad attractant spectrum [413, 414]

RL0963 Putative transmembrane/surface protein — BA14K family protein, likely with a role in LPS biosynthesis [415]

RL1015 Putative polysaccharide deacetylase protein. 95% identity to xylanase/chitin deacetylase from RIlv WSM1455.

RL1016 Putative D-alanyl-D-alanine carboxypeptidase. Carboxypeptidases are extensively involved in peptidoglycan biosynthesis
and modification [416]

RL1090 Putative transmembrane protein, DUF1499 family. Domain of unknown function (DUF) family proteins are often conserved
(indicating an important role) and function often only becomes apparent under particular conditions [417]

RL1108 Putative transmembrane AMP-binding acyltransferase, PIsC (phosphate acetyltransferase) domain. Functions in membrane
biogenesis and modification, using fatty acid chains to form membrane phospholipids [418]

RL1155 Putative glycosyltransferase. 96% identity to glycosyltransferase 25 (LPS biosynthesis protein) from R. leguminosarum.
LPS strongly influences adhesive properties in this bacteria [419]

RL1549 Putative transmembrane efflux protein, 92% identity to LysE family translocator from R. hidalgonenese, which excretes
excess |-Lysine as a result of natural flux imbalance or peptide hydrolysis [420]

dgkA (RL2780) Diacylglycerol kinase DgkA. In E.coli, DgkA mutants are defective in biofilm formation [316], and DgkA function has
been linked to phospholipid recycling and LPS modifications [324]. In B. subtillis it is important for lipoteichoic acid
synthesis [325]

RL3149 Putative adenylate cyclase/guanylate cyclase

flaH (RL3268)

Flagellin, flagella subunit. RIv3841 flaH mutants show shorter flagella and reduced maotility [421]; loss of motility and/or

flagella adhesin function may lead to ES/DE classification

RL4030 (chew3)

Mcp type chemoreceptor
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RL4075

Uncharacterised LysM domain containing protein. A highly conserved carbohydrate binding module, LysM domains often

bind peptidoglycan in prokaryotes [422]

nodN2 (RL4120)

NodN2, an additional copy of NodN (pRL100179), which participates in Nod factor biogenesis. The role of NodN remains
unclear [423]. However, core Nod biosynthesis genes (producing the chitin oligomer backbone of Nod factor) are important

for biofilm formation in S. meliloti [424]. The protein encoded by this gene may also possess enoyl-CoA hydratase activity.

cysZ (RL4210) Putative cysteine biosynthesis protein. Mutation of cysZ in V. fischeri were defective in biofilm formation which could be
complemented by the cysK gene but not by cysteine, suggesting unknown additional roles for CysK [425]
gelA (RL4404) Gel forming EPS production protein GelA. Regulated by RosR [158]. Also impaired in attachment to pea roots under pH

6.5 conditions. (Table 4-10)

exoD (RL4420)

Putative EPS biosynthesis protein ExoD. This protein has been shown to be involved in EPS biosynthesis, but its exact

function remains unknown [426]

nagA (RL4602)

Putative N-acetylglucosamine-6-phosphate deacetylase NagA. Required for cell wall peptidoglycan and teichoic acid

biosynthesis in L. monocytogenes [427].

®Number of genes are from the Venn diagram shown in Figure 5-5.
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The genes with a role in chemotaxis/motility (mcpR — pRL120056, cheX1 — RL0686,
cheY1l —RL0687, icpA — RL0856, flaH — RL3268 and cheW3 — RL4030) required for
attachment to soybean roots are discussed in 5.2.10.

Various genes required indicate modification of EPS for attachment to soybean roots.
pRL110395 is a putative succinoglycan biosynthesis protein, and succinoglycan
production is known to affect EPS composition in S. meliloti [353-356]. RL0O064 has high
homology to the EPS modifying pssR gene, loss of which reduces EPS acetylation in R.
leguminosarum biovar viciae VF39 and decreases the efficiency of nitrogen-fixing
symbiosis formation with alfalfa, possibly through a reduction in root attachment [411].
Conversely, RL1015 is a polysaccharide deacetylase, indicating that, for attachment to
soybean roots, a balance of EPS acetylation level may be required that is different from
the EPS acetylation levels required for attachment to pea or barley roots, likely reflecting
differences in root surfaces which require different or modified bacterial factors for
successful attachment. RL0O064 and RL1015 may interact to fulfil this role, although this
has not been demonstrated. exoD (RL4420) is an EPS biosynthesis protein of unknown
function [426]. Also required is the gel-forming EPS production protein GelA (RL4404).
Previously, the role of this gene in RIv3841 attachment to vetch root hairs was
investigated. A mutant displayed normal attachment, meaning a role for this gene was not
assigned, meaning its function remained unknown [158]. The requirement for GelA in
RIv3841 attachment to pea at pH 6.5 seen in Chapter 4 (Table 4-10), combined with the
results of Williams et al. (2008) [158], suggested a role for this gene in attachment to bulk
epidermal pea root surface (as opposed to root hairs) at pH 6.5. The requirement for this

gene in attachment to soybean roots at pH 7.0 is interesting, although the similarities
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between pea root surfaces at pH 6.5 and soybean root surfaces at pH 7.0 that would
necessitate GelA for primary attachment are unclear.

Genes likely involved in peptidoglycan modification include redAh (pRL110048), a
homologue of murG which transfers N-acetylglucosamine to a lipid intermediate in the
biosynthesis of peptidoglycan [401]. pRL110439 may play a role in cell wall recycling by
hydrolysing B-1,4 glycosidic bonds in peptidoglycan [402]. RL1016 encodes a
carboxypeptidase; these proteases have been heavily implicated in peptidoglycan
biosynthesis and modification in many bacterial species [416]. nagA (RL4062) has been
shown to influence both peptidoglycan biosynthesis in L. monocytogenes [427], and may
also be playing this role in RIv3841. RL4075 likely encodes a peptidoglycan binding
factor, though its exact role remains unclear [422].

A further subset of genes is involved in LPS biosynthesis and modification. RL0963 is a
BA14K family protein, named after homology to a 14 kDa protein from Brucella abortus.
In B. abortus, this protein shows lectin-like carbohydrate binding activity and is essential
for virulence, most likely due to its direct or indirect effects on LPS biosynthesis [415].
Whilst it is unclear what role RL0963 plays in Rlv3841, BA14K homology is suggestive
of a function in LPS production. RL1155 encodes a glycosyltransferase likely involved in
LPS biosynthesis, whilst dgkA (RL2780) has been linked to LPS modifications in E. coli
[324], with mutants defective in biofilm formation in a 24 hr assay [316].

Two genes are likely involved in membrane function: Int (RL0391), involved in the
production of outer membrane associated lipoproteins [410] and RL1108, functioning in
membrane phospholipid production [418].

Similar to TpiA (a glycolytic enzyme which can be cell surface localized, function in

substrate binding [284] and is required for attachment to pea roots at all pHs — Table 4-9)
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enolase may also be involved in a surface localised capacity in attachment to soybean
roots. It has been shown to play this role in various other organisms [282, 283, 403—405]
and, unless pRL110453 (putative regulator of enolase) has other regulatory targets, it is
likely to also be playing this role here.

As a possible guanylate cyclase, RL3149 may be linked to cellular c-di-GMP levels, a
well-known signalling and regulatory mechanism governing bacterial motile-sessile
lifestyle changes [79].

The requirement for nodN2 (RL4120) could indicate that a core Nod biosynthetic gene
product is involved in attachment. Although NodN function is unclear, such a finding is
not unprecedented as it has been shown for S. meliloti that the core Nod chitin backbone
has a second role of stabilising biofilms [424]. Alternatively, this gene could represent a
fatty acid metabolising enoyl-CoA hydratase, as also suggested by UniProt annotation.
The role of RL1549 (transmembrane efflux protein), RL1090 (DUF family protein) and

the cysteine biosynthesis protein CysZ (RL4210) in root attachment is unknown.
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Table 5-10. Ten genes (out of 40%) with discernible roles identified as required (ES/DE) for attachment to barley roots only (pH 7.0).

Gene(s)

Description

RLO726

Conserved hypothetical exported protein, transglycosylase SIt domain. Degrades peptidoglycan via  1-4 glycosidic bond
cleavage. Linked to biofilm formation in S. enterica, E. coli and Acinetobacter baumannii [314-316]. Lytic
transglycosylases participate extensively in cell wall remodelling, recycling of peptidoglycan and space-making for
insertion of cell-envelope spanning structures [317]. A lytic transglycosylase (RL4716) was characterised in RIv3841 as
required for cell envelope function and biofilm formation [318]. Also impaired in attachment to pea roots under pH 6.5

conditions

celB (RL1647)

Cyclic di-GMP binding protein, cellulose synthesis protein. Binds the cellulose synthase activator and is involved in
cellulose biosynthesis. Also has a role in the synthesis of lipid-linked intermediates, although the exact function in this role

is unknown [428]

degQ (RL1806)

Periplasmic serine endoprotease DegQ. In B. subtilis DegQ stimulates phosphotransfer to a transcriptional regulator
affecting biofilm formation, promoting transition from a motile to sessile attached state [370]. Also impaired in attachment

to pea roots under pH 6.5 and 7.5 conditions

RL2039

Putative HesB family protein, Fe/S biosynthesis. E. coli show a link between Fe/S biogenesis mutants and cell surface
properties, which may be impaired in biofilm formation and/or motility, although the mechanisms underpinning this remain
unknown [429]

sixA (RL2644)

Phosphohistidine phosphatase SixA, conserved. SixA is the only known bacterial phosphohistidine phosphatase, and
dephosphorylates Npr in E.coli [343]. Implicated in biofilm formation in E. coli [344]. See also Table 4-10, rl0032 / rl0033.

Also impaired in attachment to pea under pH 7.5 conditions

RL2656

Putative D-alanyl-D-alanine carboxypeptidase. Carboxypeptidases are extensively involved in peptidoglycan biosynthesis
and modification [416]
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RL2657 Putative GGDEF/GAF domain sensory box protein, downstream of RL2656 (above). Likely catalyses synthesis and/or
hydrolysis of cyclic di-GMP (c-di-GMP), key second messenger in biofilm formation / motile to sessile lifestyle switch [79]

RL3252 Periplasmic serine endoprotease, DegP-like. In V. cholerae DegP associates with the outer membrane and is an important
determinant of the biofilm matrix structure [430], facilitating secretion of proteases which may help biofilms adhere to

surfaces by processing extracellular components [431]

hflC (RL3253), hflK Putative transmembrane serine proteases HfIC and HfIK. Functional HfIC and HfIK also modulate HfIB activity. HfIB, an

(RL3254) AAA metalloprotease, is involved in membrane protein regulation, LPS biosynthesis and biofilm formation in E. coli, B.
subtillis and others (where it is often called FtsH) [345, 346], indicating a role in membrane regulation and biofilm
formation [347-349]. HfIB itself (RL3965) is ES/DE under all conditions in this work, including input (Appendix 2 Table

2). Also impaired in attachment to pea under pH 7.5 conditions

aNumber of genes are from the Venn diagram shown in Figure 5-5.
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Amongst the list of genes required for attachment to barley roots (Table 5-10),
requirement of celB (RL1647, encoding a cellulose synthesis protein) was interesting as
cellulosic fibrils are normally considered a secondary attachment factor [34]. It may be
that cellulosic fibril deposition is important in primary root attachment in barley, or that
this gene is playing an unidentified role in synthesis of an attachment-required lipoprotein
[428] in attachment to these roots.

RL2656 (carboxypeptidase) is likely to be involved in altering peptidoglycan structures.
Two serine endoproteases (encoded by RL3252 and degQ - RL1806) are also needed. The
former seems to process extracellular components for attachment competence, while the
latter promotes activity of transcriptional regulators involved in attachment [370, 431].
The requirement for RL0726 (transglycosylase) as well as hflC (RL3253) and hflK
(RL3254) indicate membrane and cell wall alterations are involved in primary attachment
to barley roots. The phosphohistidine phosphatase SixA (RL2644), whose function is to
dephosphorylate Npr [343], is required for attachment to barley and also for attachment to
pea at pH 7.5 (Table 4-12). This is likely to indicate the involvement of down-regulation
of ATP-dependent ABC transporters and export of certain EPS structures and is discussed
more fully in 4.2.11.

The role of RL2039 (an Fe/S biosynthesis protein) remains unclear, though it has been

linked previously to impaired attachment in E. coli [429].
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Table 5-11. Six? genes identified as required (ES/DE) for attachment to pea and soybean roots at pH 7.0.

Gene Description

pRL100220 Uncharacterised protein

RL1052 Uncharacterised protein

RL1371 Putative transmembrane protein

RL2400 Putative MarC family transmembrane protein, not involved in antibiotic resistance [280], function unknown

RL2520 Putative transmembrane protein, ABC transporter permease. Many ABC transporters are involved in lipid transport to the

outer membrane [361]

RL4083 Uncharacterised protein, SGHN family esterase domain

aNumber of genes are from the Venn diagram shown in Figure 5-5.
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After pleiotropy filtering (section 5.2.8) only six genes are required (ES/DE) for
attachment to both legumes (pea and soybean) used in this study. Their functions are
largely unknown, although RL2520 may be involved in outer membrane lipid transport
[361]. Given the importance of outer membrane characteristics, including lipid profiles,
for surface attachment [44], mutation in this gene may reduce attachment via alterations to

the outer membrane lipid profile.
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Table 5-11. Two (out of 11%) genes with discernible roles required (ES/DE) for attachment to pea and barley roots (pH 7.0).

Gene(s) Description

RL4309 Putative transmembrane protein. 94% identity to R. hidalgonense DedA family protein (CO674_30990). DedA proteins

appear to function in membrane homeostasis; mutants show altered membrane lipid composition in multiple bacterial

species [362].

RL4382 Putative filamentous hemagglutinin adhesin (rl4382). See Figure 3-11 and section 3.2.9

aNumber of genes are from the Venn diagram shown in Figure 5-5.
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For attachment to pea and barley roots, only two genes had discernible function. RL4382
encodes FHA, which is a newly defined important factor for attachment to pea roots at pH
6.5, 7.0 and 7.5 (discussed in detail in 3.2.9). The second gene, RL4309, is likely to

encode a DedA protein which is linked to membrane lipid composition [362].
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Table 5-12. Ten genes (out of 38%) with discernible roles required (ES/DE) for attachment to barley and soybean roots (pH 7.0).

Gene Description

RL1165 rl1165 — uncharacterised protein, 93% identity to gene RLV_3555 from R. leguminosarum biovar viciae, PepSY domain
containing. These domains are likely to have a protease inhibitory function and may be cell wall associated [334]. Biofilm
metalloprotease 1 (Bmpl) from Pseudoalteromonas contains a PepSY domain required for biofilm formation [335]. Also
impaired in attachment to pea under pH 7.5 conditions

RL1440 Serine endoprotease, DegP-like. In V. cholerae DegP associates with the outer membrane and is an important determinant of
the biofilm matrix structure [430], facilitating secretion of proteases which may help biofilms adhere to surfaces by
processing extracellular components [431]

dacF (RL2477) Putative penicillin binding protein DacF. 92% identity to RIv trifolii WSM2297 D-alanyl-D-alanine carboxypeptidase.
Carboxypeptidases are extensively involved in peptidoglycan biosynthesis and modification [416]

RL2595 Putative MutT/nudix family protein. Mutagenesis of nudix proteins in Pseudomonas syringae str DC3000 and P.
aeruginosa display defects in motility and biofilm formation [323]. Also impaired in attachment to pea under pH 6.5
conditions

RL2778 Putative exopolysaccharide biosynthesis protein. Also impaired in attachment to pea under pH 7.5 conditions

RL3267 Putative OmpA family outer membrane protein. OmpA family proteins have diverse roles, including in signal transduction,
primary surface adhesion and biofilm formation [265, 432, 433]

RL3320 Putative signalling and peptidoglycan binding protein. N-acetylmuramoyl-L-alanine amidase domain; cleaves the amide
bond between N-acetylmuramoyl and L-amine acids in bacterial cell walls [434]

RL4018 Putative ATP binding component of ABC transporter. 96% identity to Lipid A ABC exporter from R. leguminosarum

biovar trifolii WSM2304, gene Rleg2_3249. Mutants with reduced lipid A show a delay in nodulation onset and impaired
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bacteroid shape [350]. Further, defects in lipid A production reduce surface attachment and motility [351]. Also impaired in
attachment to pea under pH 7.5 conditions

RL4356 Uncharacterised protein, YkuD domain. This domain can act as an L,D-transpeptidase, giving rise to an alternative pathway
for peptidoglycan cross-linkage. In S. typhi, toxin secretion requires the localised editing of peptidoglycan by a specific

YkuD family L,D-transpeptidase, and in E. coli L,D-transpeptidases anchor the Braun lipoprotein to peptidoglycan.

sirA (RL4357) Putative transcriptional regulator SirA. Conserved (with different names) throughout y-proteobacteria where it positively

regulates virulence gene expression, exoenzyme and antibiotic production, motility and biofilm formation [435]

aNumber of genes are from the Venn diagram shown in Figure 5-5.
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From this list of requirements for attachment to soybean and barley roots (Table 5-12),
membrane, cell wall and EPS modifications are clearly important. Genes required include
sirA (RL4357), RL1165 (encoding PepSY-domain protein), RL1440 (encoding a DegP-
like serine endoprotease), RL2477 (dacF, encoding a penicillin binding protein), RL2778
(encoding a putative EPS biosynthesis protein), RL3320, RL4018 (likely encoding a lipid
A exporter) and RL4356 (encoding a transpeptidase). Also involved are RL3267, encoding
an OmpA family outer membrane protein of which many have adhesin roles [265, 432,

433] and RL2595, encoding a MutX/Nudix family protein.

5.2.12 Mutation of some RIv3841 genes leads to an increase in primary attachment to
different plants

In INSeq experiments, genes are classified as AD when insertion into a gene increases
bacterium fitness in, in this case, attachment to roots. This indicates that gene disruption is
beneficial to bacterial root attachment and that an AD gene, when functional, somehow
inhibits/reduces attachment. After classification and filtering of genes for pleiotropic
effecs (see 5.2.6 and 5.2.8), 17 genes remained with an AD classification under one or
more conditions, represented in Figure 5-9 (full list of genes in Appendix 1, Table A17).
For brevity, only factors with putative functions are listed (Table 5-13) and discussed

below.
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Soybean

B Pea
I Barley

Figure 5-9. Genes classified as NE in the input library and AD in one or more of the root-
attached libraries which are also classified as NE in the following INSeq datasets: VMM,
21% oxygen 10mM glucose, 1% oxygen 10mM glucose, 21% oxygen 20mM succinate
and 1% oxygen 20mM succinate (see Table 4-7).Venn diagram circle color indicates
attachment condition; yellow = soybean roots (pH 7.0), green = pea roots (pH 7.0), brown

= barley roots (pH 7.0).
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Table 5-13. Three (out of 17%) genes with discernible roles identified where mutation is advantageous (AD) for primary attachment to

pea, soybean and barley roots (pH 7.0).

Gene Plants Description

pRL70156 Pea Putative conjugative DNA transfer protein TrbGp7. A homologue of VirB9, a type VI secretion system
protein in Agrobacterium tumefaciens [225]

RL3927 Soybean Soluble lytic murein transglycosylase protein, Slt domain. Degrades peptidoglycan via B 1-4 glycosidic
bond cleavage. Lytic transglycosylases participate extensively in cell wall remodelling, recycling of
peptidoglycan and space-making for insertion of cell-envelope spanning structures [317].

RL4139 Pea, Soybean, Putative transmembrane sensory box GGDEF/EAL protein. The GGDEF domain is likely to catalyze

Barley synthesis and/or hydrolysis of c-di-GMP, whereas EAL may function as a diguanylate phosphodiesterase

[79]. c-di-GMP is a known positive regulator of biofilm formation [436-438]. However, an EAL domain
protein in Pseudomonas putida strongly inhibited biofilm formation and could also lead to rapid biofilm
dispersal, indicating these proteins also have a role in transitioning cells from a sessile to motile state
[439]

& Number of genes is from the Venn diagram shown in Figure 5-9.
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The three genes in which mutation leads to increased attachment with discernable roles
(Table 5-13) include, specifically for pea roots, pRL70156 (putative TrbGp7), which
encodes a putative DNA transfer protein and is homologous to the type IV secretion
system component VirB9 in A. tumefaciens [225]. Other Trb proteins (involved in pilus
formation and type IV secretion system function) are required for attachment to soybean
roots (5.2.7 and Table 5-3), but this gene impairs RIv3841 attachment to pea.

Showing an increased attachment only in soybean is mutation of RL3927. RL3927 seems
to have a role in cell wall remodelling. Although another similar SIt domain
transglycosylase protein (RL0726) was required (ES/DE) for attachment to roots of pea
(pH 6.5, Table 4-10) and barley (pH 7.0, Table 5-10), the cell wall remodelling promoted
by this gene is acting in the opposite way, to impair/reduce RIv3841 attachment to
soybean (and is thus classified AD when mutated), though the reason remains unclear.
What is clear, is that factors affecting cell surface, such as cell walls and pili, influence
primary attachment and that disruption of these structures perturbs, either to decrease or
increase, the ability of RIv3841 to attach to roots.

Of interest is RL4139 (putative transmembrane sensory box GGDEF/EAL protein), AD
when mutated in attachment to all plant roots at pH 7.0. Levels of the second messenger c-
di-GMP have a role in biofilm formation [436-438] and lifestyle changes from a motile to
sessile state [87, 88, 439]. In the cell, c-di-GMP is formed by GGDEF domain proteins
and broken down by EAL domain proteins [82, 83]. Some proteins (including RL4139)
carry both GGDEF and EAL domains. For these proteins, it is usually the case that only
one of the two domains is functional, or that a third regulatory domain manages protein
activity [84, 85]. An EAL domain protein was shown to inhibit biofilm formation and

promote single celled, motile lifestyle in P. putida, likely through decreases in
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intracellular c-di-GMP [439]. EAL protein mediated decreases in c-di-GMP have also
been demonstrated in P. aeruginosa, Yersinia pestis and S. enterica [80, 440, 441].

The regulator RL4145 (UniProt annotation: putative Lacl type transcriptional regulator,
repressor) is the only regulator required for attachment to all plant roots (Table 5-7, figure
5-8). Putative targets of this regulator were discussed in 4.2.12. However, if this regulator
is a repressor then HMM classifications and genomic proximity link it to RL4139. Given
the data presented, the following model is possible: under neutral pH conditions functional
RL4145 represses RL4139 expression, enabling intracellular c-di-GMP levels to increase,
facilitating successful primary root attachment. When RL4145 is mutated an ES/DE
classification results, as RL4139 expression is not repressed and intracellular c-di-GMP
decreases, impairing attachment. When RL4139 is mutated an AD classification results, as
c-di-GMP levels increase without the action of the protein’s EAL domain. This model
would account for the opposing HMM classifications of RL4145 and RL4139. If correct,
this interplay is extremely important in governing pH 7.0 primary root attachment (the
HMM classification of RL4139 at pH 6.5 and 7.5 in pea root attachment is NE), and an
RNASeq study with RIv3841 and an RL4145 mutant as well as promoter binding assays
could investigate this further. Alternative signalling pathways are likely to be operating
under non-neutral conditions, especially considering the differential regulatory
requirements and involvement of other putative c-di-GMP signalling factors (see 4.2.11)
Overall, this reinforces the notion that high levels of intracellular c-di-GMP are very
important for root attachment (as seen with RL2316 — pH 6.5 attachment to pea — and
RL2657 — pH 7.0 attachment to barley) and that reduction of c-di-GMP signalling inhibits

this process.
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5.3 Conclusion

In summary, appropriate experimental parameters were established to screen in an INSeq
study for bacterial primary root attachment to soybean and barley roots at pH 7.0. 127
million barcoded sequencing reads were obtained from nine sample libraries, achieving
HMM classifications for 99.7% of the RIv3841 genes. Validation of the results from
INSeq by comparison with the literature indicated that the HMM method returned the
expected classification for genes of known function (such as ribosomal subunits and
plasmid replication systems) under the experimental conditions used here.

Prior to filtering based on pleiotropy effects under media/metabolic conditions, 464 genes
classified as NE in the input libraries were classified as required (ES/DE) for attachment
to the roots of one or more plants. Their distribution (Figure 5-2) indicated that there were
multiple different attachment requirements unique to each plant. Examining the functional
classification of these genes indicated that, whilst there were different functional
classifications based on plant root attachment conditions, there were also significant
requirements for uncharacterised genes in all cases.

The genomic localization of these genes revealed that, whilst chromosomal factors were
the largest constituent of genes required for attachment to different plant’s roots, the
plasmid with the highest number of required genes in pea was pRL10. Plasmid pRL10 is
referred to as the symbiosis plasmid, containing nod, nif and fix genes [381]. After
pleiotropy filtering to remove any genes affected in growth under different conditions or
substrates, the only pRL10 genes remaining were transmembrane proteins (and
uncharacterised proteins). This work suggests a role for the symbiosis plasmid in primary
root attachment to peas, although the precise function of these genes (pRL100053,

pRL100174 and pRL100242) remains unknown.
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Soybean attachment factors showed the largest plasmid requirement for pRL11, along
with a requirement for pRL8, which was not seen under any other condition tested.
Analysis of the likely function of pRL8 and pRL11 genes indicates a requirement for
Flp/Tad pili and type IV secretion system-mediated attachment to soybean roots. This
mechanism is not obviously used by RlIv3841 in attachment to other plant roots, but is
known to be used for attachment by different rhizobia (including S. meliloti and A.
tumefaciens) [44, 383].

After filtering of genes based on pleiotropy phenotype under media/metabolic conditions
(see 5.2.8), 312 genes remained ES/DE in attachment to plant roots, showing a mixture of
plant specific and non-specific requirements. Visualizing the ‘specificity’ of genes
involved in RIv3841 attachment to different plant roots revealed that a high percentage of
RIv3841 genes required (ES/DE) for soybean primary root attachment are not required for
attachment to pea or barley. 86% of the genes required for attachment to soybean were
involved only in attachment to soybean whereas, for pea and barley, this figure was ~30%.
This suggests that legume and non-legume plants do not necessarily cluster together in
terms of similarity of primary attachment determinants.

The high specificity of genes required for soybean root attachment was reflected in the
high number of regulators involved (22 in total). This figure was three for pea and six for
barley. Only one regulator (RL4145) was required for attachment to all plant roots.
Analyzing the possible regulatory targets of this gene based on genomic proximity and
HMM classification (see section 4.2.12) revealed that this regulator may control
expression of nearby hypothetical proteins and a putative transmembrane protein. Of these
three possible regulatory targets, only RL4147 (a conserved hypothetical protein) was

required for attachment to all plant roots. RL4145 can be thought of as an important
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regulator involved in primary root attachment and represents a good target for future
RNASeq-based investigation of transcriptional networks underpinning attachment.
Interestingly, one of the regulators required for soybean root attachment was CheY1, a
chemotaxis response regulator. Analysis of further chemotaxis genes with higher TA site
number (for which HMM classifications are likely to be more accurate) by both HMM
classification and fitness values indicated a requirement for chemotactic motility in
RIv3841 attachment to soybean, not seen with other plant roots under these INSeq
conditions. One possible explanation for this is a higher level of chemoattractant
exudation from soybean roots (due to large root size) providing a stronger advantage, or
selection, for those bacteria able to sense them, which may not be seen in experiments
with smaller rooting systems. The requirement for the MsiR regulator (RL2857) in
attachment to barley roots indicates that phytotoxin export is likely necessary for
attachment and colonization of this root system. A summary of the different gene
functions needed for the primary attachment of RIv3841 to the roots of pea, soybean and

barley is shown in Figure 5-10.
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Figure 5-10. Gene functions needed for primary attachment of RIv3841 to pea, soybean
or barley roots and combinations thereof at pH 7.0. Circle color indicates plant: yellow =
soybean, green = pea, brown = barley. Text color indicates plant requirement of indicated
gene function for primary attachment: yellow = soybean, mauve = soybean and pea, green
= pea, blue = pea and barley, brown = barley, red = barley and soybean, black = pea,
soybean and barley. OM = outer membrane. Gene functions are drawn from Tables 5-7 to

5-13. See also Figure 5-8.
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Twenty-four genes were classed as ES/DE in attachment to all plant roots, and of these 14
were required for attachment to pea under all pH conditions. These can be thought of as
core attachment determinants. Among the functions indicated by these genes is
peptidoglycan modification. Specifically, RL4362, a putative cobalamin synthesis protein
which may actually represent a peptidoglycan amidation factor, and dacC (RL4363), a
penicillin binding protein likely involved in peptidoglycan biosynthesis via sugar-peptide
cell wall precursor processing [299]. EPS modification, particularly an increased
arabinose content due to pRL110043 (an arabinose efflux permease), is also required. This
is of interest as arabinose content in known to be an important regulator of cell
aggregation in Azospirillum [358] and is also important in RIv3841 primary root
attachment. Modulation of the CIpA protease (RL2213) by ClpS (RL2212) is necessary
for attachment to pea, soybean and barley, though the targets of CIpA (with or without
ClpS modulation) remain unclear [364, 365]. Glycolytic enzymes (such as TpiA, which
may have a surface localized ‘moonlighting’ role in attachment [282-284]) and
uncharacterised proteins were also implicated. Additionally, DNA repair factors which,
although they may be required for coping with cellular stresses in the assay setup, may
also play an uncharacterised role in attachment [286], are also required. Interestingly,
RL4381 (a POTRA domain transporter) but not RL4382 (FHA, filamentous
hemagglutinin adhesin) which it is thought to export, was required for attachment to all
plants. This indicates that, whilst the role of FHA is important (being required for
attachment to pea and barley roots), RL4381 may additionally export other primary

attachment factor determinant(s).
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As well as chemotaxis and Tad/Flp pili, attachment to soybean roots also required various
sugar transferases and EPS/LPS/peptidoglycan biosynthesis and modification genes.
RL0064 (pssR) promotes EPS acetylation whilst RL1015 (a polysaccharide deacetylase) is
also required, indicating a possible balancing of EPS acetylation levels required to
facilitate soybean root attachment. RL0963 (a BA14K family protein) and RL1155 (a
glycosyltransferase) are involved in LPS biosynthesis whilst dgkA (RL2780) is an LPS
modifier, with E. coli dgkA mutants defective in biofilm formation [316]. redAh
(pRL110048) is a transferase involved in the membrane steps of peptidoglycan
biosynthesis [401], whilst pRL110439 and RL1016 are peptidoglycan modifying factors.
The involvement of GelA defines another role for this previously uncharacterised EPS
biosynthesis protein [158] which is needed both for attachment to pea roots at pH 6.5 and
soybean roots at pH 7.0. The requirement for pRL110453 indicated that exported enolase
may play a role in attachment and NodN2 (RL4120) indicated that a Nod biosynthetic
gene product is likely also to be involved.

In attachment to barley roots, various genes involved in c-di-GMP synthesis as well as
proteases were required. A Deg-P like serine endoprotease (RL3252) may process
extracellular components to facilitate adherence, a Slt domain transglycosylase likely
participates in cell wall remodelling and the serine proteases DegQ, HfIC and HfIK (all
with roles in membrane regulation/biofilm formation) are also required. RL2656 (a
carboxypeptidase) seems to be involved in peptidoglycan biosynthesis and modification
[416]. The involvement of CelB (RL1647), a cellulose synthesis protein, is of interest as,
whilst cellulosic fibrils are more often considered as a secondary attachment factor [34],
they may also to play a role in barley primary root attachment, although celB could be

playing a role in unknown lipoprotein synthesis [428]. The phosphohistidine phosphatase
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SixA (discussed in 4.3), with a putative role in Npr dephosphorylation and levels of EPS
secretion and/or modification also seems to be involved.

A putative transmembrane DedA protein (RL4309) with roles in regulatory membrane
lipid composition was required for attachment to pea and barley (but not soybean) roots,
indicating differential membrane requirements for interactions between these plants.
Additionally, RL4382 (encoding FHA) was also required. This result means that, whilst
FHA is a key factor at all pHs for pea root attachment (4.2.11), it also plays a role in
RIv3841/barley interactions.

Genes required for attachment to soybean and barley roots were also mainly of the cell
wall/extracellular protein/peptidoglycan synthesis and modification classes. These
included RL1165, a cell wall associated PepSY domain protein likely to modulate
proteases and promote biofilm formation [334, 335] and RL1440, a DegP-like serine
endoprotease. In V. cholerae DegP facilitates processing of extracellular components to
encourage biofilm formation [431]. Further, dacF (RL2477, a likely carboxypeptidase)
and RL3320 (a peptidoglycan binding and cleavage factor [434]) are also necessary. The
SirA virulence and biofilm regulator (RL4357), OmpA adhesin factor (RL3267), and a
lipid A exporter (RL4018) were also involved.

As well as the RIv3841 factors required for attachment to different plant roots, it is also
informative to examine the factors required for attachment to pea roots (the host legume)
which are not required for attachment to soybean (a non-host legume) and barley (a non-
legume). One of these is glucomannan (gmsA, RL1661), the cell surface factor important
for primary root attachment at acidic but not alkaline conditions [56]. This factor binds
root hair lectins, which are thought to disassociate from roots under alkaline conditions

[34]. A glucomannan mutant was demonstrated to be deficient in root attachment at pH
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6.5and 7.0, but not 7.5, in a Lux attachment assay (Figure 5-3). gmsA was classified as
NE in attachment to soybean and barley roots at pH 7.0 (Appendix 2 Table 2). As gmsA is
not required for attachment to these plants, it can be inferred that root lectins present are
not recognized by RIv3841 glucomannan. As lectins act as recognition molecules in cell-
cell interactions [48, 49], this suggests that there is specificity in the RIv3841
glucomannan/Ilectin interaction for attachment to the host legume, pea. B. japonicum
attaches to the root hairs of its host legume (soybean) with a lectin-mediated system at
acidic to neutral pHs [50, 51], but must use a factor different from RIv3841 glucomannan
to allow soybean lectin recognition and binding. This indicates that there is some
specificity in attachment to host legume root hairs.

PssA (encoded by RL3752), a glycosyltransferase involved in the first steps of EPS
biosynthesis, is also required for attachment to pea roots only. PSsA is responsible for the
addition of glucose-1-phosphate to a polyprenyl phosphate carrier, one of the first steps in
EPS synthesis [442]. An R. leguminosarum biovar trifolii Rt270 strain carrying a pssA
mutation was deficient in EPS production, and led to host clover plants forming fewer
nodules [442]. Various EPS production and modifying factors are important for Rlv3841
attachment to soybean and barley. This, combined with the NE classification of pssA in
attachment of RIv3841 to these plants, indicates that enough EPS must be produced by
alternative pathways to facilitate root attachment. In R. leguminosarum biovar trifolii
5599, pssA mutants still produce capsular polysaccharide (structurally very similar to
EPS) at wild-type levels [443], indicating that production of closely related
polysaccharides remains possible.

A further RIv3841 factor involved only in attachment to pea is pRL100053, a putative

transmembrane domain containing protein. Testing in a Lux assay confirmed a mutant in
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this gene to be defective in attachment to pea roots at pH 6.5, 7.0 and 7.5 (Figure 3-11).
Given that the INSeq classification for this gene is NE in the rhizosphere but ES/DE in
pea root attachment, colonization, infection thread and nodule experiments (see Table 4-
5), the product of this gene likely represents a novel root hair attachment factor. As
pRL100053 is not required for attachment to soybean or barley, this reinforces the idea of
specificity in mechanisms of attachment to host legume root hairs.

After pleiotropy filtering, 17 genes were classified as AD, indicating that mutation was
beneficial to primary root attachment. Of these, only three had discernible roles (see
5.2.12). The most important of these was RL4139, classified as AD in attachment to all
plants when mutated. This is likely because of a c-di-GMP depleting role of this EAL
domain protein when functional. Considering the genomic proximity and opposing HMM
state calls of RL4139 and the regulator RL4145, it seems possible that, when both are
functional, the latter represses expression of the former. If correct, this is an important
transcriptional regulatory insight into the process of primary root attachment and warrants
further investigation.

This chapter has demonstrated that primary attachment determinants show a high degree
of plant root specificity and has identified the ‘core’ factors that are important for
attachment to all plant roots tested. These findings indicate that different host plants likely
present very different root surfaces for attachment by RIv3841 and, therefore, have
differential attachment requirements. Intriguingly, it does not seem to hold that primary
attachment mechanisms to legumes are more similar than to non-legumes, as soybean had
the most differential requirements in comparison to pea and barley.

Especially considering the relatively small number of characterised primary attachment

determinants in the literature [25], this work highlights the astonishing diversity of
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primary attachment mechanisms that exist under different conditions and in interaction

with different plants.
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Chapter 6

Using real-time imaging to track early-stage interaction

dynamics of R. leguminosarum with plant roots
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6.1 Introduction

Plant roots are one of the most productive ecosystem environments in the topsoil and also
have a dominant role in shaping the rhizosphere [188]. Multiple inter-species interactions
between bacteria, fungi and plants are found in the rhizosphere and these are often shaped
by differential plant root exudation, which has a strong selective pressure on
microorganisms [444, 445]. Especially in agricultural crops, the constituents of the
rhizosphere are important determinants of overall crop productivity [36-38].

The rhizosphere is a heterogeneous environment (even between plants of the same
species) and this is often due to root exudate diversity and differential availability in
spatial root zones. As an example, A. thaliana exudate profiling demonstrated the
presence of many different chemical classes (amino acids, secondary metabolites and
organic acids among them [446]). Further, Moussaieff et al. (2013) demonstrated that
Arabidopsis root exudation varies widely by tissue [447]. This provides weight to the
notion (also proposed by others) that root exudation varies spatially along roots as well as
according to developmental timepoint [185-187]. Spatial variation in root exudation has
been demonstrated in the annual grass Avena barbata, with significantly higher sugar
exudation nearing the root tip and tryptophan exudation increasing toward lateral regions
[184]. More recently, Pini et al. (2017) used 14 different luminescent biosensor-carrying
strains of RIv3841 to demonstrate spatial and temporal characteristics of exudation for
compounds including sugars, amino acids and flavonoids from pea roots [201].

Given the importance of root exudates in shaping the rhizosphere community and acting
as chemoattractants for soil microorganisms [34, 212, 213, 398], it would be expected that
these exudates might play a key role in establishing root-microbe spatio-temporal

interaction dynamics. Not only this, but differential exudation gradients may also govern
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root site preference for microbial attachment and colonization. Imaging techniques have
the potential to enable examination not only of physical root microbe interaction
dynamics, but also patterns of bacterial gene expression if appropriate reporters are used.
This would be of interest for further dissecting the primary/secondary root attachment
processes (secondary root attachment typically involves upregulation of multiple inducible
factors, [34]) and examining any spatio-temporal dynamics in bacterial gene expression
which may occur during bacterial root attachment or colonization.

Recently, microfluidic approaches have emerged as powerful imaging tools to investigate
these questions. Such systems usually rely on miniaturized and transparent chambers into
which plant roots grow before imaging, which can be with or without interacting
microorganisms. The principal advantages of microfluidics systems for root imaging
include the tightly controlled microenvironment of the imaging chamber (allowing precise
control of nutrient parameters and establishment of laminar fluid flows, for example,
[448]), and the miniaturization of the experimental setup, permitting relatively easy
microscopic imaging of the plant roots.

An early example of this is RootChip [449]. This microfluidic device featured an array of
small channels through which Arabidopsis roots could grow linked to control pipes which
allowed rapid delivery of different medias to different roots. Using transgenic plants with
fluorescent glucose and galactose biosensors, plant cytosolic sugar levels could be
monitored at the subcellular level as environmental conditions changed [449].

A development of this technology came from Busch et al. (2012), who developed
RootArray. In the microfluidics setup, 64 Arabidopsis seedlings were grown
simultaneously, and roots imaged with confocal microscopy. By using transgenic reporter

lines and imaging regions of interest at high magnification, data from hundreds of roots
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could be leveraged to investigate expression patterns of genes during plant root
development [450].

In addition to this, Jiang et al. (2014) demonstrated TipChip. This device, also using
Arabidopsis, is a vertical microfluidics device in which gravitropic root growth could be
characterised in wild-type and immutans mutant lines. However, this study went further in
that interactions of Arabidopsis with a fungal plant pathogen (Phytophthora sojae) were
observed, with zoospores visible on roots at 31 hours [451].

Massalha et al. (2017) became the first to report the imaging of bacterial interaction with
plant roots in a microfluidics setup termed tracking root interactions system (TRIS). This
used a transparent polydimethylsiloxane (PDMS) device cast from a silicon master mould
featuring 160 uM channels for roots to grow through, as well as inlets and outlets for
addition of fluorescently labelled bacteria. Each TRIS device contained nine independent
channels, allowing imaging of multiple roots in parallel with confocal microscopy. By
inoculating roots with labelled Bacillus subtilis (a well-known PGPR, [452—454]),
directed attraction of bacteria toward the root elongation zone (REZ) was observed, likely
driven by chemotaxis toward a high exudate concentration in this region. It was further
observed that B. subtilis excluded E. coli from the root surface (a possible physical
protection against plant pathogens) and that a dual-channel TRIS setup could be used to
investigate root-microbe interactions in the presence of different root genotypes [188]. A
schematic of the TRIS setup as well as an example image of the root-microbe interactions

observed, are shown in Figure 6-1.
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Figure 6-1. TRIS and example root-microbe interactions. A — illustration of the TRIS
device on a microscope stage with imaging area and objective also indicated. Inset -
section of a TRIS channel with an Arabidopsis root and Bacillus cells (red, not to scale)
with the inlet and outlet channels also visible at either end of the channel. B — Interaction
of an Arabidopsis root with B. subtilis (mKate labelled; red) and E. coli (GFP labelled;
green) cells 12 hours post-inoculation demonstrating B. subtilis interaction with the REZ,

and an exclusion of E. coli from the root surface. Images adapted from [188].

Since this time, further studies have implemented similar microfluidics setups to
investigate Arabidopsis-PGPR interactions [455], Arabidopsis root development [456],
bacterial communication between separated microenvironments [457] and nematode
behaviors in soil microenvironments [458]. An enlarged version of the TRIS system has
even been used to study the interaction of P. fluorescens with Populus tremuloides (aspen
tree) roots [189]. Despite the extraordinary insights provided by these imaging
technologies, there remains no reported application of these techniques to the study of

root-microbe interactions in Rhizobium-legume symbioses. Instead, techniques such as
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confocal or scanning electron microscope imaging of Rhizobium on roots have been used,
sometimes in conjunction with fluorescence in situ hybridization of probes to bacteria to
visualize colonization patterns [459]. These techniques usually result in partial imaging of
plant roots and do not provide ‘live’ continuous imaging. Therefore, only a snapshot in
time of root-microbe interactions is gained [459].

Such interactions are of great importance to symbiosis formation, as positioning of
bacteria in physical proximity to the root is required for attachment [34]. Little is known
about which region of the root might be important for this, how interaction dynamics
change in the presence of different bacterial species or strains, and what spatio-temporal
patterns of gene expression may guide attachment to different root zones.

In this chapter the applicability of microfluidics devices and real time imaging for the
visualization of spatio-temporal reporter gene expression in RIv3841 interactions with
legume roots is demonstrated. The development of a new imaging platform and
investigation of the role of bacterial motility in establishing early root interaction
dynamics is also undertaken. This work constitutes an exploratory investigation of
applying imaging systems to Rhizobium-legume interactions and provides a basis for
further development and testing of such systems.

The root-microbe interaction video data referenced in this Chapter can be found in the
Oxford Research Archive at the following link (also given in Appendix 2):

https://doi.org/10.5287/bodleian:w4AxBzN4k
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6.2 Results and discussion

6.2.1 Establishing growth conditions for motile RIv3841 cultures

Massalha et al (2017) reported that bacterial culture motility was important for observing
root-microbe interaction dynamics between Bacillus and Arabidopsis roots [188]. Prior to
investigating root-microbe interaction dynamics with Rlv3841, it was also important to
ensure bacterial culture conditions were appropriate for TRIS inoculum preparation.
Bacterial motility is strongly linked to growth phase and carbon source/nutrient
availability. Later growth phases and lower nutrient availability can act as triggers for cell
motility, enabling them to seek out more favorable environments [421, 460]. Therefore,
low-carbon liquid minimal media culture conditions were used (see 2.2.1 and 2.8.4). In
TRIS, it is also important that bacterial inoculum is washed such that remaining nutrients
from growth are as dilute as possible, minimizing interference with chemotactic signals
from roots [188]. Here, bacterial cultures were washed as described in 2.8.4. A similar
washing protocol was used by Massalha et al. (2017), and remaining trace media
components were not seen to interfere with root interaction dynamics [188]. Bacterial
motility was visualized using a dark field microscope (2.8.4), and an example processed

image demonstrating high culture motility is shown in Figure 6-2, below.
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Figure 6-2. Tracking motility of RIv3841 culture grown in low-carbon conditions.
Bacteria were washed and prepared for TRIS (2.8.4) and observed using 10 x
magnification with dark field imaging. CellSens software (Olympus) processed images for
cell tracking. This image shows a representative culture sample where individual cell
movements have been tracked for 5 seconds. Dashed trails (in white) overlaid on the

image by CellSens show bacterial motility.

6.2.2 Evaluating root diameter for TRIS compatibility

The channels for root growth in TRIS are 160 uM in diameter. This is large enough to
accommodate small Arabidopsis roots (which had a reported diameter of ~100 uM when
germinated through pipette tips for the TRIS setup [188]) but legume plant roots
(particularly vetch, also a cognate symbiont for RIv3841) are typically larger in diameter.
To evaluate root suitability for use in TRIS, seeds of four plants; two vetches (Vicia
cracca and Vicia hirsute) and two clovers (Trifolium repens and Trifolium pratense) were
germinated through pipette tips as described in [188] (see also 2.8.2). This method allows

tips with growing roots to be connected to TRIS chambers without disturbing roots. Once
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roots had emerged to ~10 mm below the tip, they were imaged using a Leica M165 FC
microscope with LAS AF software for measuring root diameter in images. The results of

these measurements are given in Table 6-1.

Table 6-1. Average root diameter of legume plants germinated through pipette tips.

Plant Average root diameter
V. cracca 166 + 40 uM
V. hirsuta 250 = 60 uM
T. repens 104 £ 15 uM
T. pratense 125 + 30 uM

Data is provided as mean + SEM, n=5.

Based on these measurements, the roots of both vetch species were too large for TRIS as

originally developed meaning that, of plants tested here, only the clovers were suitable.

6.2.3 Preliminary reporter gene testing using a luminescence promoter fusion
Microfluidics imaging systems examining root-microbe interactions could be used to
examine spatio-temporal profiles of reporter gene expression, which would be useful in
characterising gene expression patterns underpinning attachment and colonization in
different root zones. IppE (RL3234, encoding a putative lipoprotein) has been reported to
be significantly upregulated in the pea rhizosphere [141]. Further, the IppE promoter has
been shown to be active specifically near the REZ, likely in response to specific exudate
compounds (Poole lab, unpublished data). The REZ is where newly derived cells from the
root meristem elongate before becoming part of mature root tissue [461]. Although the

role of IppE in attachment and colonization remains unclear (IppE was classified as NE
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under all INSeq conditions tested in this work), its expression does seem to play a role in
early interactions with the REZ. To validate this expression pattern, LMB487
(RIv3841[pLMB579] - a 375bp promoter of IppE cloned upstream of the luxCDABE
operon in plJ11268, a luminescence reporter plasmid) was prepared and inoculated onto
roots of T. repens and T. pratense as described in 2.8.3. The results of root imaging using

a NightOWL 11 LB 983 camera are shown in Figure 6-3.

Figure 6-3. Imaging LMB487 on clover roots. Activation of the IppE reporter construct
can be seen in the REZ of both T. repens (left) and T.pratense (right) at 2 hr post-

inoculation. Representative images from 5 replicate experiments with each plant.

IppE reporter activation was seen localized to the REZ in both clover plant species tested.
A larger signal was detected from T. repens (Figure 6-3, left), though this may be due to a
larger root having higher exudation of promoter activating signals as opposed to a genuine

stronger activation of IppE in T. repens. The activation of IppE in response to non-cognate
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host roots is interesting, as it suggests a role for IppE in interaction with legume roots
more broadly. Although the REZ boundaries can be defined by in planta reporter genes
(as in [188]), such reporter lines were not available for use here.

Therefore, the more general definition of the REZ as given above was used to designate it

in this work.

6.2.4 Reporter gene testing using TRIS

Having validated the spatio-temporal expression pattern of IppE in interaction with T.
repens roots using a luminescence method, a GFP reporter strain (OPS0167) was used to
investigate IppE activation using TRIS. T. repens were germinated and grown into TRIS
channels, and roots inoculated with motile OPS0167 culture for imaging (see section 2.8).
Although IppE expression was seen in the REZ after approximately 1 hr (data not shown),
signal from the GFP reporter was at its strongest after 39 hrs, as shown in Figure 6-4 (see

also Appendix 2 Video 1).
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1 mm

Figure 6-4. Imaging of OPS0167 with a T. repens root in the TRIS system. The Rlv3841
strain (OPS0167) is marked with a constitutively expressed mCherry gene, with GFP
expression driven by the IppE promoter. The activation of the IppE reporter construct can

be seen in the REZ, here at 39 hrs post-inoculation. See also Appendix 2 Video 1.

Expression of IppE in the REZ of T. repens could be seen clearly using TRIS. This result
highlights the potential of such microfluidics-based imaging systems to characterise the
spatio-temporal expression patterns of genes responsive to interactions with roots. If
applied to the study of primary and secondary attachment factor expression patterns, this

could generate insights into how attachment and colonization occurs in different root
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regions. However, investigations of this sort would warrant a larger system than TRIS,

where only ~6-8 mm of root length can be imaged due to the design of the chamber.

6.2.5 Developing Chamber Imaging and Interaction Profiling Systems (ChIIPS)
Work with TRIS demonstrated the potential for investigating root-microbe interaction
dynamics between Rhizobium and legumes using microfluidics imaging platforms.
However, the roots of some plants are too large to fit into the narrow TRIS channels
(Table 6-1). Additionally, the short length imaging window (~6-8mm) means that, for
larger roots, it may be difficult to image across different root zones. Further, if imaging is
to take place with an upright confocal microscope (rather than an inverted microscope, as
was used for TRIS), then the chamber structure must be more compact so as not to collide
with the objective lens.

Given these considerations (as well as time constraints on this project which prevented a
comprehensive reengineering of TRIS) a potential new alternative to TRIS was trialed
which is lower cost, has reduced setup time, enables imaging of larger roots and is
compatible with upright confocal microscopes. Named ChlIPS (chamber imaging and
interaction profiling system), this method makes use of commercially available SPL Life
Sciences cell culturing chamber slides as containers for plants and labelled bacteria. Plants
are germinated in sterile conditions outside of the chamber before being aseptically
transferred to a bed of 3% water agar solidified inside the chamber to 1cm depth. This
post-germination transfer ensures that only plants with straight roots that can be more
easily imaged are used. Bacterial cultures are prepared by filtering, washing and
resuspending in FP media (see 2.8.4) before adding directly to fill the chamber, which is

then sealed with parafilm for imaging. Such a simple design with commercially available

305



components ensures rapid and inexpensive experimental setup. The length of the chamber

(~ 5 cm) and vastly increased depth compared to TRIS allows for imaging of much larger

roots. A diagram of the ChlIPS chamber and a photo of a plant in the chamber are shown

in Figure 6-5.

Lid

Chamber

Base

Holder

Figure 6-5. A diagram of the ChlIPS chamber and a photographic example. A — Design of
the SPL Life Sciences cell culturing slide used as the basis for ChlIPS. The lid, chamber,
base and holder are indicated. Measurements are given in millimeters. Image adapted from
the SPL Life Sciences product catalogue. B — a photographic example of a clover plant in
ChlIPS with bacterial inoculum, ready for imaging. White bar is for scale and represents 1

cm.

Although not strictly speaking a ‘microfluidics’ device, as there is no fluid flow once

imaging begins, this was also the case for TRIS, where fluid flow was only on initial
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addition of bacteria [188]. Unlike in TRIS, when using ChlIPS the aerial plant parts sit
within the bacterial inoculum. Although this likely alters plant physiology and
photosynthetic function, the direct transfer of pre-grown plants to the chambers allowed
far quicker experimental setup in this preliminary work. Despite the limitations of plant
leaf submersion (which will, if photosynthetic output is reduced, likely also reduce
exudation [35, 462]), distinct root-microbe interaction patterns were still observable (see
below), and this work provided a useful platform from which to develop Rhizobium-

legume imaging technology further.

6.2.6 RIv3841 interaction dynamics with legume roots in ChlIPS

Having developed a preliminary test system to allow the imaging of larger roots over a
greater area, the interaction dynamics of OPS1734 (RIv3841[pLMB449] — a reporter
plasmid containing a gfp gene under control of the pTac promoter) with various legume
roots were examined as described in 2.8.7. Interaction dynamics with L. japonicus, Vicia
villosa and M. sativa revealed a strong preference for bacterial accumulation in the
putative REZ. In all cases this was visible after 2.5 hrs (and often before) and generally
peaked around 7.5 hours. Confocal images as well as plots of bacterial fluorescence
intensity along the root axis for lotus, vetch and alfalfa are presented in Figure 6-6. See

also Appendix 2 Videos 2, 3 and 4 respectively.
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Figure 6-6. RIv3841 interaction dynamics with legume roots in ChlIPS. A — upper panel:

GFP signal from L. japonicus root (outlined in dashed white) imaged with OPS1734
inoculum at 7.5 hours post-inoculation. Lower panel: GFP fluorescence intensity (in
arbitrary units, AU) along the edge of the root (shown below the x axis for reference) from
mature zone to growing tip (Appendix 2 Video 2). B — as for A, but with V. villosa
(Appendix 2 Video 3), C —as for A, but with M. sativa (Appendix 2 Video 4). White bars

are for scale; each represents 3 mm.

As shown in Figure 6-6, a peak of bacterial fluorescence intensity (indicating higher
density of cells) is seen ~ 3 mm back from the growing tip of the root, indicating a
preference for interaction with the REZ. This was not unexpected; the REZ is a hotspot for

sugar and other chemoattractant exudation [184, 461], and a similar interaction dynamic
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was seen between B. subtilis and Arabidopsis [188]. However, this result indicates that
this interaction pattern is likely to be widely conserved, particularly between soil bacteria
and uncolonized roots. This interaction peaked at ~ 7.5 hrs post-inoculation in all cases,
and generally decreased slightly thereafter (Appendix 2 Videos 2-4). This may have been
due to reduced root exudation as a result of leaf submersion (discussed above) and/or loss
of bacterial cell viability due to extended containment in the air-tight chamber, or laser
irradiation from extended confocal imaging. Differences in peak signal intensity at 7.5 hrs
between the three plants are likely due to differences in levels of exudation or different
exudate components having higher or lower chemotactic potential with Rlv3841.

Despite the unfavourable physiological conditions that submersion may expose plants to,
this experimental setup was still able to demonstrate root-microbe interaction dynamics
(Figure 6-6). A higher magnification image of OPS1734 interacting with an M. sativa root
at 6 hrs is shown below (Figure 6-7) and illustrates this point further. However, for future
work (which may wish to examine interactions over longer periods of time) it would be
recommended to incorporate a design enabling the aerial plant parts to remain external

from the chamber, and a future possible ‘ChIIPS2’ design is given in 6.2.9.
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Figure 6-7. Imaging M. sativa root with OPS1734 6 hours post inoculation, GFP signal

overlaid onto brightfield image. White bar is for scale and represents 3 mm.

6.2.7 The role of motility in early-stage interaction dynamics

Section 6.2.6 demonstrated the Rhizobium-legume interaction dynamics between RIv3841
and various legume roots, with strong attraction to the REZ seen in all cases (Figure 6-6,
6-7). If chemoattraction toward higher root exudation from this zone is driving this
interaction dynamic, then a non-motile inoculum should not show this attraction profile
when interacting with legume roots. To test this hypothesis, a non-motile GFP marked
strain, OPS1736 (OPS1709 (motA::pK19)[pLMB449] — gfp driven by a pTac promoter)
was tested in the ChlIPS system with V. villosa and the results compared to interaction
dynamics seen with OPS1734 (the motile RIv3841 GFP strain). The results of confocal
imaging and plotting bacterial fluorescence intensity along the root at 7.5 hrs are shown in

Figure 6-8.
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Figure 6-8. Motile and non-motile RIv3841 interaction dynamics with vetch roots in
ChIIPS. A — upper panel: GFP signal from V. villosa root (outlined in dashed white)
imaging with OPS1734 inoculum at 7.5 hrs post inoculation. Lower panel: GFP
fluorescence intensity (in arbitrary units, AU) along the edge of the root (shown below the
x axis for reference) from mature zone to growing tip (see also Appendix 2 Video 3). B —

as for A, but with V. villosa and non-motile OPS1736 (Appendix 2 Video 5).

Whereas the motile strain showed a clear REZ interaction profile with a vetch root, the
motility mutant strain showed no such profile at any time point. (Figure 6-8). This
strongly indicates that bacterial chemotaxis drives the development of the characteristic

Rhizobium-REZ interaction profile demonstrated in this work.

311



6.2.8 Using ChlIPS to investigate root hair attachment polarity

The existing literature model of RIv3841 attachment to legume root hairs indicates that,
under acidic to neutral conditions, polar glucomannan on the bacterial cell surface binds
root hair lectin. Under alkaline conditions these lectins disassociate, and RIv3841 uses
rhicadhesin to bind root hairs [34, 71]. This work has investigated rhicadhesin extensively
(see section 4.2.13). Despite uncertainty around the identity of factor(s) promoting
alkaline pH root hair attachment, basic physiology of this process (such as whether
attachment to root hairs is also polar, as with glucomannan) remains uncharacterised.

To investigate this, ChlIPS was used to image the attachment of both RIv3841 and a gmsA
(glucomannan) mutant strain to vetch root hairs at high magnification (see 2.8.7; here a
64x objective lens was used). Representative images and graphed percentage attachment
classification (polar or non-polar) for RIv3841 and the glucomannan mutant strain are

shown in Figure 6-9.
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Percentage attachment classification of wild-type (OPS1734) and
a gmsA mutant (OPS1730) to vetch root hairs after two hours

Il polar

non-polar

% attachment classification

OPS1734 OPS1730

Strain

Figure 6-9. Attachment polarity of OPS1734 (RIv3841[pLMB449] — pTac gfp) and
OPS1730 (A1045- gmsA::Tn5QKan/Neo[pLMB449] — pTac gfp) to V. villosa root hairs
after two hours. A — Representative images of OPS1734 attached to root hairs. Root hairs
are outlined in dashed white and attached bacteria are indicated with arrow. Yellow arrow
colour indicates polar attachment; white arrow colour indicates non-polar attachment. B —
as for A, but with OPS1730. C — Percentage attachment classification of both strains

(lateral vs polar) for all counted bacteria. n = 35 for OPS1734 and 42 for OPS1730.

These results demonstrate that, under neutral conditions, all RIv3841 cells observed with
functioning glucomannan attached to root hairs in an end-on, polar fashion. However, in a
glucomannan mutant strain, this figure was ~ 30%, with the remainder of observed cells
being attached in a non-polar (i.e. lateral) fashion. This indicates that, whilst glucomannan
mediated attachment is polar, when RIv3841 cells lack glucomannan they can attach to
root hairs in a polar or non-polar fashion. There are two possible conclusions that can be
drawn from this: rhicadhesin is not exclusively located at cell poles and can therefore

mediate root hair attachment in a polar or non-polar fashion, or that there are multiple,
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differentially localized cell surface components which govern attachment in the absence of
glucomannan. This is a possibility given the diversity of attachment factors required for
RIv3841 attachment to pea roots under alkaline conditions (when glucomannan will not be
functioning) seen in this work (see chapter 4 and 4.2.11).

These findings are comparable to those described by Matthysse (2014), reviewing work
with A. tumefaciens. In this bacteria, unipolar polysaccharide (UPP, a glucomannan
analogue) mediates polar binding of bacteria to root hairs under low calcium, low
phosphate or acidic pH conditions. When UPP is not produced, attachment is mediated by
unknown molecules and is both polar and lateral [55]. It was noted that, in UPP-
independent attachment, the total number of bacterial cells attaching was also lower than
with UPP-producing bacteria [55]. This fits with the results of a Lux assay and INSeq for
a glucomannan mutant, where attachment is reduced in comparison to RIv3841 under
neutral pH conditions (see Figure 5-3, Table 4-6).

Therefore, although factors governing glucomannan or UPP-independent root hair
attachment remain to be identified, it seems both RIv3841 and A. tumefaciens can attach in

a polar or lateral fashion in the absence of these factors.

6.2.9 ChlIPS2 design for future work

The ChIIPS chamber used in this work proved suitable for imaging early-stage
Rhizobium-legume root interaction dynamics. However, for imaging over longer
timescales and for more realistic test conditions, it would be desirable for the aerial plant
parts to remain external to the chamber. A schematic for a new chamber design (ChlIPS2)
which would overcome the limitations of ChlIPS whilst maintaining its advantages is

shown in Figure 6-10.
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Figure 6-10. ChlIPS2 design. A — Schematic of the proposed ChIIPS2 shown from above.
Plants are germinated upright in 2000 uL pipette tips to promote gravitropic root growth.
These tips are transferred to the ChlIPS2 chamber (before the root emerges from the tip)
through a hole in the chamber wall and held in place by the rubber seal. Roots continue to
grow into the chamber and can then be imaged. B — longitudinal section of the proposed
ChlIPS2 showing the plant root inside the chamber with bacterial inoculum (brown ovals,

not to scale).
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6.3 Conclusion

Here, the applicability of microfluidics systems to the study of root interaction dynamics
and spatio-temporal mapping of interactions between bacteria and roots (the first step in
Rhizobium-legume symbioses) is demonstrated.

For mapping the spatio-temporal activation of the IppE gene (RL3234) on roots, clover
plants (T. repens and T. pratense) were used with RIv3841 reporter strains. Having
validated the specific activation of IppE (RL3234) gene expression in the REZ using a
luminescence method, spatiotemporal gene expression visualization was also tested in the
TRIS setup. Strong activation of the IppE promoter was seen in the REZ from 1 hr
onward, and this peaked at ~39 hrs post inoculation. Although the role of IppE in root
interaction remains unknown, its expression is clearly related to REZ signaling molecules.
Particularly in secondary root attachment, different factors are expressed and upregulated
in different rhizobia to facilitate the colonization process. These include extracellular
fibrils, cellulose, cadherin-like proteins, fimbrae and outer membrane proteins, among
others [34]. However, very little is known about either the precise timings of gene
expression in root interactions, or whether genes show specific spatial requirements for
attachment to different root zones. As the data for IppE shows, a specific spatial
expression does exist. By using microfluidics setups with a suite of reporter genes, the
process of primary and secondary attachment could be more specifically defined.

The REZ is a zone of interest for root-microbe interactions. This is not just because of its
high exudation and identity as a preferential microbe interaction site in several systems,
but also because of the role it may play in primary attachment. In a soil system with large

microbial load, it seems likely that the REZ, emerging directly behind the meristematic
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growing tip, will represent one of the only uncolonized root zones. The high level of
exudation from this site may serve to rapidly recruit new root microbiota preferentially
and act as a method to protect against pathogen colonization. If this hypothesis is correct,
the elongation zone presents an interesting area of focus for characterising root-microbe
interaction profiles, and spatio-temporal gene expression patterns of attaching bacteria in
this region could provide novel mechanistic insights.

Given the limitations of TRIS (where narrow channels with a short imaging window
prevent imaging of roots much larger than Arabidopsis, and chamber design precludes use
with an upright confocal microscope), a preliminary new test setup called ChlIPS was
trialed. Based on commercially available cell culturing slides, ChIIPS is lower cost than
TRIS, compatible with much larger root systems and easier to use with upright confocal
microscopes. Despite the limitations of this preliminary system, preferential interaction of
RIv3841 with the REZs of lotus, vetch and alfalfa were clearly visible. This result is
important in confirming the REZ as a hotspot for interaction across multiple plant species.
A motility mutant of RIv3841 did not show these preferential interaction dynamics with
vetch, confirming that chemotactic motility is required on the part of interacting bacteria.
This result is interesting when compared with data from Lux root attachment assays
(Chapter 3) and INSeq experiments (Chapters 4 and 5). In a Lux root attachment assay,
loss of motility lead to a large reduction in attachment to pea roots at all pHs in a motA
mutant strain (Figure 3-6). However, INSeq classified motA (and other motility genes) as
NE (not required for root attachment) in attachment to pea roots at all pHs (see 4.2.9) and
to barley roots at pH 7.0, although chemotaxis was needed for attachment to soybean roots
(see 5.2.10). The hypotheses explaining these results are as follows: in a homogenous

inoculum of non-motile cells (as in a Lux attachment assay with a motA mutant), bacteria
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cannot move toward the root surface for attachment. However, in a mixed INSeq
inoculum (where most of the cells will be motile), ‘aided motility’ occurs as cell-cell
collisions between chemotaxing and non-motile cells (as well as disruption of the
repulsive hydrodynamic boundary layer) leads to positioning of non-motile cells in
proximity to the root which can permit primary attachment. For soybean, the large root
size and higher exudation could result in a stronger selection for root attachment on
chemo-sensing bacteria, resulting in under-representation of chemotaxis mutants in the
soybean root-attached library and classifying chemotaxis genes as ES/DE. A ChIIPS
system could be used to investigate these hypotheses further, especially with regards to
‘aided motility’. A simple experiment using single and mixed (differentially labelled)
wild-type and non-motile Rlv3841 inoculums with different roots could quantify how
many non-motile cells migrate to within close proximity of the root over time. This would
enable quantification of any ‘aided motility’ effect and could provide additional evidence
to explain disparities between Lux attachment assay and INSeq results.

As a final test of ChlIPS, high magnification confocal microscopy was used to investigate
how RIv3841 and a glucomannan mutant attach to root hairs at neutral pH. Interestingly,
whereas Rlv3841 showed only polar, end-on root hair attachment, a glucomannan mutant
showed a mixture of lateral (~65 %) and polar (~ 35 %) attachment. This mirrors the
characterised attachment profiles of UPP proficient and deficient strains of
Agrobacterium, respectively. This suggests that, whilst the identity of any ‘rhicadhesin(s)’
mediating UPP or glucomannan independent attachment remains unknown, there is likely
to be mechanistic similarities between the two species. If there is a single rhicadhesin, it is

not only polarly located but also permits lateral cell attachment to root hairs.
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To conclude this chapter, an improved ChlIPS2 design was suggested, which would
overcome ChIIPS limitations. The main new feature of this design is the provision for
aerial plant parts to remain separate from the bacterial inoculum. This is likely to enable
longer term imaging of root-microbe interactions within a less physiologically disruptive
environment for the plant.

The use of ChlIPS2 would enable many experimental questions to be addressed.
Alongside spatiotemporal gene expression patterns, interactions between Rhizobium, roots
and pathogens could be examined. Also of interest would be to use a dual channel setup
(not dissimilar to that seen in TRIS, [188]), whereby two different roots can be imaged
side by side. This would enable inoculum preferences to be examined; for example, is root
preference seen in a differentially labelled inoculum of R. leguminosarum biovar trifolii
and RIv3841 interacting with vetch and clover roots? Does one strain outcompete another
for root interaction when its cognate symbiont root is present? Such questions remain
unexplored.

One limitation of all systems mentioned in this work is the long-term immersion of roots
in liquid, which is not particularly representative of soil conditions. An exciting prospect
is the combination of ChlIPS2 with transparent soil. This is a form of highly treated
fluoropolymer which has very similar water and nutrient retention characteristics to real
soil, and is suitable for sustaining plant growth and imaging root-microbe interactions
[463]. However, for the moment this transparent soil remains expensive and technically
challenging to produce, particularly in large quantities.

This work highlights the huge potential of novel imaging platforms in the study of
Rhizobium-legume root microbe interactions. Further work in this area is likely to yield

novel insights into these inter-kingdom relationships.

320



321



Chapter 7

General discussion
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7.1 Overview

In this work a range of techniques, including proteomic and bioinformatic analysis, newly
developed Lux whole-root attachment assays and INSeq were used to define the primary
root attachment determinants needed for RIv3841 interaction with pea at different pHs and
with those of a non-host legume and non-legume at pH 7.0. These approaches revealed a
far greater diversity of primary attachment mechanisms than previously recognized for
RIv3841, which demonstrate considerable pH and plant-host dependency. A summary of
the most important findings regarding attachment factors from all the experimental
chapters of this work is presented in Figure 7-1. These findings are discussed and
evaluated in the subsequent sections of this chapter, starting with extracellular/surface-
localized factors and moving to intracellular and uncharacterised factors. A critique of the

experimental techniques employed is followed by an outline of further research directions.
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Figure 7-1. Summary of the main findings of this work regarding interaction and primary root attachment of RIv3841. A stylized
gram-negative RIv3841 cell and a plant root are shown (not to scale) with the major factors required for interaction with all plants
underlined. For other factors, attachment requirements are given in parenthesis. These factors are discussed in greater detail throughout

in the remaining sections of Chapter 7. REZ = root elongation zone.
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7.2 Extracellular/surface localized primary attachment factor requirements

7.2.1 EPS and peptidoglycan

Chapters 4 and 5 demonstrated that RIv3841 primary root attachment at different pHs and
to different plant roots is vastly more complex than previously reported. Whilst there are
multiple follow up points to this work, several target genes stand out for further
investigation. In terms of cell surface and exported factors, gene classifications from
INSeq suggested that activation of the Npr/ManX system is needed for pea root
attachment at pH 6.5, but not at pH 7.5, where they are likely deactivated by SixA. The
most likely effect of this at pH 7.5 is a reduced EPS secretion through an unknown ABC
exporter [313]. However, this could be confirmed by quantification of EPS in Rlv3841
cell cultures at pH 6.5 and 7.5. Methods such as liquid chromatography-organic carbon
detection—organic nitrogen detection and colorimetric assays of protein, sugar and
phenolic content (among others) [464, 465] can also be applied and demonstrate at a
molecular level the EPS changes needed for pea root attachment at different pHs. A large
diversity of different factors involved in EPS biosynthesis and modification was shown to
be required for attachment to pea roots at different pHs and to different plants roots using
both Lux and INSeq approaches. Therefore, the EPS category encompasses crucial cell
surface alterations (Figure 7-1) promoting attachment under different conditions.
Similarly, INSeq experiments highlighted a ubiquitous requirement for peptidoglycan
biosynthesis and modification factors for primary attachment under all plant attachment
conditions tested. Of particular note was the dacC (RL4363) gene, encoding a putative

penicillin binding protein, required for attachment to all plant roots and at all pH
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conditions. In E. coli, DacC processes sugar-peptide cell wall precursors and is involved
in peptidoglycan biosynthesis [299]. What is clear is that peptidoglycan composition is
another crucial factor promoting attachment under different conditions. Ramstedt et al.
(2011) have described a method of cryo-x-ray photoelectron spectroscopy analysis
combined with a curve resolution analysis of the carbon spectra. This technique is able to
closely monitor the chemical composition of bacterial cell walls and predict changes in
peptidoglycan structures [466]. Such a technique could be useful in characterising the
peptidoglycan changes required for root attachment under different conditions and with
different plant hosts in RIv3841.

Not discussed so far in this work is the role of cell shape, which can play a crucial role in
regulating bacterial attachment [467]. For example, C. crescentus has a crescent cell shape
determined by the production of a protein called crescentin [468]. Being an organism
largely residing in freshwater lakes and streams, this crescent shape specifically enhances
surface colonization under fluid-flow conditions. This is due to favourable cellular
orientation caused by shape relative to the target surface under these conditions [468].
Peptidoglycan is the main stress-bearing structure that dictates bacterial cell shape [467].
It would be interesting (using microscopy) to investigate the cellular morphology in
RIv3841 peptidoglycan mutants shown to be deficient in attachment under certain
conditions to determine if any common altered morphologies are observed. These would
likely disrupt attachment by interfering with bacterial cell-surface factor interactions with

plant roots.

326



7.2.2 Surface enzymes

Several enzymes (such as TpiA, a glycolytic enzyme with a role in central carbon
metabolism) were hypothesised to play an important bacterial surface-associated
moonlighting role in primary attachment to all plant roots based on INSeq results. TpiA
was very interesting, being required for attachment to all plant roots at all pHs tested
(Figure 7-1, included in ‘surface enzymes’). If correct, this would represent a further novel
primary attachment mechanism for RIv3841. Surface localised glycolytic enzymes are
multifaceted and can be involved in substrate binding. TpiA has been shown to be surface
localised and have a direct role in adherence to host cells in Mycoplasma gallisepticum
[284]. An RIv3841 mutant in TpiA carrying plJ11282 (luminescence cassette) could be
used to validate this in a Lux attachment assay, whilst fluorescent protein tagging could

investigate the hypothesised secretion of TpiA.

7.2.3 Flp/Tad pili, outer membrane proteins and LPS

Further to the novel attachment factor requirements described above, INSeq robustly
demonstrated that surface localised primary attachment factors previously identified in
other bacterial species can be used by RIv3841 in a context dependent manner. Primary
attachment to soybean roots showed a Flp/Tad pilus requirement (Figure 7-1) which was
demonstrated by the need for encoding genes found on plasmids pRL11 and pRLS. This
shows an overlap whereby RIv3841 can make use of attachment mechanisms (namely
adhesive Flp/Tad pili) reported in Agrobacterium, Pectobacterium (a potato pathogen), V.
vulnificus, A. actinomycetemcomi and C. crescentus, among others [44, 384, 385].

A second example of this is the requirement of the OmpA protein RL3267 for attachment

to barley and soybean roots (included under ‘outer membrane proteins, Figure 7-1). Such

327



outer membrane proteins acting as primary attachment factors are well characterised in
Azospirillum, where they function both in root attachment and cellular aggregation [64].
The third example is the requirement for various LPS biosynthesis and modification
factors for attachment to different plant roots under different conditions (Figure 7-1). As
an example, dgkA (RL2780) was needed for attachment to pea roots at pH 6.5 and soybean
roots at pH 7.0. In E.coli, dgkA mutants are defective in biofilm formation [316], and
DgkA function has been linked to phospholipid recycling and LPS modifications [324]. In
B. subtillis it is important for lipoteichoic acid synthesis [325]. However, LPS has not
previously been implicated in primary attachment in Rlv3841, instead being more
associated with Azospirillum. Indeed, it has been proposed that the LPS O-antigen of
Azospirillum directly binds maize root lectin to mediate primary attachment [65].

A powerful conclusion of this work overall is therefore that RIv3841 can make use of
primary attachment mechanisms which, until now, have only been associated with other
bacterial species. It does so in an environmental condition and plant host-dependent
manner. Given this finding, it seems possible that primary attachment mechanisms are
more conserved across soil bacteria than realised but demonstrate greater context
dependency than previous experimental work has been able to investigate. Characterising
this further would require inverse experiments to be conducted, for example using INSeq
to examine the primary attachment mechanisms of Azospirillum to different plant roots

under different conditions.

7.24 FHA
RL4382 (filamentous hemagglutinin adhesin - FHA) was important for pea root

attachment at all pHs and to barley roots (Figure 7-1). This was also demonstrated in a

328



Lux assay in Chapter 3. Previous work in other bacteria suggests that FHA plays a direct
attachment role and agglutinates cells, leading to higher numbers of cells attached [239—
241]. This has not previously been documented in Rhizobium, making this a novel
attachment factor. Various scanning-electron microscopy techniques are available for
high-resolution imaging of biofilm structures [469], and applying such techniques to wild-
type RIv3841 and an RL4382 mutant could shed more light on the mechanisms behind
FHA mediated attachment. RL4381 (putative POTRA domain exporter of FHA) was
needed for attachment to all plant roots whilst FHA was not (Figure 7-1), suggesting this
exporter my interact with other attachment factors. Application of TRANSIT analysis (a
method combining multiple different statistical approaches to analysing INSeq data into
one platform [470], see also 7.9.2) could reinforce or challenge this idea by enabling
comparison of gene classifications with different methods of data analysis. If reinforced, a
bioinformatic screen of other RIv3841 genes encoding TPS domains (required for
interaction with POTRA domain exporters, [239]) could indicate the identity of other
exported factors. Further, RL4381 should be confirmed as the transporter for FHA. One
approach to this would be to express RL4382 fused to a fluorescent protein in both wild-
type and RL4381 mutant RIv3841 strains. Changes in fluorophore location
(intracellular/extracellular) would show whether the transporter encoded by RL4381 is

necessary and sufficient for FHA export.

7.2.5 Motility
In a Lux attachment assay, flgE and motA mutant strains were defective in attachment to
pea roots at pHs 6.5, 7.0 and 7.5 (see Figure 7-1, motility). These mutant strains showed

no significant differences to one another in terms of attachment level. It was therefore
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hypothesised that it was motility itself (rather than flagellar adhesin properties)
contributing to attachment in Rlv3841/pea symbiosis. This suggests that flagellar adhesin
action is not contributing directly to attachment, as is seen in some other rhizobacteria
[34]. No flagellar subunits were classified as required (ES/DE) in pea root attachment at
any pHs in INSeq (Chapter 4). However, the disagreement (possibly caused by ‘aided
motility’, 4.2.9) between Lux and INSeq means that a role for flagellar subunits in
adhesion cannot be completely ruled out (indeed flaH, a flagellar subunit, was needed for
soybean root attachment, see Table 5-9). The bacterial flagellum is made up of more than
20 different proteins, of which FliC is the major subunit. FIiC has been reported to have
adhesin properties in E. coli and P. aeruginosa [235]. To investigate possible flagellar
adhesin properties in RIv3841, further single flagellar subunit mutants could be tested in
Lux attachment assays and compared to a motA mutant strain. Mutants showing reduced
attachment versus the motA mutant would indicate both loss of motility and loss of
flagellar adhesin function.

Motility was not required for Rlv3841 attachment to pea or barley roots in INSeq, but
aspects of chemotaxis were needed for soybean root attachment (Figure 7-1). The reasons
for this (and the disagreement with Lux attachment assay data showing motility as
required for effective pea root attachment) remain unclear. A form of ‘aided motility’ in
INSeq (biased Brownian motion as well as disruption of the repulsive hydrodynamic
boundary layer around roots, see 4.2.9), along with aberrant swimming of chemotaxis
mutants and higher levels of exudation from soybean roots (providing a stronger selection
for chemotaxis-competent bacteria than for other plant roots), was hypothesized to explain
these results. Exudation levels from soybean, pea and barley roots could potentially be

examined using RIv3841 luminescence biosensor strains, such as those developed by Pini
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et al. (2017), with levels of light emission acting as a proxy for exudate levels [201].
Further, a mathematical modelling exercise of bacterial motion in mixed population of
chemotaxing/non-chemotaxing cells could examine the plausibility of the ‘aided motility’
hypothesis. Using differentially labelled motile and non-motile RIv3841 strains in a
ChlIPS setup could also help resolve this question, with confocal imaging able to
determine how many non-motile cells were able to reach the plant root surface.
Inoculating a motile wild-type culture of RIv3841 labelled with GFP with lotus, vetch or
alfalfa roots showed preferential bacterial interaction with the REZ (Figure 7-1),
indicating that the REZ exudes high levels of chemoattractants. This result was also
demonstrated for B. subtilis interacting with Arabidopsis roots in TRIS [188]. This
interaction profile was not seen with a motA mutant of RIv3841. Whilst this further
suggests that motility is important for establishing early-stage root microbe interaction
dynamics, this further highlights the need to clarify INSeq results and determine cell
movement dynamics where non-motile strains are a minority cell type in a mixed

population interacting with roots.

7.2.6 Rhicadhesin

Rhicadhesin is a proposed 14 kDa protein which facilitates attachment of Rhizobium to
legume root hairs at alkaline pHs [34], but has never been identified at the gene level. A
proteomics approach was taken to identifying rhicadhesin. Using a 14 kDa protein band
(thought to contain rhicadhesin) for LC-MS/MS identified 15 proteins, of which three
(RL4733, omp19 — RL4441 and RL1635) were the most likely rhicadhesin candidates. Due
to gene size limitations, pK19mob mutagenesis was unsuccessful in targeting rhicadhesin

candidate genes identified. An in-frame mutagenesis approach could be used to overcome
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these issues, as very small genes (such as the hdeA gene in E. coli, 110 bp) have been
mutated by this approach in the past [246].

The preparation of a crude adhesin fraction from RIv3841 cells relied on isolating cell
surface proteins, as described by Smit et al (1989) [53]. However, here the 14kDa band
from the crude adhesin fraction also contained ribosomal subunit and other predicted
intracellular proteins at low levels, suggesting that some minor cell lysis had occurred.
Siciliano et al. (2019) describe several innovative proteomics approaches to investigating
bacterial surface-exposed proteins (the proteosurfaceome) which could be more
appropriate to the study of cell surface adhesins. These include cell shaving, in which
surface exposed protein fragments are released by proteolytic digestion using trypsin with
intact bacterial cells. This approach allows comprehensive analysis of the
proteosurfaceome as membrane and cell wall embedded proteins can be released, further
digested with trypsin and subjected to LC-MS/MS. This approach has been applied to both
Gram-positive and negative bacteria [221]. However, tryptic digest is a limitation of this
technique as is it dependent on trypsin binding sites being accessible in target proteins to
generate peptides for mass spectrometry. Further, functional proteins will not be
recovered. A more advanced approach uses biotin tag-containing reagents to target surface
proteins before lysing cells and isolating surface proteins using streptavidin affinity
chromatography. This method is similarly suitable for both Gram-positive and negative
bacteria [221]. Combining these methods could allow the identification at the gene level
of ~14kDa RIv3841 surface proteins as well as the recovery of intact surface proteins for
functional assays.

Regarding rhicadhesin, the original research defining its role (Smit et al. (1989), [53]) was

certainly not conclusive. Defining an adhesin based on its ability to inhibit attachment is
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not definitive. Further, given the number of root attachment factors identified
bioinformatically in Chapter 3, it is likely that membrane preparations may isolate
proteins that can inhibit attachment when pre-incubated with roots, but this does not imply
these proteins are important adhesins. Multiple genes encoding rhicadhesin or use of an
impure protein preparation when defining its activity also confound definitive
identification further. When combined with INSeq results from Chapter 4 (where multiple
12-16 kDa factors were important for root attachment at neutral and/or alkaline pHs) it is
apparent that there are multiple attachment factors with rhicadhesin-like properties.
Further, work in Chapter 6 demonstrated that a glucomannan mutant of Rlv3841 can
attach to vetch roots in both a polar and non-polar fashion (whilst glucomannan is required
for attachment at acidic to neutral pHs in a polar fashion, demonstrated with Lux assays,
INSeq and ChlIPS, see also Figure 7-1). Therefore, whilst the definitive identification of a
rhicadhesin as originally proposed by Smit et al. (1989) [53] was not possible, this work
demonstrates there are multiple small proteins with rhicadhesin-like profiles of attachment
activity. Hence, in Figure 7-1, rhicadhesin(s) are shown on both the polar and lateral

surfaces of the RIv3841 cell.

7.3 Intracellular primary attachment factors

7.3.1 Regulators - PraR

Intracellular factors important for root attachment include a variety of regulators required
at different pHs and with different roots (Chapters 3, 4 and 5). A mutant in the important
praR regulator demonstrated a previously uncharacterised pH dependency in Lux assays.

Attachment phenotypes for praR and rapA2/rapC mutants were as previously described at
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pH 7.0 [59] in a Lux assay with pea roots. However, these strains showed very different
attachment profiles at pH 6.5 and 7.5, with the praR mutant defective in attachment and
the rapA2/rapC mutant a hyper-attaching strain (hence the PraR regulator is shown in
Figure 7-1). Testing a praR/rapA2/rapC triple mutant in a Lux assay (defective in
attachment at all pHs) allowed an updated model of regulation to be proposed. At pH 7.0,
CinS inhibits PraR which relieves inhibition on rapA2 and rapC, permitting increased
attachment. However, at pH 6.5 and 7.5 PraR is not inhibited, and induces expression of
unknown ‘rapX’ factor(s), possible given the positive and negative regulatory activity of
PraR [59]. Whilst this model has not been validated, mutation of praR leads to hyper-
attachment at pH 7.0 and reduced attachment at pH 6.5 and 7.5. RNASeq has previously
been used to investigate the transcriptome profile of a praR mutant [59], and expanding
this work to pH 6.5 and 7.5 conditions could refine the model of PraR/Rap interactions

and primary root attachment at different pHs.

7.3.2 c-di-GMP regulation and regulators — RL4145

Various c-di-GMP synthesis proteins were required for root attachment at different pHs
and to different plant roots (Figure 7-1, ‘c-di-GMP regulation’). Whist c-di-GMP
signalling is well characterised, particularly in biofilm formation [78, 79], how the
different c-di-GMP synthesis proteins in RIv3841 are contributing to attachment under
different conditions and to different roots is unknown, and warrants further investigation.
c-di-GMP regulated biofilm determinants range from flagella rotation to EPS and surface
adhesin production and type 1V pili retraction [81]. Reconciling the global effect of
cellular c-di-GMP concentration on biofilm formation with the discrete actions of c-di-

GMP is difficult, but various hypotheses exist. One is that diguanylate cyclases (DGCs)
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and phosphodiesterases (PDEs) show differential expression and enzyme activity and so
have discrete impacts on the cellular pool of c-di-GMP. Another is that different effectors
show different c-di-GMP binding affinities and are differentially responsive to
intracellular c-di-GMP levels. One of the most intriguing theories is that different c-di-
GMP pools are sequestered in multi-protein complexes at distinct cellular sites [79]. This
has been observed for the LapA adhesin of P. fluorescens, where LapA activity is
regulated post-translationally by the LapD/LapG c-di-GMP effector system. This system
activates LapA in the outer membrane on receipt of a specifically localized c-di-GMP
signal. This signal in turn is likely generated by activation of DGCs co-localized with
LapD/LapG [471].

What is clear is that understanding c-di-GMP effects is not as simple as measuring cellular
c-di-GMP content. Tightly regulated signalling systems, localized protein complexes and
distinct subcellular changes may all be involved in producing different outcomes in terms
of primary root attachment.

One regulator (RL4145) was required for attachment to all plants (Figure 7-1), whilst
many were required for attachment to pea at different pHs. In the case of the protein
encoded by RL4145, a likely regulatory target is RL4139 (a putative c-di-GMP degrading
EAL domain protein). If it is the case that RL4145 represses RL4139 (as was suggested by
their inverse HMM classifications), then the requirement for RL4145 in attachment to all
plants can be explained by the maintenance of high intracellular c-di-GMP levels by this
protein. Investigating RL4145 regulation further could be approached using RNASeq to
infer RL4145 regulatory targets as well as protein-protein interaction studies or promoter

binding assays to see if there is direct activity between RL4145 and RL4139. An RNASeq
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approach would also be well suited to investigating transcriptional regulatory networks

underpinning attachment in mutant RIv3841 strains of other important regulators.

7.3.3 ClpS-modulated ClIpA protease

INSeq demonstrated a requirement for the ClpS/CIpA protease system for attachment to
pea roots at pH 7.0 and 7.5, as well as to soybean and barley roots (Figure 7-1). The
targets of CIpA (with or without modulation by ClpS) are unclear and understanding these
would aid in defining the cellular changes induced by this system. Multiple experimental
approaches could be taken to characterising CIpS/CIpA targets. These include
experimental methods such as gel separation of control and ClpS/CIpA proteolyzed
bacterial protein preparations, where proteolytic targets are identified by gel band shifts
between the two samples. Further, radiolabelling approaches such as SILAC in wild-type
and ClpS/CIpA mutant RIv3841 strain, followed by MS-based peptide quantitation, could
also be applied [472]. There are also multiple bioinformatic approaches which could be

applied to predicting protease targets [473].

7.4 Uncharacterised primary attachment factors

Amongst the ‘uncharacterised factors’ is pRL100053 encoding a putative transmembrane
protein of unknown function (Figure 7-1), which is defective in attachment in a Lux assay
at all pHs and required for primary attachment (all pHs), colonization, infection thread and
nodulation in INSeq experiments (Table 4-9). This data strongly suggests that pRL100053
encodes a novel root hair attachment factor which is critical for subsequent nitrogen fixing

symbiosis development.

336



For the 292 genes required for primary attachment to pea roots (INSeq, Chapter 4),
multiple datasets from different stages of RIv3841/pea symbiosis were used to map gene
requirements and infer which primary attachment factors could be involved in attachment
to root hairs (the entry-point for nitrogen-fixing symbioses [25]) or bulk root epidermis.
This approach uses the rationale that factors required for root hair attachment will also be
required in subsequent symbiosis stages. However, INSeq data alone does not directly
demonstrate this, and the picture is complicated by factors which are classified as required
in non-contiguous symbiotic stages. A potentially high-impact way of resolving this
further would be to follow up on INSeq results with in-depth studies of gene function, and
pRL100053 represents a good candidate for this.

Expressing a vector-borne pRL100053 construct whereby pRL100053 is fused to a
fluorescent protein in RIv3841 could visualize protein localization. Using biotin-tagged
pRL100053 as a bait protein for pea root protein extracts could identify its plant root

binding partners, and purification studies could also define protein structure.

7.5 Experimental techniques and future research directions

7.5.1 Lux whole-root attachment assay

The Lux whole-root attachment assay developed here allowed the primary attachment
abilities of RIv3841 strains to be tested at different pHs. This assay represents a
considerable advance on previously described techniques which relied on high
magnification microscopy and counting bacteria [52, 53, 210, 217-219], confocal
microscopy [56], bacterial recovery and plating or radiolabeling approaches [59]. In

comparison, Lux is higher throughput, preserves spatial attachment information, is safer
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than radiolabelling and is more appropriately established for studies at different pHs. The
activation of the IppE promoter selectively in the REZ along with the REZ attraction
profile of bacteria (Chapter 6) suggests spatio-temporal interaction dynamics between
RIv3841 and legume roots, which may extend to attachment. Although not pursued here,
Lux assays at different time points could evaluate the spatio-temporal attachment profile
of different RIv3841 strains to roots. This would increase our understanding not just of
attachment factors, but also root zone importance in the attachment and colonization
process. However, it is also worth noting that interpretation of Lux data over longer time
periods may become more complex than in a one-hour attachment assay as bacterial

replication and metabolic activity may affect Lux signal intensity [201].

7.5.2 INSeq
Chapters 4 and 5 used INSeq with HMM analysis to classify gene requirements in primary
root attachment. Although there are various advantages to using an HMM for analysis
over other published methods (see 1.8.3), low TA site number in a gene can still be a
confounding factor. DeJesus et al. (2015) developed a software package for analyzing
TnSeq data (which can also be applied to INSeq) called TRANSIT [470]. TRANSIT
provides a graphical interface with three different methods for analyzing INSeq data,
allowing combinations of methods or direct comparisons and simpler manual curation of
results that differ between analysis methods. A Bayesian/Gumbel method for data analysis
is complemented by a HMM for assigning gene classifications in individual test
conditions, and a resampling (permutation) test allows comparative analysis of gene
classifications between conditions [470]. The latter would be particularly applicable in the

case of attachment at different pHs, as the model creates a distribution of read count
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differences that could occur by chance between conditions before analyzing data with the
null hypothesis that gene classifications are not different. Genes with truly different
classifications between conditions fall out of the bounds of the resampling distribution and
are classified as such. This offers a different and complimentary approach to the HMM for
INSeq data analysis. Using this method with the INSeq data collected in Chapters 4 and 5
could allow comparison of results between analysis techniques for low TA site genes, with

a consensus result being assigned to increase classification certainty.

7.5.3 ChlIPS and ChlIPS2

A preliminary new imaging system called ChlIPS was developed, better suited to imaging
work with larger legume roots and upright confocal microscopes compared to TRIS. The
specific REZ activation of the IppE promoter illustrated that devices such as ChlIPS and
TRIS can be used to investigate spatio-temporal activation of genes on the root surface.
To understand root-microbe interactions and root attachment better, spatio-temporal
activation dynamics of genes upregulated in the rhizosphere and primary/secondary
attachment factors should be investigated further. Plant roots display multiple different
zones with very different properties [461]. However, how attachment factor requirements
vary by root zone is largely unknown. Using reporter fusion strains could investigate not
only this, but also timing of gene expression, and thus help determine the primary-
secondary attachment switch more precisely.

Results in Chapter 6 indicate that the REZ exudes high levels of chemoattractants.
However, the composition of these chemoattractants and how their exudation varies along
the root length is not understood. An interesting further application of the biosensors

developed by Pini et al. (2014) [201] would be for study of spatial root exudate

339



composition in ChlIPS. This could be achieved by inoculating roots with fluorescent
protein exudate biosensor strains and observing the location and intensity of reporter
induction along the plant root and over time. Ideally this experimental approach would use
ratiometric imaging, with strains carrying a constitutive gene and a biosensor gene
present, allowing a better quantitation of reporter expression relative to a background gene
expression level.

An improved ChlIPS2 design was presented to enable future Rhizobium-legume
interaction studies. ChlIPS2 enables the aerial plant parts to remain external to the
inoculum-containing imaging chamber. Based on the work in Chapter 6, ChlIPS2 should
be applicable to more complex questions than examining chemotactic responses to root
zones. The question of root choice remains unexplored. For example, are a vetch and a
clover root in the same chamber preferentially ‘chosen’ for interaction by R.
leguminosarum biovars viciae and trifolii, respectively? Competition between strains
could also be examined, for example by inoculating a vetch root with a mixed R.
leguminosarum biovars viciae and trifolii population and observing whether one
outcompetes the other for root interaction. From the plant perspective, use of transgenic
reporter gene-carrying or mutant plant lines (e.g. Massalha et al. (2017, [188]) in ChlIPS2
could help define the gene-level responses of plants to different bacterial inoculums and
the pathways needed for production of exudates that drive REZ interaction profiles.
Rhizobium-pathogen-root interactions could also be investigated. Massalha et al. (2017)
demonstrated the (likely surfactin-mediated) exclusion of E. coli from the roots of
Arabidopsis by B. subtilis [188], but no such interactions have been investigated with

Rhizobium and plant or human pathogens. In order to conduct such experiments
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effectively, motility inducing culture conditions (such as the low carbon supply conditions
used in this work) would have to be established for each bacterial strain and species.

A particularly innovative experimental setup could be gained by combining ChlIPS2 with
transparent soil [463] when asking the questions posed above. This would vastly increase
the physiological relevance of the environment under study by providing a heterogeneous,
porous and transparent substrate for plant root growth which is directly suitable for
imaging root-microbe interactions and has soil-like properties in terms of nutrient content

and root growth morphology.

7.5.4 The plant perspective of primary root attachment

The work in this thesis has examined root attachment from the bacterial perspective. It is
likely that plant root surface changes at different pHs (such as lectin disassociation, [71])
are one of the major drivers of bacterial attachment factor requirements, and that roots of
different plants show wide variation in surface architecture. A holistic understanding of
rhizobial primary root attachment would therefore also include plant root surface
structures and their interaction with attachment factors. A lack of well-characterised
mutant libraries for many plant species hampers this work and conducting bacterial
attachment assays with a plant mutant library would be extremely time intensive. Other
approaches that could be taken to investigating primary attachment from the plant
perspective include labelling bacterial attachment factor proteins of interest and using
them as bait in a plant root protein preparation, followed by analysis of binding partners.
Ausmees et al. (2001) used a phage display approach to identify rhizobial proteins binding
bacterial cell surface receptors [57]. Here, bacterial peptides of interest are displayed on

the surface of a phage carrying the peptide gene. As the peptide and its coding DNA are in
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the same phage particle, with a library of phages it is possible to enrich for particles
interacting with an affinity substrate. For this research, isolated plant root proteins (such
as lectins) could be used as affinity substrates to test for specific bacterial protein
interacting partners, although the exact experimental setup would have to be carefully

designed.

7.6 Concluding remarks

In this work proteomic and bioinformatic approaches have been combined with a newly
developed Lux whole-root attachment assay and INSeq to define the primary root
attachment determinants needed for RIv3841 interaction with pea at different pHs and
with a non-host legume and non-legume. An important contribution of this work is to
suggest a new approach to defining primary root attachment for Rlv3841 that does not
revolve around a glucomannan/rhicadhesin hypothesis. More holistically, primary
attachment of RIv3841 to plant roots should be thought of as a process employing diverse
cellular factors, with a focus on EPS, LPS and peptidoglycan biosynthesis and
modification, as well as direct adhesins, membrane proteins and uncharacterised factors,
all of which can show different pH as well as plant host dependencies. Additionally,
RIv3841 is also able to use primary attachment mechanisms previously demonstrated in
other bacterial species, such as Flp/Tad pili (used by Agrobacterium, Pectobacterium, V.
vulnificus, A. actinomycetemcomi and C. crescentus, among others [44, 384, 385]), outer
membrane proteins and LPS (used by Azospirillum [64, 65]). These are used in both an
environment and plant host-dependent manner.

Further, the applicability of real-time imaging setups, notably the newly developed

ChlIPS system, to investigating spatio-temporal root interaction and gene expression
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dynamics has been demonstrated. By showing conserved preference for microbe
interaction with the REZ, spatio-temporal reporter gene activation on roots, and providing
a design for the ChlIPS2 system, this sets the stage for further high-impact developments
in both imaging capabilities and our understanding of root-microbe interactions.

This work provides clear future avenues for further research. In the first instance, using
RNASeq, protein-protein interaction and promoter binding assays would define regulatory
networks underpinning primary attachment and provide new insights into PraR regulation
and the activity of the important attachment regulator RL4145, among others. Secondly,
an in-depth study of pRL100053 function would likely represent a high-impact
contribution to our understanding of symbiosis formation, given that it may function as a
novel pea root hair attachment factor which also impacts downstream colonisation,
infection thread formation and nodulation. Further, luminescence and confocal imaging
assays at different time points could be used to shed light on spatio-temporal attachment
and colonization dynamics. These and INSeq could be used in conjunction with reporter
genes to better define the primary-secondary temporal attachment shift, which remains
loosely defined at present. Combining new imaging technologies such as ChlIPS2 with
experiments using mixed bacterial inoculums, different plant roots, plant pathogens,
bioreporters and transparent soil would provide detailed insights into how and when root-
microbe interactions are established and regulated under different conditions. Finally,
studying both bacterial and plant root surface proteins could be used to define modes of
action for attachment factors and explain differential pH/plant root attachment

requirements.
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Table A1 — Genes identified by approach 1 (Figure 3-10) in R1v3841 putative novel adhesin identification

Fold expression changes vs free living controls

RNA
sequencing Microarrays
INSeq root RNA seq 7d 7d rhizo 7d rhizo 7d rhizo 14d rhizo | 21d rhizo | 21d

Gene Protein description colonisation rhizo 7dpi 1dpi 3dpi 7dpi 1dpi 1dpi bacteroid

pRL80020 | Conserved hypothetical protein DE 242.38 23.04 65.74 34.52 12.3 31.94 1.69
RL2307 | Conserved hypothetical protein DE 154.64 31.29 27.39 22.56 14.71 21.9 1.55
RL0506 Conserved hypothetical protein DE 138.66 56.13 45.78 42.89 28.5 40.9 1.54
RL1165 Conserved hypothetical protein DE 97.87 68.52 41.33 24.31 39.44 55.42 1.91
RL1172 Putative transmembrane protein NE 67.68 35.66 28.52 31.92 17.25 20.85 2.14
RL3186 Putative transmembrane protein DE 64 42.93 84.33 56.5 37.88 45.19 2.05
RL3982 Conserved hypothetical protein DE 52.31 32.04 21.59 27.33 23.72 31.45 2.57
RL2969 putative transmembrane protein NE 50.78 8.78 5.37 10.77 9.6 12.03 0.93
RL3702 | putative transmembrane protein NE 21.37 2.94 1.84 3.02 2.42 3.09 1.13
pRL120724 | Putative transmembrane protein DE 18.18 18.08 17.61 16.88 10.94 19.56 1.77
pRL110268 | Conserved hypothetical protein DE 11.8 149.22 93.33 66.34 39.65 42.52 2.04
RL2554 Hypothetical exported protein DE 11.56 19.18 37.37 87.24 37.26 123.98 1.59
RL3273 | putative von Willebrand factor type A DE 7.25 8.75 4.42 3.05 4.32 0.38 2.39

Conserved hypothetical exported NE
RL3384 protein 6.29 22.64 49.48 32.6 54.98 75.06 0.44

Rhizo = rhizosphere, dpi = days post inoculation. For INSeq, DE = defective, NE = neutral. Array Express accession numbers for microarrays
can be found in Table 3-2.
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Table A2— Genes identified by approach 2 (Figure 3-10) in Rlv3841 putative novel adhesin

identification
Root
Input Rhizosphere | colonisation

Gene Description library library library

pRL70001

(repA) putative replication protein RepA NE NE DE

pRL80032 | putative LysR family transcriptional regulator NE NE DE

pRL90009 | conserved hypothetical protein with CBS domain NE NE ES

pRL90149 | putative LUxR/GerE family transcriptional regulator NE NE DE

pRL90204 | putative amidase NE NE DE

pRL90243 | putative acyl-CoA dehydrogenase NE NE DE

pRL90298 | conserved hypothetical protein NE NE DE

pRL100011 | hypothetical protein NE NE DE

pRL100012 | conserved hypothetical protein NE NE DE

pRL100026 | conserved hypothetical protein NE NE DE

pRL100027 | putative restriction modification methylase NE NE DE

pRL100053 | putative transmembrane protein NE NE ES

pRL100056 | putative aromatic amino acid aminotransferase NE NE DE

pRL100057 | putative AsnC family transcriptional regulator NE NE DE
putative ATP-binding component of ABC transporter

pRL100127 | Unclass NE NE DE
putative ATP-binding component of ABC transporter

pRL100128 | Unclass NE NE DE
putative permease component of ABC transporter

pRL100129 | Unclass NE NE DE
putative enzyme to synthesise (autoinducer) AHL,

pRL100164 | Rhil NE NE DE

pRL100170

(rhiB) rhizosphere-induced protein RhiB NE NE DE

pRL100171

(rhiC) rhizosphere-induced protein RhiC NE NE DE

pRL100172 | putative transcriptional regulatory protein controlling

(rhiR) rhi gene expression RhiR NE NE DE

pRL100179

(nodN) nodulation protein NodN NE NE DE
cadherin domain-containing calcium-binding

pRL100309 | glycoprotein NE NE DE

pRL100387 | putative gluconolactonase precursor NE NE DE
putative permease component of ABC transporter

pRL100428 | Unclass NE NE DE

pRL100429 | putative short-chain dehydrogenase NE NE DE

pRL110142 | hypothetical protein NE NE DE

pRL110169 | putative SBP of ABC transporter CUT2 NE NE DE
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pRL110353 | conserved hypothetical protein NE NE DE

pRL110543 | conserved hypothetical protein NE NE ES

pRL110544

(minE) putative cell division topological specificity factor NE NE ES

pRL110545

(minD) putative septum site-determining protein MinD NE NE ES

pRL110560

(soxB) putative sarcosine oxidase beta subunit NE NE DE

pRL110561

(soxD) putative sarcosine oxidase delta subunit NE NE DE

pRL110564 | putative tight adherence protein NE NE ES

pRL120021 | hypothetical protein NE NE ES

pRL120058 | hypothetical protein NE NE DE
putative DeoR family transcriptional regulator

pRL120160 | (repressor) NE NE ES
putative ATP-binding component of ABC transporter

pRL120306 | NitT NE NE DE

pRL100325

(fhuA) outer membrane siderophore receptor precursor NE NE DE

pRL120579 | putative transmembrane protein NE NE ES

pRL120584 | putative epimerase NE NE DE

pRL120656 | hypothetical protein NE NE ES

pRL120692 | putative ROK family transcriptional regulator NE NE DE

RL0133 conserved hypothetical protein NE NE DE
putative XRE family (HipB) transcriptional regulator

RL0256 with cupin2 domian NE NE DE
putative AraC family transcriptional regulator

RL0561 (activator) NE NE DE

RL0682 putative transmembrane ion efflux system protein NE NE DE

RL0799 putative hexapeptide repeat transferase NE NE DE

RL0802 putative deoxygenase NE NE DE

RL0817 putative transmembrane protein NE NE DE

RL0929 hypothetical protein NE NE DE

RL0930

(rnhB) putative ribonuclease HII NE NE DE

RL0934

(moaB) putative molybdenum cofactor biosynthesis protein B NE NE DE
putative transmembrane/surface protein BA14K-like

RL0963 immuno reactive protein NE NE DE

RL1001 conserved hypothetical protein NE NE DE

RL1032

(rnhA) putative ribonuclease Hl NE NE DE

RL1040 putative LysR family transcriptional regulator NE NE DE

RL1041 putative oxidoreductase/monooxygenase NE NE DE
putative ATP-binding component of ABC transporter

RL1047 MZT NE NE DE
putative permease component of ABC transporter

RL1048 MZT NE NE DE
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RL1084 putative structural maintenance of chromosomes

(smc) protein NE NE DE

RL1085 hypothetical protein NE NE DE

RL1091 conserved hypothetical protein NE NE DE

RL1092 conserved hypothetical protein NE NE DE

RL1093 putative beta-lactamase family protein NE NE DE

RL1101 hypothetical protein NE NE DE

RL1340

(sodB) putative superoxide dismutase NE NE DE

RL1504 conserved hypothetical protein NE NE DE

RL1600

(ppx) putative exopolyphosphatase NE NE DE

RL1628 hypothetical protein NE NE ES
putative cytochrome c type nitrate reductase NapC

RL1631 exported to periplasm NE NE DE

RL1632

(ribH) putative 6,7-dimethyl-8-ribityllumazine synthase NE NE DE

RL1633

(nusB) putative N utilization substance protein B NE NE DE

RL1937 hypothetical protein NE NE DE

RL1938 putative phosphatase NE NE DE

RL1939 hypothetical protein NE NE DE

RL2109 conserved hypothetical protein NE NE DE

RL2153 conserved hypothetical protein NE NE DE

RL2284

(hfq) putative host factor protein NE NE ES

RL2291 conserved hypothetical protein NE NE DE

RL2304 conserved hypothetical protein NE NE DE

RL2305 hypothetical protein NE NE DE

RL2307 conserved hypothetical protein NE NE DE

RL2368 putative GntR family transcriptional regulator NE NE DE

RL2507 conserved hypothetical exported protein NE NE DE

RL2508

(gltA) putative citrate synthase Il NE NE DE

RL2662 putative racemase/isomerase NE NE DE
putative permease component of ABC transporter

RL2663 Unclass NE NE DE

RL2664

(IpxH) putative UDP-2,3-diacylglucosamine hydrolase NE NE DE

RL2692 putative DAHP synthetase protein NE NE DE

RL2702

(rapD) putative rhizobium adhering-like protein NE NE DE

RL2776 putative AsnC family transcriptional regulator NE NE DE
putative XRE family (HipB) family transcriptional

RL2828 regulator NE NE DE
putative SBP of ABC transporter QAT? orphan

RL2837 proline/glycine betaine NE NE DE

RL2930 conserved hypothetical protein NE NE DE
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RL2931 putative methyl-accepting chemotaxis protein McpN NE NE DE
RL2932 putative acyl-CoA hydrolase NE NE DE
RL2933 putative transmembrane protein NE NE DE
RL2934 conserved hypothetical exported protein NE NE DE
RL3198 conserved hypothetical protein NE NE DE
RL3199 putative aminotransferase NE NE DE
RL3213 putative tetracycline resistance protein NE NE DE
RL3320 putative signalling and peptidoglycan binding protein NE NE DE
RL3321 putative DnaJ family chaperone NE NE DE
RL3460
(proC) putative pyrroline-5-carboxylate reductase NE NE DE
RL3560
(map) putative methionine aminopeptidase NE NE DE
RL3561 putative bacterial luciferase family protein NE NE DE
putative two-component sensor/regulator; histidine
RL3591 Kinase NE NE DE
RL3677
(IspL) putative UDP-glucuronate 5'-epimerase NE NE DE
RL3828 putative FNR/CRP family transcriptional regulator NE NE DE
RL4087 putative LysR family transcriptional regulator NE NE DE
RL4183 putative transmembrane protein NE NE DE
putative filamentous hemagglutinin adherence factor
RL4382 precursor NE NE DE
putative DeoR family transcriptional regulator
RL4632 (repressor) NE NE DE
RL4669 hypothetical protein NE NE DE
RL4670 conserved hypothetical protein NE NE DE
RL4671
(rci) putative shufflon-specific DNA recombinase NE NE DE
RL4689 conserved hypothetical protein NE NE DE
RL4690 conserved hypothetical protein NE NE DE
pRL110071 | conserved hypothetical protein NE DE ES
RL0109 conserved hypothetical protein DE DE DE

NE = neutral, DE = defective, ES = essential.
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Table A3 — Genes ES/DE under all pHs in primary root attachment which were also NE in the input library (not shown).

RA RA RA
Gene Description G21 S21 Gl Ss1 VMM TY Rhi 65 7.0 7.5 Col IT Nod
RLO876 conserved hypothetical protein NE NE NE NE NE NE NE DE DE DE NE NE NE
pRL100174 hypothetical protein NE NE NE NE NE NE NE DE DE DE NE NE NE
RL1381 conserved hypothetical protein NE NE NE NE NE NE DE DE DE DE DE NE NE
RL3752 putative transferase involved in exopolysaccharide
(pssA) biosynthesis NE NE NE NE NE NE NE DE DE DE NE NE NE
putative Lacl family transcriptional regulator
RL4145 (repressor) NE NE NE NE NE NE NE DE DE DE NE NE NE
RL4381 putative cell surface protein NE NE NE NE NE NE NE DE DE DE NE NE NE
putative filamentous hemagglutinin adherence factor
RL4382 precursor NE NE NE NE NE NE NE DE DE DE DE NE NE
RL0551 (hslO)  putative Hsp33-like chaperonin NE NE NE NE NE NE DE DE DE DE DE NE NE
RL2513 (tpiA)  putative triosephosphate isomerase NE NE NE NE NE NE DE DE DE DE DE NE NE
RL4065 conserved hypothetical protein NE NE NE NE NE NE DE DE DE DE DE NE NE
RL3766 putative RNA polymerase sigma-32 factor (heat
(rpoH1) shock) NE NE NE NE NE NE DE DE DE DE DE NE NE
pRL100053 putative transmembrane protein NE NE NE NE NE NE NE DE DE DE ES DE DE
RL1478 (amn)  putative AMP nucleosidase NE NE NE NE NE NE NE DE DE DE NE ES ES
putative MarC (multiple antibiotic resistance) family
RL2400 transmembrane protein NE NE NE NE NE NE NE DE DE DE NE DE AD
putative pyrophosphate--fructose 6-phosphate 1-
RL3322 (pfp) phosphotransferase NE NE NE NE NE NE NE DE DE DE NE NE DE
RL3987 conserved hypothetical protein NE NE NE NE NE NE DE DE DE DE DE DE DE
RL3988 conserved hypothetical protein NE NE NE NE NE NE DE DE DE DE DE DE DE
RL3989
(ruvA) putative Holliday junction DNA helicase RuvA NE NE NE NE NE NE DE DE DE DE DE DE DE
RL3990
(ruvB) putative Holliday junction DNA helicase RuvB NE NE NE NE NE NE DE DE DE DE DE DE DE
RL4362 putative cobalamin synthesis protein NE NE NE NE NE NE NE DE DE ES NE DE DE
RL4363
(dacC) putative penicillin-binding protein precursor NE NE NE NE NE NE NE DE DE ES NE DE DE
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RL2637 (recA) putative recombinase NE NE NE NE NE NE DE DE DE DE DE ES ES
pRL100405 putative transmembrane protein NE NE NE NE AD NE NE DE DE DE NE NE NE
pRL100406 putative two-component sensor/regulator;
(mctR) transcriptional regulator NE NE NE NE AD NE NE DE DE DE NE NE NE
pRL110044 conserved hypothetical protein NE NE NE NE DE NE DE DE DE DE DE NE NE
pRL100404
(mctP) putative transmembrane sodium-solute symporter NE NE NE NE AD NE AD DE DE DE NE NE NE
pRL110071 conserved hypothetical protein DE DE DE DE ES NE DE DE DE DE ES NE DE
pRL70055 hypothetical protein DE DE DE DE NE NE DE DE DE DE DE DE ES
pRL70100 hypothetical protein ES DE ES DE NE NE DE DE DE DE NE NE NE
RLO160
(polA) putative DNA polymerase | DE DE NE DE NE NE NE DE DE DE NE DE NE
putative permease component of ABC transporter
RLO187 PepT DE DE DE DE NE NE NE DE DE DE NE ES ES
putative peptide deformylase (polypeptide
RLO430 (defl) deformylase) DE DE DE DE DE NE DE DE DE DE DE DE ES
RLO431 putative plasmid stability protein DE DE DE DE NE NE DE DE DE DE DE DE ES
RL0432 putative plasmid stability protein DE DE DE DE NE NE DE DE DE DE DE DE ES
RL0855 putative ADmma-glutamylcysteine synthetase
(gshA) precursor DE NE NE NE NE NE DE DE DE DE DE ES ES
RL0921 putative cationic transport protein, CorA family DE DE NE NE NE NE DE DE DE DE DE DE DE
RL1389 conserved hypothetical protein DE DE NE DE NE NE NE DE DE DE NE NE ES
RL1390 hypothetical protein NE DE NE DE NE NE NE DE DE DE NE NE NE
RL1391 putative transmembrane protein NE DE NE DE NE NE NE DE DE DE NE NE NE
RL1392 putative transmembrane protein NE DE NE DE NE NE NE DE DE DE NE NE NE
RL1506 (relA) putative stringent response protein NE NE DE DE NE NE DE DE DE DE DE ES ES
RL1507 conserved hypothetical protein NE NE NE DE NE NE DE DE DE DE DE DE NE
RL1508 putative transmembrane protein NE NE NE DE NE NE DE DE DE DE NE ES ES
RL1572 putative DNA polymerase 11 subunit DE DE DE DE NE NE DE DE DE DE DE ES ES
RL2062 (tig) putative chaperone trigger factor DE DE NE DE NE NE DE DE DE DE NE NE NE
RL2406 putative S-adenosylmethionine:tRNA
(queA) ribosyltransferase-isomerase DE NE NE NE NE NE NE DE DE DE NE DE ES
RL2407 (tgt) putative queuine tRNA-ribosyltransferase DE NE NE NE NE NE NE DE DE DE NE DE ES
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RL2473

(metG) putative methionyl-tRNA synthetase DE DE DE NE NE NE NE DE DE DE NE NE ES

RL2474 putative transmembrane protein DE DE DE DE NE NE DE DE DE DE NE NE NE

RL2514 conserved hypothetical protein DE NE NE NE NE NE DE DE DE DE DE NE NE

RL2638

(rbsK3) putative ribokinase ES ES NE DE NE NE DE DE DE DE DE NE NE

RL3257 conserved hypothetical protein DE DE DE DE NE NE DE DE DE DE DE ES DE
putative two-component sensor/regulator; histidine

RL3453 kinase NE DE NE NE NE NE NE DE DE DE NE ES DE

RL3462 conserved hypothetical protein DE DE DE DE NE NE DE DE DE DE DE DE NE

RL3596 conserved hypothetical protein DE DE NE NE NE NE DE DE DE DE NE NE DE
putative DEAD-box ATP-dependent RNA helicase

RL3597 protein DE DE NE NE NE NE DE DE DE DE DE NE DE

RL3677 (IspL) putative UDP-glucuronate 5'-epimerase NE NE NE DE NE NE NE DE DE DE DE ES ES

RL3763 putative rRNA methyltransferase DE DE DE DE NE NE DE DE DE DE DE NE NE

RL3872 putative phosphoribosylamidoimidazole-

(purC2) succinocarboxamide synthase DE DE DE DE DE NE NE DE DE DE NE NE NE

RL4040

(thig2) putative thiamine-phosphate pyrophosphorylase ES DE DE DE NE NE DE DE DE ES DE ES ES

RL4066 conserved hypothetical protein DE DE DE DE DE NE DE DE DE DE DE ES ES

RL4073 (hss) putative homospermidine synthase DE DE NE DE NE NE DE DE DE DE NE ES ES

RL4582 putative ATP-binding component of ABC transporter

(fbpC) Unclass ferric cations transporter DE DE DE DE NE NE DE DE DE DE DE DE DE

RL4583 putative permease component of ABC transporter

(fbpB) Unclass ferric cations transporter DE DE DE DE NE NE DE DE DE DE DE DE DE

RL4584 putative SBP of ABC transporter Unclass ferric

(fopA) cations transporter DE DE DE DE NE NE DE DE DE DE NE NE NE

INSeq experiments are coded as follows: G21 = 21% oxygen, 10 mM glucose. S21 = 21 % oxygen, 20 mM succinate. G1 = 1% oxygen, 10 mM
glucose. S1 = 1% oxygen, 20 mM succinate. VMM = Vincents media. TY = Tryptone yeast media. Rhizo = rhizosphere. RA 6.5 = root
attachment, pH 6.5. RA 7.0 = root attachment, pH 7.0. RA 7.5 = root attachment, pH 7.5 Colon = 5 day root colonisation. IT = infection thread.
Nod = nodulation. Thick red line = pleiotropy filter cutoff, as described in 4.2.8
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Table A4 — Genes ES/DE under pH 6.5 conditions only in primary root attachment (data for primary root attachment pH 7.0 and 7.5 conditions
not shown) which were also NE in the input library (not shown).

RA

Gene Description G21 S21 Gl S1 VMM TY Rhi 65 Col IT Nod
pRL100177 putative homologue of eukaryotic tubulin NE NE NE NE NE NE NE DE NE NE NE
pRL100274
(fucA) putative alpha-L-fucosidase NE NE NE NE NE NE NE DE NE NE NE
RL0614 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE

putative cytochrome ¢ oxidase polypeptide Il (cytochrome aa3
RL1026 (ctaEl) subunit 3) NE NE NE NE NE NE NE DE NE NE NE
RL2285 (hflX) putative GTP-binding protein NE NE NE NE NE NE NE DE NE NE NE
RL2316 putative cyclase/kinase NE NE NE NE NE NE NE DE NE NE NE
RL2564 conserved hypothetical exported protein NE NE NE NE NE NE NE DE NE NE NE
RL2595 putative MutT/Nudix family protein (phosphohydrolases) NE NE NE NE NE NE NE DE NE NE NE
RL2780 (dgkA) putative transmembrane diacylglycerol kinase NE NE NE NE NE NE NE DE NE NE NE
RL3179 putative cobalamin synthesis protein NE NE NE NE NE NE NE DE NE NE NE
pRL120475
(impA) inner membrane protein ImpA, component of T6SS NE NE NE NE NE NE NE DE NE NE NE
RL4404 (pssA3) putative exopolysaccharide production protein NE NE NE NE NE NE NE DE NE NE NE
pRL120021 hypothetical protein NE NE NE NE NE NE NE DE ES NE NE
pRL100176 pseudogene, incomplete ATP-binding protein NE NE NE NE NE NE DE DE NE O 0
RL2394 putative carbohydrate kinase protein NE NE NE NE NE NE DE DE NE NE NE
pRL110283 putative ArsR family transcriptional regulator NE NE NE NE NE NE NE DE NE ES DE
RL0O032 putative phosphocarrier protein HPr for mannose NE NE NE NE NE NE DE ES NE ES ES

putative phosphotransferase system component, mannose PTS
RL0033 component 1A NE NE NE NE NE NE DE ES NE ES ES
RL0398 putative acetyltransferase NE NE NE NE NE NE NE DE NE DE DE
RL0726 conserved hypothetical exported protein NE NE NE NE NE NE NE DE NE DE DE
RL2211 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE DE
RL2303 (ccdA) putative cytochrome c-type biogenesis protein NE NE NE NE NE NE ES DE DE ES ES

putative nitrogenase iron-molybdenum cofactor biosynthesis
pRL100158 (nifN)  protein NifN DE DE DE DE NE NE DE DE NE DE DE
RL0019 conserved hypothetical protein DE DE DE DE NE NE NE DE NE DE ES
RL0226 putative permease component of ABC transporter PepT DE DE DE DE NE NE DE DE NE ES ES
RLO227 putative permease component of ABC transporter PepT DE DE DE DE NE NE DE DE NE ES ES
RL0228 putative SBP of ABC transporter PepT DE DE DE DE NE NE DE DE NE ES ES
RL0501 putative orotate phosphoribosyltransferase DE NE NE NE DE NE NE ES NE NE DE
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RLO570 conserved hypothetical exported protein DE NE NE DE NE NE NE DE NE NE NE

RL0856 conserved hypothetical protein DE NE NE NE NE NE AD DE NE AD NE
RL1020 putative invasion associated protein DE DE NE DE NE NE DE DE NE NE NE
RL1025 (ctaG) putative cytochrome ¢ oxidase assembly protein DE DE DE DE NE NE NE DE NE NE NE
RL1548 (radA) putative DNA repair protein RadA homologue DE DE NE NE NE NE NE DE NE NE NE
RL2032 hypothetical protein DE DE NE DE NE NE NE DE NE NE NE
RL2045 (scpB) putative chromosome segreADtion and condensation protein B DE DE DE DE NE NE DE ES NE NE NE
RL2117A hypothetical protein DE DE NE DE ES NE NE DE NE ES DE
RL2152 hypothetical protein DE DE ES DE NE NE NE DE NE ES ES
RL2324 putative ROK family transcriptional regulator DE NE NE NE NE NE DE DE NE DE NE
RL2404 putative peptidyl-prolyl cis-trans isomerase (cyclophilin) DE NE NE NE NE NE NE DE NE DE DE
RL2526 putative oxidoreductase DE NE DE DE NE NE NE DE NE DE NE
RL3180 hypothetical protein DE DE NE NE NE NE NE DE NE NE NE
RL3181 conserved hypothetical protein DE DE NE NE NE NE DE DE NE NE NE
RL3295 (recN) putative DNA repair protein DE DE DE DE NE NE DE DE DE NE NE
RL3334 (rnsA) putative ribonuclease | DE DE NE DE NE NE DE DE NE NE NE
RL3335 putative lysophospholipase DE DE NE DE NE NE NE DE NE NE NE
RL3465 conserved hypothetical protein NE DE NE DE NE NE NE DE NE DE DE
RL3667 putative UDP-glucose 6-dehydrogenase DE DE DE DE NE NE DE DE DE ES DE
RL3669 conserved hypothetical protein NE DE NE NE NE NE DE DE NE NE NE
RL3678 hypothetical protein NE NE NE DE NE NE NE DE NE NE NE
RL4011 (pgk) putative phosphoglycerate kinase NE NE NE NE DE NE NE ES NE NE DE

INSeq experiments are coded as follows: G21 = 21% oxygen, 10 mM glucose. S21 = 21 % oxygen, 20 mM succinate. G1 = 1% oxygen, 10 mM
glucose. S1 = 1% oxygen, 20 mM succinate. VMM = Vincents media. TY = Tryptone yeast media. Rhizo = rhizosphere. RA 6.5 = root
attachment, pH 6.5. Colon =5 day root colonisation. IT = infection thread. Nod = nodulation. 0 = data not available. Thick red line = pleiotropy
filter cutoff, as described in 4.2.8
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Table A5 — Genes ES/DE under pH 7.0 conditions only in primary root attachment (data for primary root attachment pH 6.5 and 7.5 conditions
not shown) which were also NE in the input library (not shown).

RA
Gene Description G21 S21 Gl S1 VMM TY Rhi 70 Col IT Nod
pRL120518 putative TetR family transcriptional regulator NE NE NE NE NE NE NE DE NE NE NE
RL0552 hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL1052 hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL2044 (scpA) putative chromosome segreADtion and condensation protein A NE NE NE NE NE NE NE DE NE NE NE
RL2587 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL2695 hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL3226 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL4704 putative glyoxalase NE NE NE NE NE NE NE DE NE NE NE
putative (phage shock protein A) PspA family regulator by protein-

RL1106 (pspA) protein interactions NE NE NE NE NE NE DE DE NE NE NE
pRL100112 putative dehalogenase/hydrolase NE NE NE NE NE NE DE DE DE NE NE
RL1371 putative transmembrane protein NE NE NE NE NE NE DE DE DE NE NE
RL1013 conserved hypothetical protein NE NE NE NE NE NE DE DE DE ES NE
RL2588 (tyrS1) putative tyrosyl-tRNA synthetase NE NE NE NE NE NE NE DE NE ES ES
RL2694 Sc_;or) putative glutathione reductase NE NE NE NE NE NE NE DE NE ES ES
pRL100149 conserved hypothetical protein NE NE NE NE ES NE NE ES NE NE NE
pRL100388 putative Lacl family transcriptional regulator (repressor) NE DE NE DE NE NE NE DE NE NE NE
pRL110073 putative GntR family transcriptional regulator DE DE DE DE NE NE NE DE NE NE NE
pRL110389 putative exopolysaccharide production protein DE DE DE DE NE NE NE ES NE ES ES
pRL90040 pseudogene, conserved hypothetical protein DE DE DE DE NE NE DE DE DE O 0
pRL90280 conserved hypothetical protein ES ES DE DE ES NE NE ES NE NE NE
RL0417 (ihfB) putative integration host factor beta subunit NE NE NE NE ES NE ES DE NE NE NE
RL0563 conserved hypothetical protein DE DE DE DE NE NE NE DE NE NE NE
RL0564 (mcpE) putative methyl-accepting chemotaxis protein DE DE DE DE NE NE NE DE NE NE NE
RL1001 conserved hypothetical protein DE DE DE DE NE NE NE DE DE NE NE
RL1002 (bioY) putative transmembrane biotin biosynthesis protein DE DE DE DE NE NE DE DE DE ES ES
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RL1003
RL1004
RL1060
RL1105
RL1450
RL1451
RL1585 (moaD)
RL1618
RL2071
RL2072
RL2073 (ruvX)
RL2478
RL2652 (fdxB2)

RL2653
RL2696
RL2953
RL4304
RL4546

putative permease component of ABC transporter Unclass
putative ATP-binding component of ABC transporter Unclass
putative ribosomal-protein-alanine acetyltransferase
putative TetR family transcriptional regulator
hypothetical protein

putative uracil-DNA glycosylase

putative molybdopterin converting factor subunit D
putative MarR family transcriptional regulator

putative transmembrane protein

putative transmembrane protein

putative Holliday junction resolvase RuvX

putative outer membrane protein

putative ferredoxin, 2Fe-2S

putative HPt (Histidine Phosphotransfer) domain protein of two-

component system (multistage phosphorelay can result)
putative acylphosphatase

putative adenylate/guanylate cyclase

putative transmembrane transporter protein

conserved hypothetical protein

DE
DE
DE
NE
DE
DE
NE
DE
DE
DE
DE
NE
DE

DE
ES
DE
NE
ES

DE
DE
DE
NE
DE
DE
NE
DE
NE
NE
NE
DE
DE

DE
DE
NE
ES
DE

DE
DE
NE
NE
DE
DE
NE
DE
NE
NE
NE
NE
DE

DE
ES
NE
DE
DE

DE
DE
DE
NE
ES
ES
NE
DE
NE
NE
NE
DE
DE

DE
ES
NE
NE
NE

NE
NE
ES
ES
NE
NE
ES
NE
NE
NE
NE
NE
NE

NE
NE
NE
NE
NE

NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE

NE
NE
NE
NE
NE

DE
DE
NE
DE
DE
DE
NE
DE
NE
NE
NE
NE
NE

NE
NE
NE
NE
NE

DE
DE
ES
DE
ES
ES
DE
DE
ES
ES
ES
DE
DE

DE
DE
DE
DE
DE

DE
DE
NE
NE
DE
DE
NE
NE
NE
NE
NE
NE
NE

NE
NE
NE
NE
NE

ES
ES
ES
NE
NE
NE
NE
DE
NE
NE
NE
NE
NE

NE
NE
NE
NE
NE

ES
ES
ES
ES
NE
NE
NE
DE
NE
NE
NE
NE
NE

NE
NE
NE
NE
NE

INSeq experiments are coded as follows: G21 = 21% oxygen, 10 mM glucose. S21 = 21 % oxygen, 20 mM succinate. G1 = 1% oxygen, 10 mM

glucose. S1 = 1% oxygen, 20 mM succinate. VMM = Vincents media. TY = Tryptone yeast media. Rhizo = rhizosphere. RA 7.0 = root

attachment, pH 7.0. Colon =5 day root colonisation. IT = infection thread. Nod = nodulation. 0 = data not available. Thick red line = pleiotropy
filter cutoff, as described in 4.2.8
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Table A6 — Genes ES/DE under pH 7.5 conditions only in primary root attachment (data for primary root attachment pH 6.5 and 7.0 conditions

not shown) which were also NE in the input library (not shown).

Gene Description G21 S21 Gl S1 VMM TY Rhi RA Col IT Nod
7.5
pRL120795 hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL0395 (miaB) putative MiaB protein (methylthiolation of isopentenylated A37 NE NE NE NE NE NE NE DE NE NE NE
derivatives in rRNA)
RL1164 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL1165 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL1338 (pmtA) putative phosphatidylethanolamine N-methyltransferase NE NE NE NE NE NE NE DE NE NE NE
RL1339 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL2094 (phaC) putative poly(3-hydroxyalkanoate) polymerase (PHA synthase) NE NE NE NE NE NE NE DE NE NE NE
RL2095 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL2489A conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL2491 conserved hypothetical exported protein NE NE NE NE NE NE NE DE NE NE NE
RL2644 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL2777 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL2778 putative exopolysaccharide biosynthesis protein NE NE NE NE NE NE NE DE NE NE NE
RL2857 (msiR) putative ArsR family transcriptional regulator MsiR, regulates NE NE NE NE NE NE NE DE NE NE NE
MsiA canavanine (found in seed exudate) exporter
RL2858 conserved hypothetical exported protein NE NE NE NE NE NE NE DE NE NE NE
RL3253 (hfIC) putative transmembrane serine protease NE NE NE NE NE NE NE DE NE NE NE
RL4063 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL4075 putative 5'-nucleotidase NE NE NE NE NE NE NE DE NE NE NE
RL4383 putative AsnC family transcriptional regulator NE NE NE NE NE NE NE DE NE NE NE
pRL120322 (fhuA2) outer membrane siderophore receptor precursor NE NE NE NE NE NE NE DE DE NE NE
RLO561 putative AraC family transcriptional regulator (activator) NE NE NE NE NE NE NE ES DE NE NE
RL1505 putative polymerase NE NE NE NE NE NE DE DE NE NE NE
RL0401 putative universal stress protein NE NE NE NE NE NE NE DE NE NE DE
RL1552 (rpll) putative 50S ribosomal protein L9 NE NE NE NE NE NE DE ES DE DE DE
RL2080 putative acetyltransferase NE NE NE NE NE NE AD DE AD NE NE
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RL2081 putative transmembrane protein NE NE NE NE NE NE NE DE AD ES ES
RL2083 putative acetyltransferase NE NE NE NE NE NE DE DE DE DE NE
RL3254 (hfIK) putative transmembrane serine protease NE NE NE NE NE NE NE DE NE DE NE
RL4018 putative ATP-binding:permease (ABC:IMP) component of ABC NE NE NE NE NE NE NE DE NE DE DE
transporter Export
RL4062 putative amidohydrolase NE NE NE NE NE NE NE DE NE ES ES
RL4497 putative transmembrane protein NE NE NE NE NE NE DE DE NE NE DE
pRL100037 hypothetical protein DE DE DE DE NE NE NE DE NE NE NE
pRL100199 (fixB) electron transfer protein FixB DE DE DE DE NE NE NE DE NE DE DE
pRL100200 (fixA) electron transfer protein FixA DE DE DE DE NE NE NE DE NE DE DE
pRL120319 (rpol) putative RNA polymerase ECF sigma factor involved in iron DE DE DE DE DE NE NE DE DE NE NE
uptake, ECF09 gene arrangment (no asf) induced in MA of iron
limitation in RIv3841
pRL120796 hypothetical exported protein DE DE NE NE NE NE NE DE NE NE NE
pRL90144 putative exopolysaccharide biosynthesis-related protein DE DE DE DE NE NE NE DE NE NE NE
RL0344 putative AsnC family transcriptional regulator NE DE DE ES NE NE DE DE NE ES ES
RL0345 conserved hypothetical protein NE DE DE ES NE NE NE DE NE ES NE
RL0346 (dut) putative deoxyuridine 5'triphosphate nucleotidohydrolase DE DE DE DE NE NE DE DE DE DE DE
RL0546 (phoU) putative phosphate uptake regulator PhoU, unknown mechanism NE NE DE DE NE NE NE DE NE ES ES
to regulate expression of high-affinity ABC systems
RL0547 (phoB) putative two-component sensor/regulator; phosphate regulon DE NE DE NE NE NE NE DE NE NE NE
transcriptional regulator PhoB
RL0903 (gph) putative phosphoglycolate phosphatase DE DE DE DE NE NE NE DE NE ES ES
RL0922 (kupl) putative potassium uptake transport system protein DE DE NE NE NE NE DE DE DE DE NE
RL1166 putative ribonuclease-L-PSP family protein DE DE DE DE NE NE NE DE NE DE NE
RL1167 putative TetR family transcriptional regulator DE DE DE DE NE NE NE DE NE DE NE
RL1393 (pbpF) putative peptidoglycan biosynthesis/penicillin binding protein NE DE NE DE NE NE NE DE NE NE NE
RL1564 (ksAD) putative dimethyladenosine transferase DE DE DE DE NE NE NE DE NE NE NE
RL2236 (lexA) putative LexA repressor (SOS regulatory protein) NE DE NE NE NE NE NE DE NE NE NE
RL2237 conserved hypothetical protein DE DE DE DE NE NE NE DE NE NE NE
RL2496 (moeA) putative molybdopterin synthesis protein MoeA ES ES DE ES ES NE NE DE NE NE NE
RL2818 (fnrN) putative FNR/CRP family transcriptional regulator, 100% id to DE DE DE DE NE NE NE DE NE AD NE

VF39 FnrN
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RL3549 (gInll) putative glutamine synthetase 11 DE DE DE DE NE NE NE DE NE DE
RL4297 putative foldase/peptidyl-prolyl cis-trans isomerase DE DE DE DE NE NE DE DE DE ES
RL4430 putative 3-oxoacyl-[acyl-carrier-protein] reductase DE DE DE DE NE NE DE DE DE DE
RL4431 conserved hypothetical exported protein DE DE DE DE NE NE DE DE DE DE
RL4432 conserved hypothetical protein DE DE DE DE NE NE DE DE NE ES
RL4493 (gpsA) putative glycerol-3-phosphate dehydrogenase [NAD(P)+] NE DE NE NE ES NE NE DE NE ES

ES
ES
NE
NE
NE
DE

INSeq experiments are coded as follows: G21 = 21% oxygen, 10 mM glucose. S21 = 21 % oxygen, 20 mM succinate. G1 = 1% oxygen, 10 mM
glucose. S1 = 1% oxygen, 20 mM succinate. VMM = Vincents media. TY = Tryptone yeast media. Rhizo = rhizosphere. RA 7.5 = root
attachment, pH 7.5. Colon =5 day root colonisation. IT = infection thread. Nod = nodulation. Thick red line = pleiotropy filter cutoff, as
described in 4.2.8
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Table A7 — Genes ES/DE under pH 6.5 and 7.0 conditions only in primary root attachment (data for primary root attachment pH 7.5 conditions

not shown) which were also NE in the input library (no shown).

Gene Description G2l S21 Gl S1 VMM TY Rhi RA RA Col IT Nod
65 7.0
pRL110043 putative transmembrane transporter protein NE NE NE NE NE NE NE DE DE NE NE NE
RL1661 (pssA2) putative transmembrane suADr transferase protein NE NE NE NE NE NE NE DE DE NE NE NE
RL2520 putative transmembrane protein NE NE NE NE NE NE NE ES DE NE NE NE
RL3277 putative transmembrane protein NE NE NE NE NE NE NE DE DE NE NE NE
RL4335 conserved hypothetical protein NE NE NE NE NE NE NE DE DE NE NE NE
RL2284 (hfq) putative host factor protein NE NE NE NE NE NE NE DE DE ES NE NE
pRL100242 conserved hypothetical protein NE NE NE NE NE NE DE DE DE DE NE NE
pRL100220 conserved hypothetical protein NE NE NE NE NE NE DE ES DE NE DE NE
RL2227 putative transmembrane protease NE NE NE NE NE NE DE DE DE DE DE NE
RL4309 putative transmembrane protein NE NE NE NE NE NE NE DE DE NE ES ES
RL1600 (ppx) putative exopolyphosphatase NE NE NE NE NE NE NE DE DE DE ES ES
pRL100161 (nifD) nitrogenase molybdenum-iron protein alpha chain NifD DE DE DE DE NE NE DE DE DE DE ES DE
pRL110072 putative GntR family transcriptional regulator NE NE DE DE NE NE NE DE DE NE NE NE
pRL110565 putative transmembrane protein ES NE ES NE NE NE NE DE DE NE NE NE
pRL70037 conserved hypothetical protein DE DE DE DE NE NE DE DE DE DE NE NE
pRL70166 conserved hypothetical protein DE DE DE DE ES NE NE DE DE NE DE DE
RL0123 (truB) putative tRNA pseudouridine synthase B (tRNA pseudouridine55 DE DE NE DE NE NE NE DE DE NE DE ES
synthase) (Psi55 synthase) (pseudouridylate synthase) (uracil
hydrolyase)
RL0186 putative permease component of ABC transporter PepT (S. mel DE DE DE DE NE NE NE DE DE NE ES ES
SBP homologue SMc02832 induced by taurine, valine, isoleucine)
RL0188 putative ATP-binding:ATP-binding (ABC:ABC) componentof DE DE DE DE NE NE NE DE DE NE NE NE
ABC transporter PepT (S. mel SBP homologue SMc02832
induced by taurine, valine, isoleucine)
RL0885 putative hydrolase DE DE DE DE NE NE DE DE DE DE ES DE
RL1628 hypothetical protein NE NE NE NE ES NE NE DE DE ES ES NE
RL2405 putative peptidyl-prolyl cis-trans isomerase B (cyclophilin-related DE NE NE NE NE NE NE DE DE NE ES DE

protein)
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RL2514 conserved hypothetical protein
RL2638 (rbsK3) putative ribokinase

RL3294 conserved hypothetical protein
RL3462 conserved hypothetical protein

RL3677 (IspL)
RL4322 (tlpA)
RLA4675

putative UDP-glucuronate 5'-epimerase
putative thiol:disulfide interchange protein
hypothetical protein

DE
ES
DE
DE
NE
NE
ES

NE
ES
DE
DE
NE
NE
ES

NE
NE
DE
DE
NE
NE
ES

NE
DE
DE
DE
DE
NE
ES

NE
NE
NE
NE
NE
ES
NE

NE
NE
NE
NE
NE
NE
NE

DE
DE
DE
DE
NE
NE
NE

DE
DE
DE
DE
DE
DE
DE

DE
DE
DE
DE
DE
ES
ES

DE
DE
DE
DE
DE
ES
NE

NE
NE
NE
NE
ES
NE
ES

NE
NE
NE
DE
ES
NE
ES

INSeq experiments are coded as follows: G21 = 21% oxygen, 10 mM glucose. S21 = 21 % oxygen, 20 mM succinate. G1 = 1% oxygen, 10 mM
glucose. S1 = 1% oxygen, 20 mM succinate. VMM = Vincents media. TY = Tryptone yeast media. Rhizo = rhizosphere. RA 6.5 = root
attachment, pH 6.5. RA 7.0 = root attachment, pH 7.0. Colon =5 day root colonisation. IT = infection thread. Nod = nodulation. Thick red line =

pleiotropy filter cutoff, as described in 4.2.8
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Table A8 — Genes ES/DE under pH 7.0 and 7.5 conditions only in primary root attachment (data for primary root attachment pH 6.5 conditions
not shown) which were also NE in the input library (not shown).

RA RA
Gene Description G21 S21 Gl S1 VMM TY Rhi 70 75 Col IT Nod
RL2642 conserved hypothetical protein NE NE NE NE NE NE NE DE DE NE NE NE
RL2643 (dksA2) putative DnaK suppressor protein NE NE NE NE NE NE NE DE DE NE NE NE
RL4083 conserved hypothetical protein NE NE NE NE NE NE NE DE DE NE NE NE
RL1504 conserved hypothetical protein NE NE NE NE NE NE NE DE DE DE NE NE
RLO617 putative Maf septum inhibitor protein NE NE NE NE NE NE DE DE DE DE NE NE
RL2212 (clpS1) putative ATP-dependent Clp protease adaptor protein NE NE NE NE NE NE NE DE DE NE DE DE
RLO141 (cycM) putative cytochrome ¢ NE NE NE NE NE NE NE DE ES NE ES ES
putative nicotinate-nucleotide pyrophosphorylase
pRL110615 (nadC) [carboxylating] DE DE NE DE NE NE NE DE DE NE NE NE
pRL110616 (nadB) putative L-aspartate oxidase DE DE NE DE NE NE NE DE DE NE NE NE
pRL110617 (nadA) quinolinate synthetase A DE DE NE DE NE NE NE DE DE NE NE NE
pRL110618 conserved hypothetical protein DE DE NE DE NE NE NE DE DE NE NE NE
pRL90143 putative transposase DE DE DE DE NE NE DE DE DE DE DE DE
RL0945 (aroA2) putative 3-phosphoshikimate 1-carboxyvinyltransferase ES DE DE NE ES NE NE ES DE NE ES NE
RL0956 putative para-hydroxybenzoate--polyprenyltransferase NE DE NE DE NE NE AD DE DE AD NE NE
RL0957 conserved hypothetical protein NE DE NE DE NE NE DE DE DE ES ES ES
RL1340 (sodB) putative superoxide dismutase NE NE NE NE ES NE NE ES DE DE ES NE
RL1617 putative transmembrane protein ES ES ES ES NE NE NE DE DE NE DE DE
RL2213 (clpA) putative ATP-dependent Clp protease ATP-binding subunit ~ NE NE NE DE NE NE NE DE DE NE ES NE
RL2087 putative leucyl/phenylalanyl-tRNA--protein transferase DE DE DE DE NE NE DE DE DE DE DE NE
RL2495 (moaC) putative molybdenum cofactor biosynthesis protein C ES ES DE ES ES NE NE DE DE NE NE NE
RL2776 putative AsnC family transcriptional regulator NE NE NE NE ES NE NE DE DE DE NE NE
RL4017 (rpmE) putative 50S ribosomal protein L31 DE DE DE DE NE NE NE DE DE NE DE DE
RL4074 conserved hypothetical protein DE DE NE DE NE NE DE DE DE NE NE NE
RL4295 putative acetyltransferase DE DE DE DE NE NE NE DE DE NE ES ES
RL4296 (argJ) putative arginine biosynthesis bifunctional protein DE DE DE DE NE NE DE DE DE DE ES ES
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INSeq experiments are coded as follows: G21 = 21% oxygen, 10 mM glucose. S21 = 21 % oxygen, 20 mM succinate. G1 = 1% oxygen, 10 mM

glucose. S1 = 1% oxygen, 20 mM succinate. VMM = Vincents media. TY = Tryptone yeast media. Rhizo = rhizosphere. RA 7.0 = root
attachment, pH 7.0. RA 7.5 = root attachment, pH 7.5. Colon = 5 day root colonisation. IT = infection thread. Nod = nodulation. Thick red line =

pleiotropy filter cutoff, as described in 4.2.8
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Table A9 — Genes ES/DE under pH 6.5 and 7.5 conditions only in primary root attachment (data for primary root attachment pH 7.0 conditions

not shown) which were also NE in the input library (not shown).

RA RA
Gene Description G21 S21 G1 S1 VMM TY Rhi 65 75 Col IT Nod
RL1805 putative transmembrane protein NE NE NE NE NE NE NE DE DE NE NE NE
RL1806 (degQ) putative protease DegQ precursor NE NE NE NE NE NE NE DE DE NE NE NE
RL2477 (dacF) putative penicillin-binding protein NE NE NE NE NE NE NE DE DE NE NE NE
pRL100162A hypothetical protein NE NE NE NE NE NE DE DE DE DE O 0
hypothetical protein with homology to asparagine synthase

pRL100163 (glutamine hyrdrolysing ) at C-term NE NE NE NE NE NE DE DE DE DE NE NE
pRL110045 conserved hypothetical protein NE NE NE NE NE NE DE DE DE DE NE NE
pRL100470 hypothetical protein NE NE NE NE NE NE DE DE DE NE ES ES
pRL110046 putative FNR/CRP family transcriptional regulator NE NE NE NE NE NE DE DE DE DE ES ES
RL2098 putative transmembrane protein NE NE NE NE NE NE NE DE DE NE AD NE
pRL100275 putative Lacl family transcriptional regulator (repressor) DE DE DE DE DE NE DE DE DE DE NE NE
pRL100404 (mctP) putative transmembrane sodium-solute symporter NE NE NE NE AD NE AD DE DE NE NE NE
pRL70099 putative phage-derived invertase/resolvase ES DE ES DE NE NE NE DE DE NE NE NE
RL0618 conserved hypothetical protein DE DE DE DE NE NE DE DE DE DE NE DE
RL0921 putative cationic transport protein, CorA family DE DE NE NE NE NE DE DE DE DE DE DE
RL1731 (rpmG) putative 50S ribosomal protein L33 DE DE DE DE NE NE NE DE DE NE DE DE
RL2208 putative hydrolase NE DE NE NE NE NE DE DE DE NE AD AD
RL2209 (cysEl) putative serine acetyltransferase DE DE DE ES DE NE DE DE DE DE ES DE
RL2210 conserved hypothetical protein DE DE DE ES DE NE DE DE DE DE NE DE
RL2389 conserved hypothetical exported protein DE DE DE DE NE NE DE DE DE NE NE NE
RL4040 (thiE2) putative thiamine-phosphate pyrophosphorylase ES DE DE DE NE NE DE DE ES DE ES ES
RL4117 (glAD) putative glycogen synthase DE NE DE NE DE NE NE DE DE NE ES ES

INSeq experiments are coded as follows: G21 = 21% oxygen, 10 mM glucose. S21 = 21 % oxygen, 20 mM succinate. G1 = 1% oxygen, 10 mM

glucose. S1 = 1% oxygen, 20 mM succinate. VMM = Vincents media. TY = Tryptone yeast media. Rhizo = rhizosphere. RA 6.5 = root

attachment, pH 6.5. RA 7.5 = root attachment, pH 7.5 Colon = 5 day root colonisation. IT = infection thread. Nod = nodulation. 0 = data not

available. Thick red line = pleiotropy filter cutoff, as described in 4.2.8
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Recovered RIv3841 as a function of starting inoculum density -
soybean roots
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Figure Al. Recovered RIv3841 as a function of starting inoculum density after one hour
attachment to soybean roots under pH 7 conditions. Inoculum density is given as OD (600).
N =5 for all groups

Recovered RIv3841 as a function of starting inoculum density -
barley roots
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Figure A2. Recovered RIv3841 as a function of starting inoculum density after one hour
attachment to barley roots under pH 7 conditions. Inoculum density is given as OD (600). N
=5 for all groups
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Recovered RIv3841 as a function of starting inoculum density in
vortexed vs vortexed and ground soybean roots

1x107

Absolute Rhizobium (cfu)/ Root

Figure A3. Recovered RIv3841 by vortexing or vortexing and grinding using a starting
inoculum density of OD (600) 0.1 and a one hour attachment assay to soybean roots at pH 7.

Inoculum density is given as OD (600). N =5 for all groups
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Recovered RIv3841 as a function of starting inoculum density in
vortexed vs vortexed and ground barley roots

4x10°+

Absolute Rhizobium (cfu) / Root

Figure A4. Recovered RIv3841 by vortexing or vortexing and grinding using a starting
inoculum density of OD (600) 0.1 and a one hour attachment assay to barley roots at pH 7.

Inoculum density is given as OD (600). N =5 for all groups
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Table A10 — Genes ES/DE in primary root attachment to pea, soybean and barley roots which were also NE in the input library (not

shown).
Gene Description G2l S21 Gl S1 VMM TY Rhi Pea Soy Bar Col IT Nod
70 70 70

pRL110043 putative transmembrane transporter protein NE NE NE NE NE NE NE DE DE DE NE NE NE
RL2643 putative DnaK suppressor protein NE NE NE NE NE NE NE DE DE DE NE NE NE
dksA2

(RL414E)> putative Lacl family transcriptional regulator NE NE NE NE NE NE NE DE DE DE NE NE NE

(repressor)
RL4381 putative cell surface protein NE NE NE NE NE NE NE DE DE DE NE NE NE
RLO551 (hslO) putative Hsp33-like chaperonin NE NE NE NE NE NE DE DE DE DE DE NE NE
pRL100112 putative dehalogenase/hydrolase NE NE NE NE NE NE DE DE DE DE DE NE NE
RLO617 putative Maf septum inhibitor protein NE NE NE NE NE NE DE DE DE DE DE NE NE
RL4362 putative cobalamin synthesis protein NE NE NE NE NE NE NE DE DE DE NE DE DE
RL4363 (dacC)  putative penicillin-binding protein precursor NE NE NE NE NE NE NE DE DE DE NE DE DE
RL2694 (gor) putative glutathione reductase NE NE NE NE NE NE NE DE DE DE NE ES ES
RL2212 (clpS1) putative ATP-dependent Clp protease adaptor protein NE NE NE NE NE NE NE DE DE DE NE DE DE
RL3322 (pfp) putative pyrophosphate--fructose 6-phosphate 1- NE NE NE NE NE NE NE DE DE DE NE DE NE
phosphotransferase

RL1013 conserved hypothetical protein NE NE NE NE NE NE DE DE DE DE DE ES NE
RL1478 (amn) putative AMP nucleosidase NE NE NE NE NE NE NE DE DE DE NE ES ES
RL1600 (ppx) putative exopolyphosphatase NE NE NE NE NE NE NE DE DE DE DE ES ES
RL2284 (hfq) putative host factor protein NE NE NE NE NE NE NE DE DE DE ES NE NE
RL2513 (tpiA) putative triosephosphate isomerase NE NE NE NE NE NE DE DE DE DE DE NE NE
RL2637 (recA)  putative recombinase NE NE NE NE NE NE DE DE DE DE DE ES ES
RL3987 conserved hypothetical protein NE NE NE NE NE NE DE DE DE DE DE DE DE
RL3988 conserved hypothetical protein NE NE NE NE NE NE DE DE DE DE DE DE DE
RL3989 (ruvA)  putative Holliday junction DNA helicase RuvA NE NE NE NE NE NE DE DE DE DE DE DE DE
RL3990 (ruvB)  putative Holliday junction DNA helicase RuvB NE NE NE NE NE NE DE DE DE DE DE DE DE
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RL4065 conserved hypothetical protein NE NE NE NE NE NE DE DE DE DE DE NE NE
RL2776 putative AsnC family transcriptional regulator NE NE NE NE ES NE NE DE DE DE DE NE NE
pRL110044 conserved hypothetical protein NE NE NE NE DE NE DE DE DE DE DE NE NE
pRL110617 quinolinate synthetase A DE DE NE DE NE NE NE DE DE DE NE NE NE
nadA
;(JRL11)0618 conserved hypothetical protein DE DE NE DE NE NE NE DE DE DE NE NE NE
pRL70055 hypothetical protein DE DE DE DE NE NE DE DE DE DE DE ES DE
pRL90143 putative transposase DE DE DE DE NE NE DE DE DE DE DE DE DE
RLO160 (polA)  putative DNA polymerase | DE DE NE DE NE NE NE DE DE DE NE NE DE
RL0187 putative permease component of ABC transporter PepT DE DE DE DE NE NE NE DE DE DE NE ES ES
RL0430 (defl) putative peptide deformylase (polypeptide DE DE DE DE DE NE DE DE DE DE DE ES DE
deformylase)
RL0431 putative plasmid stability protein DE DE DE DE NE NE DE DE DE DE DE ES DE
RL0432 putative plasmid stability protein DE DE DE DE NE NE DE DE DE DE DE ES DE
RL4546 conserved hypothetical protein ES DE DE NE NE NE NE DE DE DE NE NE NE
RL4582 (fbpC)  putative ATP-binding component of ABC transporter DE DE DE DE NE NE DE DE DE DE DE DE DE
Unclass ferric cations transporter
RL4583 (fbpB)  putative permease component of ABC transporter DE DE DE DE NE NE DE DE DE DE DE DE DE
Unclass ferric cations transporter
RL4584 (fbpA)  putative SBP of ABC transporter Unclass ferric cations DE DE DE DE NE NE DE DE DE DE NE NE NE
transporter
RL4675 hypothetical protein ES ES ES ES NE NE NE ES ES ES NE ES ES
RL0563 conserved hypothetical protein DE DE DE DE NE NE NE DE DE DE NE NE NE
RL0564 (mcpE) putative methyl-accepting chemotaxis protein DE DE DE DE NE NE NE DE DE DE NE NE NE
RL0855 (gshA)  putative ADmma-glutamylcysteine synthetase DE NE NE NE NE NE DE DE DE DE DE ES ES
recursor
RL0956 Eutative para-hydroxybenzoate--polyprenyltransferase  NE DE NE DE NE NE AD DE DE DE AD NE NE
RL0957 conserved hypothetical protein NE DE NE DE NE NE DE DE DE DE ES ES ES
RL1507 conserved hypothetical protein NE NE NE DE NE NE DE DE DE DE DE NE DE
RL1508 putative transmembrane protein NE NE NE DE NE NE DE DE DE DE NE ES ES
RL1572 putative DNA polymerase 111 subunit DE DE DE DE NE NE DE DE DE ES DE ES ES
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RL1617
RL1618
RL2087
RL2213 (clpA)

RL2405
RL2406 (queA)

RL2407 (tgt)
RL2473 (metG)
RL2474
RL2478
RL2514
RL2638 (rbsK3)
RL2652 (fdxB2)
RL2653

RL3294
RL3596
RL3597

RL4017 (rpmE)
RL4073 (hss)
RL4296 (argJ)
RL3677 (IspL)

putative transmembrane protein
putative MarR family transcriptional regulator
putative leucyl/phenylalanyl-tRNA--protein transferase

putative ATP-dependent Clp protease ATP-binding
subunit

putative peptidyl-prolyl cis-trans isomerase B
(cyclophilin-related protein)

putative S-adenosylmethionine:tRNA
ribosyltransferase-isomerase

putative queuine tRNA-ribosyltransferase

putative methionyl-tRNA synthetase
putative transmembrane protein
putative outer membrane protein
conserved hypothetical protein
putative ribokinase

putative ferredoxin, 2Fe-2S

putative HPt (Histidine Phosphotransfer) domain
protein of two-component system (multistage
phosphorelay can result)

conserved hypothetical protein

conserved hypothetical protein

putative DEAD-box ATP-dependent RNA helicase
protein
putative 50S ribosomal protein L31

putative homospermidine synthase
putative arginine biosynthesis bifunctional protein
putative UDP-glucuronate 5'-epimerase

ES
DE
DE
NE

DE

DE

DE
DE
DE
NE
DE
ES
DE
DE

DE
DE
DE

DE
DE
DE
NE

ES
DE
DE
NE

NE

NE

NE
DE
DE
DE
NE
ES
DE
DE

DE
DE
DE

DE
DE
DE
NE

ES
DE
DE
NE

NE

NE

NE
DE
DE
NE
NE
NE
DE
DE

DE
NE
NE

DE
NE
DE
NE

ES
DE
DE
DE

NE

NE

NE
NE
DE
DE
NE
DE
DE
DE

DE
NE
NE

DE
DE
DE
DE

NE
NE
NE
NE

NE

NE

NE
NE
NE
NE
NE
NE
NE
NE

NE
NE
NE

NE
NE
NE
NE

NE
NE
NE
NE

NE

NE

NE
NE
NE
NE
NE
NE
NE
NE

NE
NE
NE

NE
NE
NE
NE

NE
DE
DE
NE

NE

NE

NE
NE
DE
NE
DE
DE
NE
NE

DE
DE
DE

NE
DE
DE
NE

DE
DE
DE
DE

DE

DE

DE
DE
DE
DE
DE
DE
DE
DE

DE
DE
DE

DE
DE
DE
DE

DE
DE
DE
DE

DE

DE

DE
DE
DE
DE
DE
DE
DE
DE

DE
DE
DE

DE
DE
DE
DE

DE
DE
DE
DE

DE

DE

DE
DE
DE
DE
DE
DE
DE
DE

DE
DE
DE

DE
ES
DE
DE

NE
NE
DE
NE

NE

NE

NE
NE
NE
NE
DE
DE
NE
NE

DE
NE
DE

NE
NE
DE
DE

DE
DE
DE
ES

ES

ES

ES
ES
NE
NE
NE
NE
NE
NE

NE
DE
DE

DE
ES
ES
ES

DE
DE
NE
NE

DE

DE

DE
NE
NE
NE
NE
NE
NE
NE

NE
NE
NE

DE
ES
ES
ES

INSeq experiments are coded as follows: G21 = 21% oxygen, 10 mM glucose. S21 = 21 % oxygen, 20 mM succinate. G1 = 1%

oxygen, 10 mM glucose. S1 = 1% oxygen, 20 mM succinate. VMM = Vincents media. TY = Tryptone yeast media. Rhizo =

rhizosphere. Pea 7.0 = pea root attachment, pH 7.0. Soy 7.0 = soybean root attachment, pH 7.0. Bar 7.0 = barley root attachment, pH
7.0. Colon =5 day pea root colonisation. IT = pea infection thread. Nod = pea nodulation. Thick red line = pleiotropy filter cutoff, as

described in 5.2.8
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Table A1l — Genes ES/DE in primary root attachment to pea only (data for primary root attachment to soybean and barley not shown)
which were also NE in the input library (not shown).

Gene Description G21 S21 G1 S1 VMM TY Rhi Pea Col IT Nod
7.0

RL4704 putative glyoxalase NE NE NE NE NE NE NE DE NE NE NE

RL3752 (pssA)  putative transferase involved in exopolysaccharide NE NE NE NE NE NE NE DE NE NE NE
biosynthesis

RL3226 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE

RL2587 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE

RL1661 (pssA2) putative transmembrane SUADr transferase protein NE NE NE NE NE NE NE DE NE NE NE

RL2044 (scpA)  putative chromosome segreADtion and condensation protein NE NE NE NE NE NE NE DE NE NE NE
A

pRL120518 putative TetR family transcriptional regulator NE NE NE NE NE NE NE DE NE NE NE

pRL100174 hypothetical protein, no known homology NE NE NE NE NE NE NE DE NE NE NE

RL1504 conserved hypothetical protein NE NE NE NE NE NE NE DE DE NE NE

RL1106 (pspA) putative (phage shock protein A) PspA family regulator by NE NE NE NE NE NE DE DE NE NE NE
protein-protein interactions

pRL100242 conserved hypothetical protein NE NE NE NE NE NE DE DE DE NE NE
pRL100053 putative transmembrane protein NE NE NE NE NE NE NE DE ES DE DE
RLO141 (cycM) putative cytochrome ¢ NE NE NE NE NE NE NE DE NE ES ES
RL2588 (tyrS1) putative tyrosyl-tRNA synthetase NE NE NE NE NE NE NE DE NE ES ES
RL0417 (ihfB) putative integration host factor beta subunit NE NE NE NE ES NE ES DE NE NE NE
RL1105 putative TetR family transcriptional regulator NE NE NE NE ES NE DE DE NE NE ES
RL1585 (moaD) putative molybdopterin converting factor subunit D NE NE NE NE ES NE NE DE NE NE NE
RL1628 hypothetical protein NE NE NE NE ES NE NE DE ES ES NE
pRL100161 nitrogenase molybdenum-iron protein alpha chain NifD DE DE DE DE NE NE DE DE DE ES DE
nifD

E)RLl)O0388 putative Lacl family transcriptional regulator (repressor) NE DE NE DE NE NE NE DE NE NE NE
pRL110072 putative GntR family transcriptional regulator NE NE DE DE NE NE NE DE NE NE NE
pRL110073 putative GntR family transcriptional regulator DE DE DE DE NE NE NE DE NE NE NE
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pRL110389
pRL70037
pRL70166
pRL90040
pRL90280
RL1001
RL1002 (bioY)
RL1003
RL1004
RL1389
RL1390
RL2495 (moaC)
RL2696
RL2953
RL3872 (purC2)

RL4295
RL4304

putative exopolysaccharide production protein

conserved hypothetical protein

conserved hypothetical protein

pseudogene, conserved hypothetical protein

conserved hypothetical protein

conserved hypothetical protein

putative transmembrane biotin biosynthesis protein
putative permease component of ABC transporter Unclass
putative ATP-binding component of ABC transporter Unclass
conserved hypothetical protein

hypothetical protein

putative molybdenum cofactor biosynthesis protein C
putative acylphosphatase

putative adenylate/guanylate cyclase

putative phosphoribosylamidoimidazole-succinocarboxamide
synthase
putative acetyltransferase

putative transmembrane transporter protein

DE
DE
DE
DE
ES
DE
DE
DE
DE
DE
NE
ES
ES
DE
DE

DE
NE

DE
DE
DE
DE
ES
DE
DE
DE
DE
DE
DE
ES
DE
NE
DE

DE
ES

DE
DE
DE
DE
DE
DE
DE
DE
DE
NE
NE
DE
ES
NE
DE

DE
DE

DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
ES
ES
NE
DE

DE
NE

NE
NE
ES
NE
ES
NE
NE
NE
NE
NE
NE
ES
NE
NE
DE

NE
NE

NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE

NE
NE

NE
DE
NE
DE
NE
NE
DE
DE
DE
NE
NE
NE
NE
NE
NE

NE
NE

ES
DE
DE
DE
ES
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE

DE
DE

NE
DE
NE
DE
NE
DE
DE
DE
DE
NE
NE
NE
NE
NE
NE

NE
NE

ES
NE
DE
0

NE
NE
ES
ES
ES
ES
NE
NE
NE
NE
NE

ES
NE

ES
NE
DE

NE
NE
ES
ES
ES
NE
NE
NE
NE
NE
NE

ES
NE

INSeq experiments are coded as follows: G21 = 21% oxygen, 10 mM glucose. S21 = 21 % oxygen, 20 mM succinate. G1 = 1%

oxygen, 10 mM glucose. S1 = 1% oxygen, 20 mM succinate. VMM = Vincents media. TY = Tryptone yeast media. Rhizo =

rhizosphere. Pea 7.0 = pea root attachment, pH 7.0. Colon = 5 day pea root colonisation. IT = pea infection thread. Nod = pea
nodulation. 0 = data not available. Thick red line = pleiotropy filter cutoff, as described in 5.2.8
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Table A12 — Genes ES/DE in primary root attachment to soybean only (data for primary root attachment to pea and barley not shown)
which were also NE in the input library (not shown).

Gene Description G21 S21 Gl1 S1 VMM TY Rhi Soy Col IT Nod
7.0
pRL110197 pseudogene NE NE NE NE NE NE NE DE NE O 0
pRL110205 putative histidine ammonia-lyase NE NE NE NE NE NE NE DE NE NE NE
hutH1
;()RLll())ZOG (hutl) putative imidazolonepropionase NE NE NE NE NE NE NE DE NE NE NE
pRL110207 putative histidine degradation related amidohydrolase NE NE NE NE NE NE NE DE NE NE NE
pRL110213 putative permease component of ABC transporter NE NE NE NE NE NE NE DE NE NE NE
PAAT
pRL110214 putative ATP-binding component of ABC transporter NE NE NE NE NE NE NE DE NE NE NE
PAAT
pRL110393 hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
pRL110394 putative transmembrane protein NE NE NE NE NE NE NE DE NE NE NE
pRL110395 putative succinoglycan biosynthesis protein NE NE NE NE NE NE NE DE NE NE NE
pRL110439 putative glycosyl transferase NE NE NE NE NE NE NE DE NE NE NE
pRL110440 putative acetyltransferase NE NE NE NE NE NE NE DE NE NE NE
pRL110453 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
pRL110541 putative glycine degradation aminomethyltransferase NE NE NE NE NE NE NE DE NE NE NE
pRL110569 putative transmembrane protein NE NE NE NE NE NE NE DE NE NE NE
pRL110572 putative flp pilus assembly protein NE NE NE NE NE NE NE DE NE NE NE
pRL110573 putative transmembrane pilus component protein NE NE NE NE NE NE NE DE NE NE NE
pRL110574 putative transmembrane pilus component protein NE NE NE NE NE NE NE DE NE NE NE
pRL110575 putative transmembrane protein NE NE NE NE NE NE NE DE NE NE NE
pRL120056 (mcpR) putative methylation accepting chemotaxis protein NE NE NE NE NE NE NE DE NE NE NE
pRL120074 putative ATP-binding component of ABC transporter NE NE NE NE NE NE NE DE NE NE NE

PAAT (S. mel SBP homologue SMb21135 induced by
ADlactosamine, glucosamine)
pRL120075 (stbC)  putative plasmid stability protein StbC NE NE NE NE NE NE NE DE NE NE NE

pRL120487 putative salicylaldehyde dehydrogenase NE NE NE NE NE NE NE DE NE NE NE
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pRL120488
PRL120489

pRL120490
pRL120491

pRL0242
RL0229
RL0230
RLO0376
RL0391 (int)
RL0589
RL0590
RLO664

RLO762
RL0909
RL0910 (mutL)
RL0964

RL1015
RL1016

RL1033
RL1034
RL1038
RL1039
RL1108

RL1154
RL1155

putative 3-alpha-hydroxysteroid dehydrogenase

putative permease component of ABC transporter
HAAT

putative permease component of ABC transporter
HAAT

putative ATP-binding component of ABC transporter
HAAT

putative nitrilotriacetate monooxygenase

putative LysR family transcriptional regulator
putative peptidase

putative L-lysine dehydrogenase

putative transmembrane acyltransferase
conserved hypothetical protien

putative short-chain dehydrogenase/reductase

putative transmembrane acyltransferase (lipid
metabolism)
putative XRE family (HipB) transcriptional regulator

conserved hypothetical protein
putative DNA mismatch repair protein

putative Mg2+ transporter protein (uptake and/or
export, other ions can be transported), CorA family
putative polysaccharide deacetylase

putative D-alanyl-D-alanine carboxypeptidase
(penicillin-binding protein)

conserved hypothetical protein

conserved hypothetical protein

conserved hypothetical protein

conserved hypothetical protein

putative transmembrane AMP-binding acyltransferase
family protein
conserved hypothetical exported protein

putative glycosyl transferase

NE
NE

NE
NE

NE
NE
NE
NE
NE
NE
NE
NE

NE
NE
NE
NE

NE
NE

NE
NE
NE
NE
NE

NE
NE
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NE
NE

NE

NE

NE
NE
NE
NE
NE
NE
NE
NE

NE
NE
NE
NE

NE
NE

NE
NE
NE
NE
NE

NE
NE

NE
NE

NE

NE

NE
NE
NE
NE
NE
NE
NE
NE

NE
NE
NE
NE

NE
NE

NE
NE
NE
NE
NE

NE
NE

NE
NE

NE

NE

NE
NE
NE
NE
NE
NE
NE
NE

NE
NE
NE
NE

NE
NE

NE
NE
NE
NE
NE

NE
NE

NE
NE

NE

NE

NE
NE
NE
NE
NE
NE
NE
NE

NE
NE
NE
NE

NE
NE

NE
NE
NE
NE
NE

NE
NE

NE
NE

NE

NE

NE
NE
NE
NE
NE
NE
NE
NE

NE
NE
NE
NE

NE
NE

NE
NE
NE
NE
NE

NE
NE

NE
NE

NE

NE

NE
NE
NE
NE
NE
NE
NE
NE

NE
NE
NE
NE

NE
NE

NE
NE
NE
NE
NE

NE
NE

DE
DE

DE

DE

DE
DE
DE
DE
DE
DE
DE
DE

DE
DE
DE
DE

DE
DE

DE
DE
DE
DE
DE

DE
DE

NE
NE

NE

NE

NE
NE
NE
NE
NE
NE
NE
NE

NE
NE
NE
NE

NE
NE

NE
NE
NE
NE
NE

NE
NE

NE
NE

NE

NE

NE
NE
NE
NE
NE
NE
NE
NE

NE
NE
NE
NE

NE
NE

NE
NE
NE
NE
NE

NE
NE

NE
NE

NE

NE

NE
NE
NE
NE
NE
NE
NE
NE

NE
NE
NE
NE

NE
NE

NE
NE
NE
NE
NE

NE
NE



RL1162
RL1163

RL1549
RL1644
RL1918
RL1919

RL2485
RL2486
RL2505 (deaD)

RL2506 (cyaAl2)

RL2521
RL2562
RL2563 (pccB)
RL2570
RL2571
RL2572 (gcvT)

RL2764
RL2765
RL2766
RL2767 (ssuB)

RL2768 (ssuC)
RL2779

RL2875
RL2876

putative two-component sensor/regulator;
transcriptional regulator

putative two-component sensor/regulator; histidine
kinase

putative transmembrane efflux protein

conserved hypothetical exported protein
putative exported aryl-sulfatase protein

putative protein with alpha/beta hydrolase fold
(DUF900)
putative transmembrane transporter protein

putative LysR family transcriptional regulator

putative cold-shock DEAD-box protein A (ATP-
dependent RNA helicase DEAD)

putative adenylate cyclase 1 (ATP pyrophosphate-lyase
1) (adenylyl cyclase 1)

putative IAA acetyltransferase

putative DoxD family transmembrane protein
putative propionyl-CoA carboxylase beta subunit
conserved hypothetical exported protein
conserved hypothetical protein

putative aminomethyltransferase (glycine cleavage
system t protein)
putative transmembrane protein

conserved hypothetical protein
putative ArsR family transcriptional regulator

putative ATP-binding component of ABC transporter
NitT aliphatic sulfonates

putative permease component of ABC transporter NitT
aliphatic sulfonates

putative two-component sensor/regulator; histidine
kinase

putative ion efflux protein

putative transmembrane protein

NE

NE

NE
NE
NE
NE

NE
NE
NE

NE

NE
NE
NE
NE
NE
NE

NE
NE
NE
NE

NE

NE

NE
NE
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NE

NE
NE
NE
NE

NE
NE
NE

NE

NE
NE
NE
NE
NE
NE

NE
NE
NE
NE

NE

NE

NE
NE

NE

NE

NE
NE
NE
NE

NE
NE
NE

NE

NE
NE
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NE
NE
NE

NE
NE
NE
NE

NE

NE

NE
NE

NE

NE

NE
NE
NE
NE

NE
NE
NE

NE

NE
NE
NE
NE
NE
NE

NE
NE
NE
NE

NE

NE

NE
NE

NE

NE

NE
NE
NE
NE

NE
NE
NE

NE

NE
NE
NE
NE
NE
NE

NE
NE
NE
NE

NE

NE

NE
NE

NE

NE

NE
NE
NE
NE

NE
NE
NE

NE

NE
NE
NE
NE
NE
NE

NE
NE
NE
NE

NE

NE

NE
NE

NE

NE

NE
NE
NE
NE

NE
NE
NE

NE

NE
NE
NE
NE
NE
NE

NE
NE
NE
NE

NE

NE

NE
NE

DE

DE

DE
DE
DE
DE

DE
DE
DE

DE

DE
DE
DE
DE
DE
DE

DE
DE
DE
DE

DE

DE

DE
DE

NE

NE

NE
NE
NE
NE

NE
NE
NE

NE

NE
NE
NE
NE
NE
NE

NE
NE
NE
NE

NE

NE

NE
NE

NE

NE

NE
NE
NE
NE

NE
NE
NE

NE

NE
NE
NE
NE
NE
NE

NE
NE
NE
NE

NE

NE

NE
NE

NE

NE

NE
NE
NE
NE

NE
NE
NE

NE

NE
NE
NE
NE
NE
NE

NE
NE
NE
NE

NE

NE

NE
NE



RL2877
RL2900 (dhaK1)
RL2901 (dhalL1)

RL2902
RL2903 (ptsH)
RL2904 (ptsl)

RL2999
RL3000
RL3006 (rhbB)
RL3146
RL3147
RL3149
RL3192

RL3193

RL3262 (mocA)
RL3263
RL3264
RL3265

RL3268 (flaH)
RL4120 (nodN2)
RL4189

RL4219

RL4220 (exoD)
RL4604

putative transmembrane transporter protein
putative dihydroxyacetone kinase

putative PTS-dependent dihydroxyacetone kinase,
ADP-binding subunit

putative PTS-dependent dihydroxyacetone kinase,
phosphotransferase subunit

putative multiphosphoryl transfer/phosphocarrier
protein

putative phosphoenolpyruvate-protein
phosphotransferase

putative glyoxylase

conserved hypothetical protein

putative L-2,4-diaminobutyrate decarboxylase
putative LysR family transcriptional regulator
putative transmembrane transporter protein
putative adenylate cyclase

putative ATP-binding component of ABC transporter
Unclass

putative permease component of ABC transporter
Unclass

putative MocA family oxidoreductase

putative LysR family transcriptional regulator
putative transmembrane protein

putative AraC family transcriptional regulator
(activator)

putative flagellin protein

putative nodulation protein NodN2
putative LysR family transcriptional regulator

putative DeoR family transcriptional regulator
(repressor) of sorbitol/mannitol operon
putative exopolysaccharide biosynthesis protein

putative GntR family transcriptional regulator
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pPRL100385 (ecfM)
pRL100183 (nodF)

pRL110045
pRL110046

pRL110048
(redAh)

pPRL110049 (redB)
pPRL110283
pPRL110441 (thiD)

pRL110560
(soxB2)
pRL110561
(soxD2)
pRL110570

pRL110571
PRL120057
pPRL120058
pPRL120306

pRL80133 (trbLp8)
pRL80134 (trbHp8)
pRL80135 (trbGp8)
pRL90243
pRL90298

RL0338 (gshB)
RL0397 (mur)

RLO482A
RL0685 (hemAT)
RL0686 (cheX1)

putative RNA polymerase ECF sigma factor, family
ECF20/ECF01

nodulation protein NodF acyl carrier protein (ACP)
used in Nod factor synthesis

conserved hypothetical protein

putative FNR/CRP family transcriptional regulator

UDP-N-acetylglucosamine-N-acetylmuramyl-
(pentapeptide) pyrophosphoryl-undecaprenol N-
acetylglucosamine transferase

putative glycosyltransferase

putative ArsR family transcriptional regulator
putative phosphomethylpyrimidine kinase
putative sarcosine oxidase beta subunit

putative sarcosine oxidase delta subunit

hypothetical exported protein

conserved hypothetical protein

putative plasmid stability protein
hypothetical protein

putative ATP-binding component of ABC transporter
NitT

putative conjuADI transfer protein TrbL
putative conjuADI transfer protein TrbH
putative conjuADI transfer protein TrbG
putative acyl-CoA dehydrogenase
conserved hypothetical protein

putative glutathione synthetase

putative FUR-like transcriptional regulator, iron
response regulator
putative short-chain dehydrogenase/oxidoreductase

putative chemoreceptor protein
putative chemotaxis related CheX protein

NE

NE

NE
NE
NE

NE
NE
NE
NE
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NE
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RLO687 (cheY1)

RL0962
RL0963

RL1040
RL1089
RL1090
RL1215
RL1438 (cycK)
RL1965 (aldR)
RL1966 (aldA)
RL2051 (pcm)
RL2102 (cspAb5)
RL2303 (ccdA)
RL2305
RL2394
RL2507
RL2508 (gltA2)
RL2564
RL2569
RL2608 (purQ)

RL2609
RL2662
RL2663

RL2664 (IpxH)
RL2780 (dgkA)
RL2819
RL2820

putative two-component sensor/regulator; chemotaxis
transcriptional regulator CheY
putative ring hydroxylating dioxygenase subunit

putative transmembrane/surface protein BA14K-like
immuno reactive protein
putative LysR family transcriptional regulator

conserved hypothetical protein

putative transmembrane protein

putative transmembrane protein

putative cytochrome c-type biogenesis protein
putative AsnC family transcriptional regulator
putative alanine dehydrogenase

putative protein-L-isoaspartate O-methyltransferase
putative cold shock protein

putative cytochrome c-type biogenesis protein
hypothetical protein

putative carbohydrate kinase protein
conserved hypothetical exported protein
putative citrate synthase Il

conserved hypothetical exported protein
conserved hypothetical protein

putative phosphoribosylformylglycinamidine synthase
|
conserved hypothetical exported protein

putative racemase/isomerase

putative permease component of ABC transporter
Unclass
putative UDP-2,3-diacylglucosamine hydrolase

putative transmembrane diacylglycerol kinase
hypothetical protein
hypothetical protein

NE
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NE
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NE
NE
NE
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NE
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RL2827 conserved hypothetical protein NE NE NE NE NE NE NE DE NE AD NE
RL2933 putative transmembrane protein NE NE NE NE NE NE NE DE DE NE NE
RL2934 conserved hypothetical exported protein NE NE NE NE NE NE NE DE DE NE NE
RL3148 putative ArsR family transcriptional regulator NE NE NE NE NE NE NE DE NE NE AD
RL3196 putative MarR family transcriptional regulator NE NE NE NE NE NE NE DE NE NE NE
RL3198 conserved hypothetical protein NE NE NE NE NE NE NE DE DE NE NE
RL3560 (map2) putative methionine aminopeptidase NE NE NE NE NE NE NE DE DE NE NE
RL3561 putative bacterial luciferase family protein NE NE NE NE NE NE NE DE DE NE NE
RL3592 conserved hypothetical exported protein NE NE NE NE NE NE DE DE DE NE NE
RL4025 (suhB) putative inositol-1-monophosphatase NE NE NE NE ES NE NE DE NE ES NE
RL4030 (cheW3) putative chemotaxis protein NE NE NE NE NE NE NE DE NE AD NE
RL4062 putative amidohydrolase NE NE NE NE NE NE NE DE NE ES ES
RL4063 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL4075 putative 5'-nucleotidase NE NE NE NE NE NE NE DE NE NE NE
RL4162 (eda) putative 2-dehydro-3-deoxyphosphogluconate aldolase  NE NE NE NE ES NE NE ES NE NE NE
RL4210 (cysZ) putative cysteine biosynthesis protein NE NE NE NE NE NE NE DE NE DE NE
RL4333 putative phospholipid/glycerol acyltransferase NE NE NE NE NE NE DE DE NE ES ES
RL4404 (pssA3) putative exopolysaccharide production protein NE NE NE NE NE NE NE DE NE NE NE
RL4497 putative transmembrane protein NE NE NE NE NE NE DE DE NE NE DE
RL4538 (ccmB) putative permease component of ABC transporter NE NE NE NE NE NE DE DE DE ES ES

Export cytochrome ¢ binding export protein
RL4539 (cycZ) putative permease component of ABC transporter NE NE NE NE NE NE DE DE DE ES ES

Export heme exporter protein ¢ (cytochrome c-type

biogenesis protein)
RL4597 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL4602 (naAD) putative N-acetylglucosamine-6-phosphate deacetylase NE NE NE NE NE NE NE DE NE ES ES
RL4603 putative aminotransferase NE NE NE NE NE NE NE DE NE ES ES
RL4618 conserved hypothetical protein NE NE NE NE NE NE DE DE DE NE NE
RL4690 conserved hypothetical protein DE ES DE ES NE NE NE DE DE NE NE
RL4411 putative transmembrane protein DE DE DE DE NE NE DE DE DE AD NE
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RL4413
RL4493 (gpsA)

PRL100005
PRL100006
pPRL110012
pRL120584
pPRL90042
PRLO0043

pRLY0066
pRLI0067
pRLO0068
pRL90274
pRLO0276

pRLI0277

RLO501
RL0887
RL0888
RL2208
RL2509 (cit2)
RL2538 (pip2)
RL2614
RL2639
RL3005
RL3295 (recN)

putative ATP-binding component of ABC transporter
PepT

putative glycerol-3-phosphate dehydrogenase
[NAD(P)+]

conserved hypothetical protein with PIN domain
conserved hypothetical protein

putative penicillin-binding family protein

putative epimerase

pseudogene, conserved hypothetical protein

putative permease component of ABC transporter
Export
putative transmembrane protein

conserved hypothetical exported protein
putative transmembrane protein
putative transmembrane hydrogenase-related protein

putative ATP-binding :permease (ABC:IMP)
component of ABC transporter Export cytochrome bd-
related

putative ATP-binding :permease (ABC:IMP)
component of ABC transporter Export cytochrome bd-
related

putative orotate phosphoribosyltransferase

putative plasmid stability protein
conserved hypothetical protein

putative hydrolase

putative citrate synthase |

putative proline iminopeptidase
conserved hypothetical exported protein
putative indigoidine A related protein
hypothetical protein

putative DNA repair protein
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DE
DE
NE
NE

ES
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RL4031 (mcrA) putative sensory transducer methyl-accepting DE NE NE DE NE NE NE DE NE AD NE
chemotaxis protein

RL4032 (mcrB) putative sensory transducer methyl-acccepting DE NE NE DE NE NE NE DE NE AD NE
chemotaxis protein
RL4117 (glAD) putative glycogen synthase DE NE DE NE DE NE NE DE NE ES ES

INSeq experiments are coded as follows: G21 = 21% oxygen, 10 mM glucose. S21 = 21 % oxygen, 20 mM succinate. G1 = 1%
oxygen, 10 mM glucose. S1 = 1% oxygen, 20 mM succinate. VMM = Vincents media. TY = Tryptone yeast media. Rhizo =
rhizosphere. Soy 7.0 = soybean root attachment, pH 7.0. Colon =5 day pea root colonisation. IT = pea infection thread. Nod = pea
nodulation. 0 = data not available. Thick red line = pleiotropy filter cutoff, as described in 5.2.8
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Table A13 — Genes ES/DE in primary root attachment to barley only (data for primary root attachment to pea and soybean not shown)
which were also NE in the input library (not shown).

Gene Description G21 S21 Gl S1 VMM TY  Rhi Bar Col IT Nod
7.0

RL0159 putative MarR family transcriptional regulator NE NE NE NE NE NE NE DE NE NE NE
RL0562 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL0592 putative thiolase NE NE NE NE NE NE NE DE NE NE NE
RL0593 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RLO597 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL1647 (celB) putative cellulose synthase protein NE NE NE NE NE NE NE DE NE NE NE
RL1859 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL1941 hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL2038 (xthA) putative exodeoxyribonuclease 111 NE NE NE NE NE NE NE DE NE NE NE
RL2039 putative HesB family protein NE NE NE NE NE NE NE DE NE NE NE
RL2525 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL2655 hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL2656 putative D-alanyl-D-alanine carboxypeptidase NE NE NE NE NE NE NE DE NE NE NE
RL2657 putative DEEEF/ADF sensory box protein NE NE NE NE NE NE NE DE NE NE NE
RL2856 (msiA)  putative transmembrane lysine/arginine export protein NE NE NE NE NE NE NE DE NE NE NE

family 97% id to MsiA of Mesorhizobium tianshanense

induced by canavanine from seed exudates. Exports

canavanine (an anti-metabolite) out of cell
RL2863 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL2864 hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL2865 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL3252 putative serine protease NE NE NE NE NE NE NE DE NE NE NE
RL3274 (prkA)  putative PrkA family kinase NE NE NE NE NE NE NE DE NE NE NE
RL3278 hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL3279 (pncA)  putative pyrazinamidase/nicotinamidase NE NE NE NE NE NE NE DE NE NE NE
RL0401 putative universal stress protein NE NE NE NE NE NE NE DE NE NE DE
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RL0561 putative AraC family transcriptional regulator (activator) NE NE NE NE NE NE NE DE DE NE NE
RL0O726 conserved hypothetical exported protein NE NE NE NE NE NE NE DE NE DE DE
RL0816 conserved hypothetical protein NE NE NE NE NE NE DE DE DE ES ES
RL1805 putative transmembrane protein NE NE NE NE NE NE NE DE NE NE NE
RL1806 (degQ) putative protease DegQ precursor NE NE NE NE NE NE NE DE NE NE NE
RL2644 conserved hypothetical protein NE NE NE NE NE NE NE DE NE NE NE
RL2645 conserved hypothetical protein NE NE NE NE NE NE DE DE NE NE NE
RL2646 putative transmembrane protein NE NE NE NE NE NE DE DE NE NE NE
RL2647 conserved hypothetical exported protein NE NE NE NE NE NE DE DE NE NE NE
RL2857 (msiR)  putative ArsR family transcriptional regulator MsiR, NE NE NE NE NE NE NE DE NE NE NE

regulates MsiA canavanine (found in seed exudate)

exporter
RL2858 conserved hypothetical exported protein NE NE NE NE NE NE NE DE NE NE NE
RL3253 (hfIC) putative transmembrane serine protease NE NE NE NE NE NE NE DE NE NE NE
RL3254 (hflK) putative transmembrane serine protease NE NE NE NE NE NE NE DE NE DE NE
RL3455 putative MarR family transcriptional regulator NE NE NE NE NE NE NE DE NE DE NE
RL3595 putative Lacl family transcriptional regulator (repressor) NE NE NE NE NE NE NE DE NE AD NE
RL3950 putative phage-related protein NE NE NE NE NE NE AD DE NE NE NE
RL4599 putative lysyl-tRNA synthetase homolog NE NE NE DE NE NE DE DE NE ES ES
pRL120796 hypothetical exported protein DE DE NE NE NE NE NE DE NE NE NE
pRL70099 putative phage-derived invertase/resolvase ES DE ES DE NE NE NE DE NE NE NE
pRL90149 putative LuxR/GerE family transcriptional regulator, part ES DE ES ES NE NE NE DE DE NE NE

of two component response regulator?
RL0566 conserved hypothetical protein DE DE DE DE NE NE NE DE NE NE NE
RL0821 putative O-antigen transporter NE DE NE NE NE NE DE DE DE ES ES
RL1167 putative TetR family transcriptional regulator DE DE DE DE NE NE NE DE NE DE NE
RL2036 putative outer membrane transport protein DE DE DE DE NE NE NE DE NE NE AD
RL2152 hypothetical protein DE DE ES DE NE NE NE DE NE ES ES
RL2526 putative oxidoreductase DE NE DE DE NE NE NE DE NE DE NE
RL2553 conserved hypothetical protein ES ES ES ES NE NE NE DE NE NE NE
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RL2837 putative SBP of ABC transporter QAT? orphan DE DE DE DE NE NE NE DE DE NE
proline/glycine betaine
RL3498 conserved hypothetical protein DE DE DE DE NE NE NE DE NE AD

NE

NE

INSeq experiments are coded as follows: G21 = 21% oxygen, 10 mM glucose. S21 = 21 % oxygen, 20 mM succinate. G1 = 1%
oxygen, 10 mM glucose. S1 = 1% oxygen, 20 mM succinate. VMM = Vincents media. TY = Tryptone yeast media. Rhizo =
rhizosphere. Bar 7.0 = barley root attachment, pH 7.0. Colon = 5 day pea root colonisation. IT = pea infection thread. Nod = pea
nodulation. Thick red line = pleiotropy filter cutoff, as described in 5.2.8
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Table A14 — Genes ES/DE in primary root attachment to pea and soybean roots (data for primary root attachment to barley not shown)
which were also NE in the input library (not shown).

Gene Description G21 S21 G1 S1 VMM TY Rhi Pea Soy Col IT Nod
70 7.0

RL4083 conserved hypothetical protein NE NE NE NE NE NE NE DE DE NE NE NE

pRL100220 conserved hypothetical protein NE NE NE NE NE NE DE DE DE NE DE NE

RL1052 hypothetical protein NE NE NE NE NE NE NE DE DE NE NE NE

RL1371 putative transmembrane protein NE NE NE NE NE NE DE DE ES DE NE NE

RL2400 putative MarC (multiple antibiotic resistance) family NE NE NE NE NE NE NE DE DE NE AD DE
transmembrane protein, they may be transporters

RL2520 putative transmembrane protein NE NE NE NE NE NE NE DE DE NE NE NE

pRL100149 conserved hypothetical protein NE NE NE NE ES NE NE ES ES NE NE NE

pRL110615 (nadC)  putative nicotinate-nucleotide pyrophosphorylase DE DE NE DE NE NE NE DE DE NE NE NE
[carboxylating]

pRL110616 (nadB)  putative L-aspartate oxidase DE DE NE DE NE NE NE DE DE NE NE NE

RLO188 putative ATP-binding:ATP-binding (ABC:ABC) DE DE DE DE NE NE NE DE DE NE NE NE

componentof ABC transporter PepT (S. mel SBP
homologue SMc02832 induced by taurine, valine,

isoleucine
RL1060 putative riz)osomal—protein—alanine acetyltransferase DE DE NE DE ES NE NE ES ES NE ES ES
RL1392 putative transmembrane protein NE DE NE DE NE NE NE DE DE NE NE NE
RL3462 conserved hypothetical protein DE DE DE DE NE NE DE DE DE DE NE DE
RL3763 putative rRNA methyltransferase DE DE DE DE NE NE DE DE DE DE NE NE
RL4074 conserved hypothetical protein DE DE NE DE NE NE DE DE DE NE NE NE

INSeq experiments are coded as follows: G21 = 21% oxygen, 10 mM glucose. S21 = 21 % oxygen, 20 mM succinate. G1 = 1%
oxygen, 10 mM glucose. S1 = 1% oxygen, 20 mM succinate. VMM = Vincents media. TY = Tryptone yeast media. Rhizo =
rhizosphere. Pea 7.0 = pea root attachment, pH 7.0. Soy 7.0 = soybean root attachment, pH 7.0. Colon = 5 day pea root colonisation. IT
= pea infection thread. Nod = pea nodulation. Thick red line = pleiotropy filter cutoff, as described in 5.2.8
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Table A15 — Genes ES/DE in primary root attachment to pea and barley roots (data for primary root attachment to soybean not shown)
which were also NE in the input library (not shown).

Gene Description G21 S22 G1 S1 VMM TY Rhi Pea Bar Col IT Nod
70 7.0
RL2642 conserved hypothetical protein NE NE NE NE NE NE NE DE DE NE NE NE
RL2695 hypothetical protein NE NE NE NE NE NE NE DE DE NE NE NE
RL3277 putative transmembrane protein NE NE NE NE NE NE NE DE DE NE NE NE
pRL100405 putative transmembrane protein NE NE NE NE AD NE NE DE DE NE NE NE
pRL100406 (mctR)  putative two-component sensor/regulator; NE NE NE NE AD NE NE DE DE NE NE NE
transcriptional regulator
RL1340 (sodB) putative superoxide dismutase NE NE NE NE ES NE NE ES ES DE ES NE
RL1381 conserved hypothetical protein NE NE NE NE NE NE DE DE DE DE NE NE
RL2227 putative transmembrane protease NE NE NE NE NE NE DE DE DE DE DE NE
RL3453 putative two-component sensor/regulator; NE DE NE NE NE NE NE DE DE NE DE ES
histidine kinase
RL4309 putative transmembrane protein NE NE NE NE NE NE NE DE DE NE ES ES
RL4382 putative filamentous hemagglutinin adherence NE NE NE NE NE NE NE DE DE DE NE NE
factor precursor
pRL70100 hypothetical protein ES DE ES DE NE NE DE DE DE NE NE NE
RL0186 putative permease component of ABC DE DE DE DE NE NE NE DE DE NE ES ES
transporter PepT (S. mel SBP homologue
SMc02832 induced by taurine, valine,
isoleucine)
RL4379 (hemAl) putative 5-aminolevulinate synthase NE NE NE NE ES ES DE DE DE DE ES ES

INSeq experiments are coded as follows: G21 = 21% oxygen, 10 mM glucose. S21 = 21 % oxygen, 20 mM succinate. G1 = 1%

oxygen, 10 mM glucose. S1 = 1% oxygen, 20 mM succinate. VMM = Vincents media. TY = Tryptone yeast media. Rhizo =

rhizosphere. Pea 7.0 = pea root attachment, pH 7.0. Soy 7.0 = soybean root attachment, pH 7.0. Colon =5 day pea root colonisation. IT

= pea infection thread. Nod = pea nodulation. Thick red line = pleiotropy filter cutoff, as described in 5.2.8
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Table A16 — Genes ES/DE in primary root attachment to soybean and barley roots (data for primary root attachment to pea not shown)
which were also NE in the input library (not shown).

Gene Description G21 S21 G1 S1 VMM TY Rhi Soy Bar Col IT Nod
70 7.0
RLO162 conserved hypothetical protein NE NE NE NE NE NE NE DE DE NE NE NE
RL0163 (phnN) putative phosphonate metabolism protein N, ATP- NE NE NE NE NE NE NE DE DE NE NE NE
bindin
RL0594 putativ% fatty oxidation complex subunit NE NE NE NE NE NE NE DE DE NE NE NE
RLO595 (cspAl) putative cold shock protein NE NE NE NE NE NE NE DE DE NE NE NE
RL0596 putative MarR family transcriptional regulator NE NE NE NE NE NE NE DE DE NE NE NE
RL1111 conserevd hypothetical protein NE NE NE NE NE NE NE DE DE NE NE NE
RL1645 conserved hypothetical protein NE NE NE NE NE NE NE DE DE NE NE NE
RL2118 putative transmembrane protein NE NE NE NE NE NE NE DE DE NE NE NE
RL2287 putative guanine/cytosine deaminase NE NE NE NE NE NE NE DE DE NE NE NE
RL2774 putative LysR family transcriptional regulator NE NE NE NE NE NE NE DE DE NE NE NE
RL2862 conserved hypothetical exported protein NE NE NE NE NE NE NE DE DE NE NE NE
RL3261 putative MocA family oxidoreductase NE NE NE NE NE NE NE DE DE NE NE NE
RL3266 conserevd hypothetical protein NE NE NE NE NE NE NE DE DE NE NE NE
RL3267 putative OmpA family outer membrane protein NE NE NE NE NE NE NE DE DE NE NE NE
RL4090 putative lysophospholipase NE NE NE NE NE NE NE DE DE NE NE NE
RL4357 (sirA) putative two-component sensor/regulator; NE NE NE NE NE NE NE DE DE NE NE NE
transcriptional regulator
RL4380 conserved hypothetical protein NE NE NE NE NE NE NE DE DE NE NE NE
RL0032 putative phosphocarrier protein HPr for mannose NE NE NE NE NE NE DE ES DE NE ES ES
RL0398 putative acetyltransferase NE NE NE NE NE NE NE DE DE NE DE DE
RL0892 putative ribosomal large subunit pseudouridine NE NE NE NE NE NE DE DE DE DE DE DE
synthase B
RL1012 (cbpA) putative curved DNA-binding protein NE NE NE NE NE NE DE DE DE DE NE NE
RL1026 (ctaEl) putative cytochrome c oxidase polypeptide Il NE NE NE NE NE NE NE DE DE NE NE NE
(cytochrome aa3 subunit 3)
RL1164 conserved hypothetical protein NE NE NE NE NE NE NE DE DE NE NE NE
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RL1165 conserved hypothetical protein NE NE NE NE NE NE NE DE DE NE NE NE
RL1439 (cycL) putative cytochrome c-type biogenesis protein NE NE NE NE NE NE NE DE DE NE ES ES
RL1440 (degP1) putative serine protease NE NE NE NE NE NE NE DE DE NE ES ES
RL2285 (hfIX) putative GTP-binding protein NE NE NE NE NE NE NE DE DE NE NE NE
RL2477 (dacF) putative penicillin-binding protein NE NE NE NE NE NE NE DE DE NE NE NE
RL2595 putative MutT/Nudix family protein NE NE NE NE NE NE NE DE DE NE NE NE
(phosphohydrolases)
RL2777 conserved hypothetical protein NE NE NE NE NE NE NE DE DE NE NE NE
RL2778 putative exopolysaccharide biosynthesis protein NE NE NE NE NE NE NE DE DE NE NE NE
RL2828 putative XRE family (HipB) family transcriptional NE NE NE NE NE NE NE ES ES DE ES ES
regulator
RL3320 puqtative signalling and peptidoglycan binding NE NE NE NE NE NE NE DE DE DE NE NE
rotein
RL3321 gutative DnaJ family chaperone NE NE NE NE NE NE NE DE DE DE NE NE
RL3986 (ruvC) putative Holliday junction endodeoxyribonuclease NE NE NE NE NE NE NE DE DE NE DE NE
RuvC
RL4018 putative ATP-binding:permease (ABC:IMP) NE NE NE NE NE NE NE DE DE NE DE DE
component of ABC transporter Export
RL4354 (xerD) putative tyrosine recombinase NE NE NE NE NE NE NE DE DE NE DE ES
RL4356 conserved hypothetical protein NE NE NE NE NE NE NE DE DE NE DE DE
RL1091 conserved hypothetical protein DE NE NE NE NE NE NE DE DE DE NE NE
RL1092 conserved hypothetical protein DE NE NE NE NE NE NE DE DE DE NE NE
RL1093 putative beta-lactamase family protein DE NE NE NE NE NE NE DE DE DE NE NE
pRL100010 conserved hypothetical protein DE DE DE DE DE NE NE DE DE NE DE NE
pRL100011 hypothetical protein DE DE DE DE NE NE NE DE DE DE NE NE
pRL100275 putative Lacl family transcriptional regulator DE DE DE DE DE NE DE DE DE DE NE NE
repressor
pRL90144 E)utr;tive e>)<opolysaccharide biosynthesis-related DE DE DE DE NE NE NE DE DE NE NE NE
rotein
RL0153 gutative penicillin-binding DE NE NE NE NE NE DE DE DE DE NE NE
transpeptidase/transglycosylase protein
RL0161 putative cell division DNA translocase protein DE DE DE DE NE NE NE DE DE NE NE NE
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RL0226
RLO227

RL0228
RL0423
RLO0546 (phoU)

RL0547 (phoB)

RLO565

RL0618
RL0818
RLO0819

RL0820 (hisH2)

RL1024 (coxF)
RL1025 (ctaG)
RL1166
RL1388
RL1548 (radA)
RL1642

RL1731 (rpmG)
RL4430
RL2209 (cysEl)
RL2210
RL2236 (lexA)
RL2237

putative permease component of ABC transporter
PepT

putative permease component of ABC transporter
PepT

putative SBP of ABC transporter PepT

putative transmembrane protein

putative phosphate uptake regulator PhoU,
unknown mechanism to regulate expression of
high-affinity ABC systems

putative two-component sensor/regulator;
phosphate regulon transcriptional regulator PhoB
putative SBP of ABC transporter PAAT (S. mel
SBP homologue SMc02219 induced by valine,
homoserine, isoleucine)

conserved hypothetical protein

putative lipopolysaccharide biosynthesis protein

putative imidazole glycerol phosphate synthase
subunit

putative imidazole glycerol phosphate synthase
subunit (igp synthase glutamine amidotransferase
subunit)

putative cox locus protein

putative cytochrome c oxidase assembly protein
putative ribonuclease-L-PSP family protein
conserved hypothetical protein

putative DNA repair protein RadA homologue

putative two-component sensor/regulator;
transcriptional regulator
putative 50S ribosomal protein L33

putative 3-oxoacyl-[acyl-carrier-protein] reductase
putative serine acetyltransferase

conserved hypothetical protein

putative LexA repressor (SOS regulatory protein)
conserved hypothetical protein

DE
DE

DE
NE
NE

DE

DE

DE
NE
NE

NE

DE
DE
DE
NE
DE
NE

DE
DE
DE
DE
NE
DE
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DE

DE
DE
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DE
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DE

DE

DE

DE
NE
NE

NE

DE
DE
DE
NE
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DE
DE
DE
DE
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DE

DE

DE

DE
DE
DE
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DE

DE
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NE

NE

DE
DE
DE
DE
NE
DE

DE
DE
ES
ES
NE
DE

NE

NE

NE
NE
NE

NE

NE

NE
NE
NE

NE

NE
NE
NE
NE
NE
NE

NE
NE
DE
DE
NE
NE

NE

NE

NE
NE
NE

NE

NE

NE
NE
NE

NE

NE
NE
NE
NE
NE
NE

NE
NE
NE
NE
NE
NE

DE

DE

DE
DE
NE

NE

NE

DE
DE
DE

DE

DE
NE
NE
NE
NE
NE

NE
DE
DE
DE
NE
NE

DE

DE

DE
DE
DE

DE

DE

DE
DE
DE

DE

DE
DE
DE
DE
DE
DE

DE
DE
DE
DE
DE
DE

DE

DE

DE
DE
DE

DE

DE

DE
DE
DE

DE

DE
DE
DE
ES
DE
ES

DE
DE
DE
DE
DE
DE

NE

NE

NE
DE
NE

NE

NE

DE
DE
DE

DE

DE
NE
NE
NE
NE
NE

NE
DE
DE
DE
NE
NE

ES

ES

ES
NE
ES

NE

NE

NE
ES
ES

ES

ES
NE
DE
NE
NE
NE

DE
DE
ES
NE
NE
NE

ES

ES

ES
AD
ES

NE

NE

DE
ES
ES

ES

ES
NE
NE
NE
NE
NE

DE
NE
DE
DE
NE
NE



RL2510 conserved hypothetical protein ES DE DE DE NE NE DE DE ES DE NE NE

RL2818 (fnrN) putative FNR/CRP family transcriptional regulator, DE DE DE DE NE NE NE DE DE NE AD NE
100% id to VF39 FnrN

RL3260 putative FAD-dependent DE DE DE NE NE NE DE DE DE DE ES ES
dehydrogenase/oxidoreductase

RL3667 putative UDP-glucose 6-dehydrogenase DE DE DE DE NE NE DE DE DE DE ES DE

INSeq experiments are coded as follows: G21 = 21% oxygen, 10 mM glucose. S21 = 21 % oxygen, 20 mM succinate. G1 = 1%
oxygen, 10 mM glucose. S1 = 1% oxygen, 20 mM succinate. VMM = Vincents media. TY = Tryptone yeast media. Rhizo =
rhizosphere. Soy 7.0 = soybean root attachment, pH 7.0. Bar 7.0 = barley root attachment, pH 7.0. Colon = 5 day pea root colonisation.
IT = pea infection thread. Nod = pea nodulation. Thick red line = pleiotropy filter cutoff, as described in 5.2.8
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Table A17 — Genes AD in primary root attachment to pea, soybean and barley roots which were also NE in the input library (not

shown).
Gene AD Description G21 Gl S21 S1 VMM TY Rhi Col IT Nod
classification
conditions
RL4139 Pea, Bar, Soy putative transmembrane GGDEF/EAL sensory box NE NE NE NE NE NE NE NE GA GA
pRL70156  Pea EL?;?;Ce conjugal transfer protein TrbG NE NE NE NE NE NE NE NE NE GD
grLb:gg? Soy conserved hypothetical protein NE NE NE NE NE NE NE NE NE NE
RL3928 Soy conserved hypothetical protein NE NE NE NE NE NE NE NE NE NE
RL3929 Soy conserved hypothetical protein NE NE NE NE NE NE NE NE NE NE
RL3930 Soy conserved hypothetical protein NE NE NE NE NE NE NE NE NE NE
RL4464 Soy putative lyase/mutase NE NE NE NE NE NE NE NE NE NE
pRL70057  Soy putative transposase NE NE NE NE NE NE NE NE NE NE
RL0645 Soy putative short-chain dehydrogenase/reductase NE NE NE NE NE NE NE NE NE NE
RL3092 Soy conserved hypothetical protein NE NE NE NE NE NE NE NE NE NE
RL3093 Soy conserved hypothetical protein NE NE NE NE NE NE NE NE NE NE
RL3861 Soy putative permease component of ABC transporter CUT1 NE NE NE NE NE NE NE NE NE NE
RL3885 Soy putative ATP-binding component of ABC transporter NE NE NE NE NE NE NE NE NE NE
(sitB) MZT (S. mel SBP homologue SMc02509 induced by
manganese limitation)

RL4003 Bar conserved hypothetical exported protein NE NE NE NE NE NE NE NE NE NE
RL3091 Soy, Bar putative transmembrane protein NE NE NE NE NE NE NE NE NE NE
RL4724 Soy, Bar putative ribosomal RNA small subunit methyltransferase NE NE NE NE NE NE NE NE NE NE
gSLrg(?Q)O Soy, Bar sutative methyltransferase NE NE NE NE NE NE GA GA NE NE
pRL100223 Soy conserved hypothetical protein NE NE NE NE GA NE NE NE NE NE
pRL100362 Soy putative LysR family transcriptional regulator NE NE NE NE NE NE NE NE NE NE
pRL120012 Soy putative permease component of ABC transporter CUT1 NE NE NE NE NE NE NE NE NE NE
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pRL70157
(trbLp7)
RL0070

RLOO71
(toaE)
RLO076

RLO105
RL0241
RL0639

RLO644
(rbtD)
RLO770

RL0980
RL3733
RL3886
(sitC)

RL4244
RL4649

RL4706
(ilVA2)
RL4725

Soy

Soy
Soy

Soy
Soy
Soy
Soy
Soy

Soy
Soy
Soy
Soy

Soy
Soy
Soy

Soy

putative conjugal transfer protein TrbL

conserved hypothetical protein
putative type | export system

conserved hypothetical protein
conserved hypothetical protein
conserved hypothetical protein

putative SBP of ABC transporter CUT1
putative ribitol 2-dehydrogenase

putative phasin, phasin-2 superfamily
putative metalloprotease M24 family
conserved hypothetical protein

putative permease component of ABC transporter MZT

(S. mel SBP homologue SMc02509 induced by

manganese limitation)

putative permease component of ABC transporter CUT1
putative permease component of ABC transporter PepT

putative threonine dehydratase biosynthetic

putative heat-shock peptidase

GD

NE
NE

NE
NE
NE
NE
NE

NE
NE
NE
NE

NE
NE
NE

NE

NE

NE
NE

NE
NE
NE
NE
NE

NE
NE
NE
NE

NE
NE
NE

NE

NE

NE
NE

NE
NE
NE
NE
NE

NE
NE
NE
NE

NE
NE
NE

NE

GD

NE
NE

NE
NE
NE
NE
NE

NE
NE
NE
NE

NE
NE
NE

NE

GA

NE
NE

NE
GA
NE
NE
NE

NE
NE
NE
NE

NE
NE
NE

NE

GA

NE
NE

NE
NE
GA
NE
NE

NE
NE
NE
NE

NE
NE
NE

NE

NE

NE
NE

GA
GA
NE
GA
NE

NE
NE
NE
NE

NE
NE
NE

NE

NE

NE
NE

GA
GA
NE
GA
NE

NE
NE
NE
NE

NE
NE
NE

NE

NE

NE
NE

GA
GA
NE
NE
NE

NE
NE
NE
NE

NE
NE
NE

NE

NE

NE
NE

NE
NE
NE
NE
NE

NE
NE
NE
NE

NE
NE
NE

NE

INSeq experiments are coded as follows: G21 = 21% oxygen, 10 mM glucose. S21 = 21 % oxygen, 20 mM succinate. G1 = 1%
oxygen, 10 mM glucose. S1 = 1% oxygen, 20 mM succinate. VMM = Vincents media. TY = Tryptone yeast media. Rhizo = pea

rhizosphere. Colon = 5 day pea root colonisation. IT = pea infection thread. Nod = pea nodulation. Thick red line = pleiotropy filter

cutoff, as described in 5.2.8. Pea= pea root attachment, pH 7.0. Soy = soybean root attachment, pH 7.0. Bar = barley root attachment,

pH 7.0.
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Appendix 2. Supplementary material for Chapters 4, 5 and 6

Overview

Chapter 4 — Raw INSeq data: Appendix 2, Table 1

Chapter 5 — Raw INSeq data: Appendix 2, Table 2

These datasets have been deposited electronically in the Oxford University Research

Archive (ORA) and may be accessed in the repository using the following link:

https://doi.org/10.5287/bodleian:kZYnK2vQ2

Chapter 6 — Videos 1-5

These videos have been deposited electronically in ORA and may be accessed in the

repository using the following link:

https://doi.org/10.5287/bodleian:w4AxBzN4k
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