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Sinorhizobium fredii NGR234 is an Alphaproteobacterium of the Rhizobiaceae family.
This Gram-negative bacterium is characterised by its remarkably broad host range. It
can induce root nodules and fix atmospheric Nitrogen with over 120 legume plant
genera and even with one non-legume. S. fredii NGR234’s genome consists of three
replicons, the chromosome and two megaplasmids, pNGR234b and pNGR234a. The
chromosome and the pNGR234a plasmid encode each for one quorum sensing (QS)
system, consisting of an autoinducer synthase, ngr/ and ftral respectively, and their
regulators, ngrR and traR. Recently, studies indicated that deleting both QS system
autoinducer synthases, tral and ngrl, the plasmid copy number of the pNGR234a
plasmid increased and nearly all genes encoded on the symbiotic plasmid were highly
transcribed leading to the identification of new open reading frames (ORFs). Analysis
of these data showed a regulatory function of some of these newly discovered small

OREFs, like NGR_a01725 or repX on plasmid copy number.

This study provides further evidence that the plasmid copy number of the symbiotic
plasmid in the rhizobia species S. fredii NGR234, besides multiple other factors, like
non-coding RNA, small ORFs and some still unknown factors, is influenced by QS. To
develop a deeper understanding and provide further information how the plasmid copy
number is regulated in S. fredii NGR234, effects of copy number changes were
investigated by real-time quantitative PCR. Cultivation of NGR234 wild type (WT) and
QS autoinducer synthase mutants using spent medium of different Gram-negative
bacteria confirmed that the copy number of the symbiotic plasmid of NGR234 is

regulated by externally provided autoinducers.

Another main aspect studied here is phenotypic heterogeneity in S. fredii NGR234. The
promoters of the autoinducer synthases, tral and ngrl, as well as the quorum
quenching (QQ) gene gsdR1 promoter were linked to individual fluorescent proteins on
one broad host range plasmid and after transformation of different NGR234 strains
observed by confocal laser scanning microscopy (CLSM). Subsequently, an automated
cell counting pipeline and the identification of fluorescence intensity with the CellProfiler
3.1.8 software gave the opportunity to analyse CLSM images comparing NGR234 WT
and the NGR234 mutant strains. All promoters showed heterogeneous expression in
NGR234 WT and the studied mutant strains, ANU265, NGR234 ArepX and NGR234



ANGR_a01725+. Analysing single cells by CLSM and using an automated analysis
revealed how population-wide expression patterns are shaped by single cell
expression. However, the total range of the heterogeneous expression of each
promoter was influenced in each mutant. Interestingly, ANU265 was observed to have
three times higher median fluorescence intensities for all measured promoters after
24 h, had similar levels after 48 h and equal or higher levels of median fluorescence
intensities after 72 h compared to the WT. The level of the overall phenotypic
heterogeneity for the measured promoters was increased after 48 h. Examining the
effect of the small ORFs repX and NGR_a01725, revealed an effect on phenotypic
heterogeneity of the observed promoters as well. Even tough deletion of repX leads to
a total loss of the symbiotic plasmid comparable to the ANU265 strain, results for the
NGR234 ArepX mutant were different. Here median fluorescent intensities were either
on WT level or below for all promoters. The range of expression intensities decreased,
resulting in less phenotypic heterogeneity after 48 h. The deletion of the small ORF
NGR_a01725 on the other hand increased the promoter activities after 48 h compared
to the NGR234 WT. Additionally, the degree of phenotypic heterogeneity for the
measured promoter activities was enhanced as well. These results show that QS and
QQ are not as homogeneous as expected and that expression of these genes is

influenced by the symbiotic plasmid copy number and small ORFs encoded thereon.

Sinorhizobium fredii NGR234 ist ein Alphaproteobakterium aus der Familie der
Rhizobiaceae. Dieses Gram negative Bakterium zeichnet sich durch sein
bemerkenswert breites Wirtsspektrum aus. Es kann Wurzelkndllchen induzieren und
atmospharischen Stickstoff mit iber 120 Leguminosen-Gattungen und sogar mit einer
Nicht-Leguminose fixieren. Das Genom von S. fredii NGR234 besteht aus drei
Replikons, dem Chromosom und zwei Megaplasmiden, pNGR234b und pNGR234a.
Das Chromosom und das pNGR234a Plasmid kodieren jeweils fir ein Quorum
Sensing (QS)-System, bestehend aus einer Autoinducer-Synthase, ngrl bzw. tral, und
deren Regulatoren, ngrR und traR. Kirzlich wiesen Studien darauf hin, dass durch die
Deletion der beiden Autoinducer-Synthasen der QS-Systeme, fral und ngrl, die
Plasmid-Kopienzahl des pNGR234a-Plasmids anstieg und fast alle auf dem
symbiotischen Plasmid kodierten Gene hoch transkribiert wurden, was zur
Identifizierung neuer offener Leserahmen (ORFs) fihrte. Die Analyse dieser Daten
zeigte eine regulatorische Funktion einiger dieser neu entdeckten kleinen ORFs, wie
NGR _a01725 oder repX auf die Plasmid-Kopienzahl.



Diese Studie liefert weitere Hinweise darauf, dass die Plasmid-Kopienzahl des
symbiotischen Plasmids in dem Rhizobienstamm S. fredii NGR234, neben mehreren
anderen Faktoren, wie nicht-kodierender RNA, kleinen ORFs und einigen noch
unbekannten Faktoren, von QS beeinflusst wird. Um ein tieferes Verstandnis zu
entwickeln und weitere Informationen dariiber zu erhalten, wie die Plasmid-Kopienzahl
in S. fredi NGR234 reguliert wird, wurden die Auswirkungen von
Kopienzahlanderungen mittels quantitativer real-time PCR untersucht. Die Kultivierung
von NGR234 Wildtyp (WT) und QS-Autoinducer-Synthase-Mutanten unter Verwendung
von verbrauchtem Medium verschiedener Gram negativer Bakterien bestatigte, dass
die Kopienzahl des symbiotischen Plasmids von NGR234 durch extern hinzugefligte

Autoinducer reguliert wird.

Ein weiterer Aspekt, der hier untersucht wurde, ist die phanotypische Heterogenitat in
S. fredii NGR234. Die Promotoren der Autoinducer-Synthasen, fral und ngrl, sowie der
Promotor des Quorum Quenching (QQ)-Gens ¢gsdR7 wurden mit individuellen
fluoreszierenden Proteinen auf einem Plasmid mit breitem Wirtsspektrum verknipft
und nach Transformation verschiedener NGR234 Stdmme mittels konfokaler Laser-
Scanning-Mikroskopie (CLSM) beobachtet. Eine automatisierte Zellzahlung und die
Identifizierung der Fluoreszenzintensitat mit der Software CellProfiler 3.1.8 ermdoglichte
anschlielend die Analyse von CLSM Bildern, die NGR234 WT und die NGR234-
Mutantenstdmme verglichen. Alle Promotoren zeigten eine heterogene Expression im
NGR234 WT und den untersuchten Mutanten, ANU265, NGR234 ArepX und
NGR234 ANGR_a01725+. Die Analyse einzelner Zellen mittels CLSM und die
Verwendung einer automatisierten Analyse zeigten, wie populationsweite
Expressionsmuster durch die Expression einzelner Zellen gepragt werden. Das
Ausmal} der heterogenen Expression jedes Promotors wurde jedoch in jeder Mutante
beeinflusst. Interessanterweise wurde bei ANU265 beobachtet, dass die medianen
Fluoreszenzintensitaten fur alle gemessenen Promotoren nach 24 h dreimal hdher
waren, nach 48 h ahnliche Werte aufwiesen und nach 72 h gleiche oder héhere Werte
der medianen Fluoreszenzintensitaten im Vergleich zum WT hatten. Das Niveau der
gesamten phanotypischen Heterogenitat fir die gemessenen Promotoren war nach
48 h erhdht. Die Untersuchung des Effekts der kleinen ORFs repX und NGR_a01725,
zeigte ebenfalls einen Effekt auf die phanotypische Heterogenitat der beobachteten
Promotoren. Auch wenn die Deletion von repX zu einem Totalverlust des
symbiotischen Plasmids flhrt, vergleichbar mit ANU265, waren die Ergebnisse flr die

NGR234 ArepX Mutante abweichend dazu. Hier lagen die medianen



Fluoreszenzintensitaten fir alle Promotoren entweder auf WT-Niveau oder darunter.
Der Umfang der Expressionsintensitdten nahm ab, was zu einer geringeren
phanotypischen Heterogenitat nach 48 h fihrte. Die Deletion des kleinen ORF
NGR_a01725 hingegen erhdhte die Promotoraktivitdten nach 48 h im Vergleich zum
NGR234 WT. Zusatzlich war auch der Grad der phanotypischen Heterogenitat fir die
gemessenen Promotoraktivitdten erhdht. Diese Ergebnisse zeigen, dass QS und QQ
nicht so homogen sind wie erwartet und dass die Expression dieser Gene von der
Kopienzahl des symbiotischen Plasmids und den darauf kodierten kleinen ORFs

beeinflusst wird.



Biological nitrogen fixation in root nodules of legumes was discovered by the German
agricultural chemist Hermann Hellriegel and the Dutch microbiologist Martinus W.
Beijerinck at the end of the 20t century. Beijerinck discovered that bacteria living inside
of root nodules could fix atmospheric nitrogen and convert it into ammonium, making it
accessible to the plant host as part of a symbiosis (Beijerinck, 1888, 1901). Shortly
after the discovery of bacteria living symbiotically in root nodules, the isolated bacteria
were renamed from Bacillus radicicola to Rhizobium leguminosarum (Frank, 1889)
initiating the family Rhizobiaceae we know. During the last century further species
belonging to the Rhizobiales were discovered and cultivated, making Rhizobia one of
the best studied phyla. Symbiotic nitrogen fixation is not limited to the family of
Rhizobiaceae and can also be found in e.g. Cyanobacteria or bacteria belonging to the
family of Azoarcus (Mus et al., 2016; Reinhold-Hurek et al., 1993).

The term ‘Rhizobia’ refers to a paraphyletic group of bacteria belonging to the Alpha-
and Betaproteobacteria (a- and B-Proteobacteria) or the Actinobacteria, forming a
symbiosis with their respective host plant and fixing nitrogen (Mus et al., 2016).
Rhizobia are naturally occurring all over the world and competing with other bacteria in
the soil and in proximity to plant roots, the rhizosphere. Establishment of symbiosis
relies on a finely tuned and harmonised chemical communication between the plant

host and the rhizobium.

Symbiosis between plants and rhizobia initially starts by host specific flavonoids that
are secreted into the rhizosphere. A LysR-type transcriptional activator, nodD, performs
detection of these flavonoids in the bacteria. NodD is the master regulator of the plant
signal induced nodulation response in rhizobia (Bassam et al., 1988; Schlaman et al.,
1992). Perception of flavonoids by NodD induces a signalling cascade by binding to a
49 base pair (bp) nod-box motif (Feng et al., 2003; Kobayashi et al., 2004), regulating
the expression of nod, noe and nol gene clusters, each composed of several genes
encoding for e.g. nodulation factors and transporters. These nodulations factors, or nod
factors, are lipochitooligosaccharides that are secreted into the cell’s environment and
detected by the host plant (Schultze and Kondorosi, 1998). This initial exchange of

chemical signals, flavonoids on the one hand, and nod factors on the other hand,



represent the crucial first steps in plant-microbe symbiosis between the host plant and
the rhizobia. Even though rhizobia share a common nod factor structure, each species
has a distinct subset of nod factors with specific modifications (Spaink, 2000). These
nod factors are detected by a suitable host plant via a lysine motif receptor (LysM) on
the root’s surface. The plants gene expression is then altered and nodulation specific
genes are being expressed (Goedhart et al., 2000; Poole et al., 2018). Furthermore,
the expression of genes required for establishing symbiosis is induced in the respective

bacterium.

As a first visible reaction to nod factors, root hair curling is initiated (Esseling et al.,
2003; Poole et al., 2018), leading to the formation of a ‘Shepherd’s crook’ (Gehring et
al., 1997; Somasegaran and Hoben, 1985). By curling the root hair, rhizobia attached
to the respective root hair are entrapped. The formation of an infection thread is
induced in curled root hair cells (Denarie et al., 1996; Fournier et al., 2008). Prior to the
visible reaction to nod factors, a calcium ion (Ca**) spiking in the root hair cell can be
measured (Ehrhardt et al., 1996; Gehring et al., 1997; Jones et al., 2007; Miwa et al.,
2006; Wais et al., 2000, 2002). Following the Ca?* signal, loosening of actin filaments
inside the root tips can be observed (Murray, 2011) and a signalling cascade in which

early nodulation genes (enod) are expressed is initiated.

In order to overcome the root hairs cell wall, rhizobia were shown to secrete cellulases,
making the initiation of the infection and the subsequently formation of an infection
thread possible (Robledo et al., 2008). The infection thread, formed by the plant,
enables the rhizobia to further grow and enter the curled root hair. The infection
threads extend until they reach the cells of the inner root cortex where rhizobia cells
are released into the already proliferating cortical cells, also referred to as the nodule
primordium (Oldroyd and Downie, 2008). Before bacteria enter the nodule primordium
cells of the root cortex, they are enclosed by a membrane, forming the symbiosome
(Calatrava-Morales et al., 2018; Oldroyd and Downie, 2008; Roth and Stacey, 1989).
Low oxygen levels and plant originated peptides, initiate the differentiation of bacteria
into bacteroids. These bacteroids are no longer capable of proliferation but their gene
expression is shifted to fixation of nitrogen. Living inside the symbiosome, metabolite
pathways for saprophytic lifestyle are no longer necessary and therefore their gene
expression is down regulated. However, it was observed that before terminal
differentiation into bacteriods, some rhizobia increased their cell size, and a higher
membrane permeability was detectable. Additionally, replication of the bacteria’s

genome was detected (Alunni and Gourion, 2016; Jones et al., 2007; Mergaert et al.,



2006). It is speculated that this is to further increase transcription and expression of
genes required for nitrogen fixation and symbiosis in general. Besides nod factors,
rhizobia express small proteins, the nodulation outer proteins (NOPs) as well as exo-
and lipopolysaccharides (EPS and LPS) to quench plant immune response. Thereby,
some rhizobia can further broaden their host range by lowering the plant immune
response, allowing them to enter the root hair cell and pursue the infection (Cooper,
2007; Jones et al., 2007; Nelson and Sadowsky, 2015). To control rhizobial infection,
legume plants tightly regulate the infection process. Several gateways detect and
control respective rhizobia species, enabling the host plant to screen for specific
rhizobia species and forming host-symbiont specificity (Masson-Boivin and Sachs,
2018; Unay and Perret, 2020). Once nodules are formed, subsequent infection and the
additional formation of new nodules is suppressed (Jones et al., 2007; Nelson and
Sadowsky, 2015).

Overall, symbiosis is a finely balanced interplay between the host plant and the
rhizobium. Both participants secrete several chemical signals to identify suitable
partners. Furthermore, continuously expression of bacterial nod factors, EPS and LPS
during establishment of symbiosis makes it possible for plants to select, even after
initial infection, for the most suitable rhizobia symbiosis partner (Unay and Perret,
2020). After differentiation of the rhizobia into nitrogen fixing bacteroids by expression
of e.g. nitrogenase, bacteria supply nitrogen in form of ammonium to their host plant
(Jones et al., 2007). In return, plants supply carbon the in form of malate to bacteria

and provide a secure ecological niche (Jones et al., 2007).

Since their discovery, rhizobia have been extensively studied, especially regarding their
host range. Many rhizobia species experience a distinct host range, with some species
being able to nodulate only one specific host plant (Perret et al., 2000). On the other
hand, studies identified rhizobia species inducing nodulation in a broad range of host
plants (Pueppke and Broughton, 1999). Therefore, rhizobia can be classified as either
narrow or broad host range strains. One species that contains few broad host range
strains is the a-Proteobacteria Sinorhizobium fredii. Besides the strain S. fredii HH103,
nodulating up to 15 soybean hosts, and the S. fredii USDA257 strain being able to
induce nodule formation on at least 79 host plants, the strain S. fredii NGR234 stands
out with its extraordinary wide host range (Krysciak et al.,, 2015; Pueppke and
Broughton, 1999).



The broad host range strain Sinorhizobium fredii NGR234 (referred to as NGR234)
belongs to the group of a-Proteobacteria, is rod-shaped, Gram-negative, and has a
remarkable host range - it is known for its ability to nodulate over 120 plant genera,
including the non-legume Parasponia andersonii (Pueppke and Broughton, 1999;
Trinick, 1980). NGR234 was first isolated from root nodules of the Lablab purpureus in
Papua New Guinea as one of the fast-growing rhizobia strains (Trinick, 1980). As more
and more studies investigated the ability of NGR234 to nodulate a broad host range,
interest in its genetic background and its form of communication with its host plants
emerged (e.g. Stanley and Cervantes, 1991; Flores et al., 1998; He et al., 2003; Perret
et al., 2003; Staehelin et al., 2006; Schmeisser et al., 2009; Krysciak et al., 2015).

In 2009, NGR234s’ full genome was sequenced (Schmeisser et al., 2009) and enabled
extensive studies regarding its genetic tools. NGR234’s genome consists of three
replicons, the chromosome (cNGR234) with a size of 3.93 mega bp (Mbp), a
megaplasmid (PNGR234b) with a size of 2.43 Mbp and a smaller plasmid (pPNGR234a),
also referred to as symbiotic plasmid, with a size of 0.54 Mbp (Schmeisser et al., 2009;
Schuldes et al., 2012). The symbiotic plasmid and the pNGR234b megaplasmid belong
to the family of repABC plasmids. The small pNGR234a plasmid encodes for nearly all
genes necessary for establishing symbiosis and nodule formation, like nod factor and
nitrogenase-coding genes. No essential genes are encoded on the symbiotic plasmid,
since NGR234 can be cured of it, losing its ability to nodulate and fix nitrogen, while not
impairing its growth. NGR234 without its symbiotic plasmid is referred to as S. fredii
ANU265 (Morrison et al, 1983). Besides NGR234’s nodulation factors,
exopolysaccharides (Staehelin et al., 2006) and a number of secretion systems
(Freiberg et al., 1997; Schmeisser et al., 2009), the quorum sensing system of
NGR234 became a focus of research. Living as single cells in the soil, intra-species
communication via quorum sensing is essential for being competitive against other soil-
dwelling bacteria and for the establishment of successful symbiosis with a suitable host

plant.

Quorum sensing (QS) is characterised by the expression and secretion of small
diffusible compounds into the surroundings of the producing cell and the reception of
these chemical signals by neighbouring cells. Upon reaching a certain quorum, gene
expression is altered on the population level, initiating processes that are only useful
when the population density has reached a high level (Fuqua et al., 1994). QS was first

described for Vibrio fischeri, now reclassified as Aliivibrio fischeri, living in the light



organs of bobtail squids (Nealson and Hastings, 1979). The bacteria living inside the
squid reach high populations densities in comparison to bacteria in the open water,
leading to the QS-regulated expression of the /ux operon and therefore to light
emission (Nealson and Hastings, 1979). Since the first reports of QS in bacteria, more
examples of population-wide gene expression based on population density have been
shown. Sporulation, biofilm formation, light emission, antibiotics synthesis and conjugal
plasmid transfer are just a few examples (Miller and Bassler, 2001; Williams et al.,
2007). In the Gram-negative A. fischeri, population density is sensed by the
concentration of the autoinducer (Al) produced by the respective Al synthase LuxI. LuxI
was shown to produce an acyl homoserine lactone (AHL) Al at low levels even when
the population density has not reached a threshold level. The AHL-Al are mostly
membrane diffusible compounds, accumulating in the environment with increasing
population density. The LuxR regulator, binding Al molecules, mediates AHL-AI
detection. When a population density threshold is reached, LuxR binds AHL-Al and
thereby enables the binding of LuxR in the promoter region of the lux operon, activating
its expression and leading to light emission. Thus, Luxl induces its own expression in a
positive feedback loop. On the other hand, the LuxR-Al complex leads to a reduced
expression of LuUxR itself, regulating its own expression negatively (Miller and Bassler,
2001; Whitehead et al., 2001). This Luxl/LuxR type QS system was also identified in a
range of other Gram-negative bacteria like Pseudomonas spp., Chromobacterium
violaceum, Yersinia spp., Burkholderia spp. or Erwina spp (Papenfort and Bassler,
2016; Whitehead et al.,, 2001; Wiliams et al., 2007). Another extensive studied
example of the Luxl/LuxR type system was identified in Agrobacterium tumefaciens
(Papenfort and Bassler, 2016; White and Winans, 2007; Williams et al., 2007).
A. tumefaciens is a soil dwelling Gram-negative bacterium causing crown gall disease
on plants (Escobar and Dandekar, 2003). In this plant pathogen, Al are synthesised by
the Luxl type tral Al synthase encoded on the tumour-inducing plasmid (Ti-plasmid).
Tral produces a N-3-oxo-octanoyl-homoserine lactone (3-oxo-Cgs-HSL) (Fuqua et al.,
1994), which is detected and bound by TraR, the LuxR homologue. Binding of AHL to
TraR, leads to the formation of TraR dimers with enhanced stability and induces
conformational changes, increasing its affinity to its cognate promoter binding sites
(Zhu and Winans, 2001). The TraR-AHL complex stimulates expression of Tral,
forming a positive feedback loop, and stimulating plasmid conjugation genes by binding
to the respective promoter regions, tra-boxes, on the Ti-plasmid (Fuqua and Winans,
1996; White and Winans, 2007). In contrast to A. fischeri, A. tumefaciens’ QS system is

further regulated by the TraR anti-activator TraM, also encoded on the Ti-plasmid



(Fuqua et al., 1995; Miller and Bassler, 2001). TraM provides a tool for A. tumefaciens
to regulate QS and plasmid conjugation at low cell densities, when QS thresholds are
not reached. Therefore, TraM prevents A. tumefaciens of premature gene expression
and QS response (Fuqua et al., 1995; Lang and Faure, 2014). Another example of how
QS shapes infectious traits can be found in the plant pathogen Burkholderia glumae
PG1. B. glumae PG1 encodes for three QS systems, all expressing AHL type Al
signals (Gao et al., 2015b). The QS systems have been termed bgal1 to bgal3. Using
thin layer chromatography (TLC), the respective Al signals were analysed in detail. The
Al synthase bgal1 probably synthesises a 3-oxo-octanoyl-HSL, bgal2 best aligned with
a reference of 3-oxo-decanoyl-HSL, whereas bgal3 co-migrated with either a 3-oxo-
dodecanoyl-HSL or a decanoyl-HSL (Gao et al.,, 2015b). In B. glumae PG1 QS
regulates a diverse set of genes necessary for the phytopathogenicity, including
motility, secretion of virulence factors or expression of phytotoxins (Kang et al., 2008;
Kim et al., 2007; Zhou-qi et al., 2016).

Living in soil makes reception of the direct environment a necessity. QS enables
NGR234 to express specific genes in response to environmental signals only when the
population has reached a certain threshold. Studies have shown that NGR234’s QS
system is very similar to that of A. ftumefaciens and the Luxl/LuxR type system of A.
fischeri (Freiberg et al., 1997; He et al., 2003). NGR234 was described to encode for
two distinct QS systems, one located on the chromosome and designated ngrl/ngrR
system (see Figure 1) and the other positioned on the symbiotic plasmid and referred
to as tral/traR system (He et al., 2003; Krysciak et al., 2011). Like the luxl/luxR system
of A. fischeri, the ngrl/ngrR system consists only of an Al synthase (Ngrl) and its
respective regulator protein (NgrR). The Al synthases constantly synthesise low
amounts of Al under non-inducing conditions (Cha et al., 1998; Vannini et al., 2002).
Most Al molecules freely pass the cell membrane and slowly accumulate in the cells
environment when population density rises. Due to the increasing concentration of Al
molecules, NgrR can associate with its respective Al, further positively stimulating the
expression of ngrl, auto-inducing its own expression (see Figure 1). However, the
complete functioning mechanism of the ngri/ngrR system still needs further research
until fully characterised. The plasmid bound system ftral/fraR, on the other hand,
resembles more closely the QS system of A. tumefaciens including the TraR anti-
activator TraM. It was shown that TraM binds TraR and therefore blocks the detection
of the produced Tral Al and diminishes the DNA binding capacities of TraR (see Figure
1) (Chen et al., 2007). Both Al systems of NGR234 produce AHL-type Al. The Tral Al



synthase is likely producing a 3-oxo-Ce-HSL (He et al., 2003; Krysciak et al., 2014),
whereas the second QS system Ngrl Al synthase synthesises probably a more
hydrophobic AHL or an AHL with a longer carbon chain as TLC analysis suggests.
Therefore, the second Al is speculated to be either a 3-oxo-dodecanoyl- (C+2-), 3-0x0-
tetradecanoyl-HSL (C14-) or a HSL in a more reduced state (He et al., 2003; Krysciak et
al., 2014).

pNGR234b
2.43 Mbp

cNGR234
3.93 Mbp

Figure 1: Quorum sensing in S. fredii NGR234. S. fredii has two QS systems. The ngrl/R system (blue)
is encoded by the chromosome cNGR234, whereas the fral/R QS system (green) is located on NGR234s
symbiotic plasmid pNGR234a. Al molecules (triangles) are produced by the Al synthases ngrl and tral
(oval, light centre). The luxR-type regulators ngrR, traR respectively (oval, dark centre), form dimers upon
the binding of two Al molecules. Thus, conformational alterations enable the regulator protein to bind to the
promoter region of its respective Al synthase and increase its expression (autoinduction). The Al-TraR-
complex furthermore stimulates the expression of the anti-activator fraM. TraM (hexagon dark-green) also

binds to TraR molecules and negatively regulates the expression of tral.

QS regulates a diverse set of genes in NGR234. In an extensive study using single Al
synthase deletion mutants of NGR234 a core set of 186 genes, regulated by both Al
synthases was identified (Krysciak et al., 2014). By conducting RNA-sequencing of the
NGR234 WT and the Al synthase deletion mutants S. fredii NGR234 Atral, Angrl
respectively, 130 genes were shown to be differentially expressed in the background of
a tral deletion. In the background of the ngrl deletion mutant, 280 genes showed a
differential expression pattern compared to the WT. In NGR234, QS was shown to
influence motility, expression of secretion systems, co-factor biosynthesis, general
energy metabolism and translation amongst others (Krysciak et al., 2014).
Furthermore, QS was linked to growth inhibiting effects in NGR234 (He et al., 2003).



Since QS was associated with regulation of this wide range of genes and functions, the
impact of a full Al deletion mutant was investigated in another study (Grote et al.,
2016). Interestingly, a complete removal of Al signals in NGR234 lead to elevated
plasmid copy numbers of the symbiotic plasmid in NGR234 and to an upregulation of
nearly all genes thereon (Grote et al., 2016). These results underline how important QS
is for gene regulation and expression in NGR234 and raise the question how QS

influences host-symbiont interaction in NGR234.

Beside encoding for QS systems, NGR234’s genome further incorporates five quorum
quenching (QQ) associated genes (Krysciak et al., 2011). QQ refers to the degradation
or interference of QS signals. In general, QS signals can be disrupted by either
degrading the signal molecule, interfering with the signal reception or by inhibiting the
signal synthesis (Fetzner, 2014). Two of five identified QQ enzymes of NGR234 were
biochemically characterised and were identified as a metallo-B-lactonase, QsdR1, and
a dienelactone hydrolase, DIhR. Both belong to the superfamily of lactonases (Krysciak
et al., 2011). Lactonases degrade QS signals by hydrolytic cleavage of the homoserine
ring of the AHL Al molecules that many Gram-negative bacteria utilise (Fetzner, 2014).
Other soil bacteria like A. tumefaciens also synthesise QQ lactonase enzymes that
were shown to degrade its own QS signal (Fetzner, 2014; Grandclément et al., 2015).
These findings highlight that not only QS signals may shape and interfere with
NGR234’s surroundings but also that possible signals may be altered by other soil

dwelling bacteria.

The plasmid borne QS system of NGR234, the tral/traR system, is located on the
symbiotic plasmid pNGR234a. The symbiotic plasmid, as well as the megaplasmid,
belong to the family of repABC plasmids. This family of plasmids is abundantly found in
a-Proteobacteria like A. tumefaciens and NGR234 (Cevallos et al., 2008; Freiberg et
al., 1997; Pinto et al., 2012). They are characterised by the repABC operon, encoding
for three distinct genes in this specified order: repA-repB-repC. The operon encodes
genes for replication, segregation and partitioning of the respective plasmid (Cevallos
et al., 2008; Pinto et al., 2012). RepC is essential for initiating replication (Pappas and
Winans, 2003a) and it is the limiting factor. So far, repC like genes were only found in
a-Proteobacteria (Pinto et al., 2012). Several studies indicate that the oriV (the origin of
replication) is located inside the coding sequence of repC, marked by an A- and T-base
rich DNA region (Cervantes-Rivera et al., 2011; Pinto et al., 2012). RepA and RepB are

ParA-like and ParB-like proteins and are involved in plasmid partitioning. RepB binds to



RepA, showing a high affinity to a palindromic sequence designated parS, a
centromere-like structure, in order to direct binding of RepA to the parS site. These
parS sites were found to either lie within the intergenic region of repA and repB or up-
or downstream of the repABC operon (see Figure 2) (Pappas and Winans, 2003a;
Pinto et al., 2012).

Many rhizobia species harbour more than one repABC type plasmid. To ensure that
each of these plasmids is stably replicated and maintained in the population, replication
is controlled by a tight regulatory network. Plasmids using the same replication
mechanism normally cannot co-exist in one cell, since plasmids compete for replication
factors, proteins and binding sites (Ebersbach et al., 2005; Novick et al., 1976).
Furthermore, cells cannot determine that each plasmid has been replicated according
to its plasmid copy number and has been segregated into the daughter cells
(Ebersbach and Gerdes, 2005). To overcome this problem, plasmids are grouped into
certain incompatibility groups, characterised by incompatibility factors (Novick et al.,
1976; del Solar et al., 1998). Each of the repABC plasmids in one cell belongs to a
different incompatibility group, securing the replication of this plasmid in a characteristic
plasmid number and thereby providing an instrument for stable plasmid maintenance.
In repABC type plasmids, the plasmid copy number is controlled by the expression rate
of RepC. Due to the operon structure of this plasmid’s replication genes, expression of
RepA, RepB and RepC is initiated by the repA promoter (Pérez-Oseguera and
Cevallos, 2013). In Rhizobium etli and R. leguminosarum, RepA and RepB negatively
affect the activity of the repA promoter and thereby negatively regulate RepC
expression (Pérez-Oseguera and Cevallos, 2013; Zebracki et al., 2015). In
Agrobacterium spp. a single point mutation within the coding region of repB leads to
the increase of the plasmid copy number, further underlining the regulatory function of
repB e.g. for replication control (Vaghchhipawala et al., 2018). Another factor regulating
the plasmid copy number and also the plasmid incompatibility of repABC plasmids, is a
counter-transcribed non-coding RNA that lies within the intergenic region of repB and
repC (Chai and Winans, 2005; Izquierdo et al., 2005; MacLellan et al., 2005; Venkova-
Canova et al., 2004). Finally, replication of repABC plasmids is controlled by a parS
site, downstream of repC (Pérez-Oseguera and Cevallos, 2013). Together with RepA,

RepB and the non-coding RNA, parsS strictly regulate the copies of repABC plasmids.
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Figure 2: Schematic of RepABC operon regulation of Ti-plasmid in Agrobacterium tumefaciens.
According to Pinto et al. (2012). A: Regulation of repABC expression by RepA and RepB themselves,
autoregulating the operon expression and inhibiting the binding to parS sites. Further, expression of RepC
is regulated by a counter-transcribed RNA encoded by repE. B: Under QS conditions, the QS regulator
TraR binds to the AHL-Al and forms a dimer. This TraR-AHL complex stimulates the expression of the
respective Al synthase Tral as well as the promoter activity of the repABC operon, resulting in an elevated
copy number in A. tumefaciens induced by QS.

Since NGR234 was shown to induce nodules on a wide range of plants, studies were
conducted to decipher its genetic background and determine factors that drive its broad
host range. Even before the complete genome of NGR234 was sequenced
(Schmeisser et al., 2009), the sequence of NGR234’s symbiotic plasmid, pNGR234a,
was published (Freiberg et al., 1996; Viprey et al., 2000). The symbiotic plasmid
encodes for nearly all genes that are needed for the establishment of symbiosis and
nitrogen fixation (Broughton et al., 1984). The 0.54 Mbp replicon belongs to the group
of repABC plasmids as described above. In total, the plasmid encodes for 499 genes
and, in addition to these, 251 small open reading frames (small ORFs) were just
recently identified (Petersen, 2019; Schmeisser et al., 2009). The function of these
small ORFs in general is still the focus of ongoing research, but first studies observed
regulatory functions for some of these small ORFs regarding e.g. plasmid copy
number. When deleting the 153 nucleotides sized small ORF repX, it was shown that

NGR234 lost its symbiotic plasmid, strongly indicating a role in either plasmid stability



or segregation (Petersen, 2019). Furthermore, the symbiotic plasmid harbours a
diverse set of genes helping NGR234 to establish a successful symbiosis with 120
plant genera (Pueppke and Broughton, 1999; Trinick, 1980). The symbiotic plasmid
enables NGR234 to synthesise at least 80 different NOD factors, which are one
element determining NGR234’s remarkable host range (Price et al., 1996; Unay and
Perret, 2020).

When QS was first discovered it was thought to uniformly induce certain genetic
expression patterns in a bacterial population. In general, bacteria of an isogeneic
population were expected to behave the same when detecting a specific environmental
trigger. However, recent studies have shown that the bacteria of one population
experience different gene expression or expression intensities in answer to a specific
signal or cue. This phenomenon was termed phenotypic heterogeneity, emphasising
the isogeneic background of bacteria showing different levels of gene expression in
response to a signal and implicating the non-inheritable character of phenotypic
heterogeneity (see Figure 3) (Ackermann, 2015; Smits et al., 2006). The reasons why
bacteria show phenotypic heterogeneity have been studied in a broad range of
bacterial strains so far, and phenotypic heterogeneity was observed for several traits
like persistence, competence, biofilm formation, bioluminescence, QS and others
(Abda et al., 2015; Anetzberger et al., 2009; Garcia-Betancur et al., 2017; Grote et al.,
2014). The mechanisms of phenotypic heterogeneity can either lay in stochastic
differences of chemical molecules or proteins within the cell, causing a heterogeneous
gene expression in an isogeneic population, or fluctuations in the micro-environment of
bacteria of the same population in biofilms e.g., division of labour or bet hedging
(Ackermann, 2015; Bettenworth et al., 2019). New studies showed that phenotypic
heterogeneity can also be the result of a riboswitch regulation. In Lactococcus lactis
phenotypic heterogeneity is regulated by a riboswitch, modulating the expression of the
met transporter operon by sensing the number of uncharged Met-tRNAs (methionine
transporter RNA) (Hernandez-Valdes et al., 2020). Phenotypic heterogeneity can
enable populations to survive sudden changes in their environment and to cope with
changing conditions as well as save resources (Ackermann, 2015; Bettenworth et al.,
2019).

Phenotypic heterogeneity was also observed in NGR234. When analysing the QS

system expression comparing the exponential and the stationary growth phase, Grote



et al. found that nearly 70 % of the cells did not express tral and 60.5 % of the cells did
not express ngrl during the exponential phase, whereas in the stationary growth phase,
74.1 % and 84.4 % of cells expressed fral and ngrl, respectively (Grote et al., 2014).
Furthermore, it was analysed how deletion of either one of the Al synthases influences
the observed phenotypic heterogeneity and how plant root exudates could alter the
observed effects. Investigating the expression of fral and ngrl after deletion of the
respective Al synthases lead to the astonishing effect that phenotypic heterogeneity
was nearly abolished and almost all cells expressed either tral or ngrl homogeneously.
A very similar observation was made when NGR234 cells were grown in the presence
of plant root exudates (Grote et al., 2014). Additionally, phenotypic heterogeneity
expression patterns of the QQ genes d/hR, a dienelactone hydrolase, and gsdR1, a
metallo-B-lactamase, were analysed (Krysciak et al., 2011). In general, the observed
phenotypic heterogeneity of the QQ genes was more pronounced compared to the Al
synthases, but expression could be altered into more homogeneous levels when
adding octopine, a flavonoid secreted by plant roots. These results indicate an Al-
dependent and - independent, or host-derived, expression control of Al synthases and

QQ genes modulating phenotypic heterogeneity in NGR234 (Grote et al., 2014).
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Figure 3: Phenotypic heterogeneity in an isogeneic bacteria culture. A: Scheme of phenotypic
heterogeneity in an isogeneic bacteria population. Ancestor cell and daughter cells can differ in their gene
expression level comparing one gene or operon (light blue versus blue). Even though cells receive the
same environmental signals and live under the same conditions, gene expression levels can fluctuate.
These fluctuations are not inheritable and therefore only influence the phenotype. B: Phenotypic
heterogeneity in NGR234. Cells carry promoter fusion of S. fredii NGR234 rpoD gene fused to dsRed
fluorescent protein (adapted from Grote et al., 2014).

This work is offering a deeper insight and knowledge of the complex regulatory
networks that control not only QS, but how it is linked to phenotypic heterogeneity in
S. fredii NGR234. Additionally, a better understanding of how QS is connected to

plasmid copy number control and nodulation was gained. By using real-time



quantitative PCR (polymerase chain reaction) the plasmid copy number of NGR234s’
symbiotic plasmid pPNGR234a was determined under different conditions, with special
attention on how other rhizobia species influence the copy number with their Al.
Another aim of this work was to analyse phenotypic heterogeneity of QS Al synthase
genes, as well as a QQ gene of NGR234 by CLSM. This was done using fluorescent
protein promoter fusions in the background of deletion mutants of the previously
identified novel y-proteins RepX and NGR_a01725 and S. fredii ANU265, a NGR234
strain cured of its symbiotic plasmid. Furthermore, nodulation experiments were
conducted to evaluate the effect of QS, or QS defective mutants respectively, and the

above-mentioned p-proteins on nodulation of Vigna unguiculata.



All bacterial strains used in this study are listed in Table 1.

Table 1: Bacterial strains used in this study.

Strain Characteristics Reference
Burkholderia WT strain by CBS 322.89 (CBS, Utrecht, The (Frenken et al., 1992)
glumae PG1 Netherlands)

Burkholderia Deletion of bgal 1 Al synthase in B. glumae (Gao et al., 2015b)
glumae PG2 PG1; GenR

Burkholderia Deletion of bgal 2 Al synthase in B. glumae (Gao et al., 2015b)
glumae PG3 PG1; GenR

Burkholderia Deletion of bgal 3 Al synthase in B. glumae (Gao et al., 2015b)
glumae PG4 PG1; GenR

E. coli DH5a supE44 AlacU169 (80 lacZ AM15) hsdR17  Invitrogen (Karlsruhe,

S. fredii ANU265

S. fredii ANU265
pBBR1MCS-
5::Ptral_gfp::Pngrl_
dsRed::PqsdR1_m
Cerulean

S. fredii NGR234
S. fredii NGR234
pBBR1MCS-
5::Ptral_gfp::Pngrl_
dsRed::PqsdR1_m
Cerulean

S. fredii NGR234
AngrlAtral copy+

recA1 endA1 gyrA96 thi-1 relA1

a Muc* Sym of strain NGR234; SpecR

ANU265 strain carrying broad host range
vector pPBBR1MCS-5 with promoter fusions of
Pngriner23s_dsRed, Ptralncr234_gfp;
PgsdR1ncr234_mCerulean; GenR

WT, Rif?

NGR234 strain carrying broad host range
vector pPBBR1MCS-5 with promoter fusions of
Pngriner234_dsRed, Ptralncr234_gfp;
PgsdR1ncr234_mCerulean; GenR

Deletion of Al synthases ngrl and tral.
Together with tral gene, 5UTR of pPNGR234a
new identified ORF repX deleted; GenR

Germany; Hanahan
1983)
(Morrison et al., 1983)

This work

(Trinick, 1980)
This work

(Grote et al., 2016;
Krysciak et al., 2014)



Strain

Characteristics

Reference

S. frediiNGR234
AngriAtral

S. fredii NGR234
Angrl

S. fredii NGR234
Atral copy+

S. fredii NGR234
ArepX

S. fredii NGR234
ArepX
pBBR1MCS-
5::Ptral_gfp::Pngrl_
dsRed::PqsdR1_m
Cerulean

S. fredii NGR234
Na1725

S. fredii NGR234
Na1725+

S. fredii NGR234
Na1725+
pBBR1MCS-
5::Ptral_gfp::Pngrl_
dsRed::PqsdR1_m
Cerulean

S. fredii USDA257

Deletion of Al synthases ngrl and tral. 5’UTR
of pPNGR234a new identified ORF repX intact

Deletion of Al synthases ngrl. GenR

Deletion of Al synthases tral. Together with
tral gene, 5’UTR of pNGR234a new identified
ORF repX deleted; GenR

Deletion of pPNGR234a small ORF repX

NGR234 ArepX strain carrying broad host
range vector pBBR1MCS-5 with promoter
fusions of Pngriner234_dsRed,
Ptralnerz34_gfp; PqsdR1neGr234_mCerulean;
GenR

Deletion of pPNGR234a small ORF
NGR_a01725, mixed culture with cell
harbouring pNGR234a and cells without
pNGR234a

Deletion of pPNGR234a small ORF
NGR_a01725, all cells harbour the
pNGR234a plasmid

ANU265 strain carrying broad host range
vector pPBBR1MCS-5 with promoter fusions of
Pngriner23s_dsRed, Ptralncr23s_gfp;

PgsdR 1ner234_mCerulean; GenR

WT, RifR

(Petersen, 2019)

(Grote et al., 2016;
Krysciak et al., 2014)
(Grote et al., 2016;
Krysciak et al., 2014)

(Petersen, 2019)

This work

(Petersen, 2019)

(Petersen, 2019)

This work

(Keyser et al., 1982)

Primers used in this study are listed in the following table (Table 2). Vectors and

constructs utilised in this study are referenced in Table 3.



Table 2: Primers used in this study. Forward binding primers are named with a ‘for’. Reverse binding

primers are marked with a ‘rev’. A ‘RT’ indicates primers used for real-time PCR.

Primer Sequence [5° - 3'] Reference
M13-20 for TTGTAAAACGACGGCCAGTG Eurofins MWG Operon
(Ebersberg, Germany)
M13 rev GGAAACAGCTATGACCATGA Eurofins MWG Operon
RT_c03800_for GCGAGATGAAGGGCTATCTGG (Grote et al., 2016)
RT_c03800_rev GCGCGACGTCCTTGATATG (Grote et al., 2016)
RT_recA_for CGGCTCGTAGAGGACAAATCG (Grote et al., 2016)
RT_recA_rev CAATGATGCGCCCTTTCGG (Grote et al., 2016)
RT_repA_for GCAGCAGTTCCCACCGAATG (Grote et al., 2016)
RT_repA_rev GCACGTAGTTCCTGGCTTCC (Grote et al., 2016)
RT_nifB_for GCTTGAAAGCCTGACCAACAC (Grote et al., 2016)
RT_nifB_rev GGCGCAGTCATATTTGCGATTG (Grote et al., 2016)

Table 3: Vectors and constructs utilised in this study.

Vector Characteristics Reference
pGEM-T T cloning vector, AmpR Promega Corporation
(Madison, USA)
pBBR1MCS-2 Broad host range vector, low copy number, KanR (Kovach et al., 1995)
pBBR1MCS-5 Broad host range vector, low copy number, rep, (Kovach et al., 1995)
mob, lacZ, GenR
pBBR1MCS- broad host range vector pPBBR1MCS-5 with (J. Grote, unpublished)

5::Ptral_gfp::Pngrl_
dsRed::PqsdR1_m

Cerulean

promoter fusions of Pngrincrz34_dsRed,

Ptralncr2s4_gfp; PqsdR 1ner234_mCerulean; GenR

All media used in this study were autoclaved prior to use. Heat unstable components

were sterile filtered with a 0.2 uym sterile, non-pyrogenic, hydrophilic filter (Dominique

Dutscher SAS, Brumath, France) and added after autoclaving. Bacteria belonging to

the genus Sinorhizobium were cultivated using either tryptone-yeast (TY) medium



(Streit and Schmitz, 2004) or yeast extract mannitol (YEM) medium (Allen and Allen,
1950). Cultivation in liquid or on solid media, supplemented with the appropriate
antibiotics was conducted at 28 °C for 2-5 days. Lysogeny broth (LB) medium (Bertani,
1951) was used to grow Escherichia coli and Burkholderia glumae strains. B. glumae
was grown at 28 °C for 2-5 days as other rhizobia strains, whereas E. coli incubation

was conducted at 37 °C overnight.

In order to select specific bacterial strains and to prevent contamination, antibiotics
were used during cultivation as supplements (see Table 4). Further, supplements like
isopropyl B-d-1-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-indolyl-3-D-

galactopyranoside (X-Gal) were in use.

Table 4: Antibiotics and supplements used in this study.

Final concentration Stock solution

Supplement Solvent Treatment
[ng/mL] [mg/mL]
Ampicillin (Amp) 50 -100 100 70 % EtOH -
Gentamycin (Gen) 10 50 H20Ovidest -
Kanamycin (Kan) 50 50 H20bidest -
Rifampicin (Rif) 25 25 100 % MeOH -
Spectinomycin (Spec) 50 50 H2Obidest -
Tetracycline (Tet) 5 5 70 % ETOH -
Sterile
IPTG 100 100 H2Obidest o
filtering
Sterile
X-Gal 50 50 DMF o
filtering

All molecular cloning techniques, including restrictions, ligations and bacterial standard
transformations, utilised in this work were done in general according to Green and
Sambrook (2012) and according to the enzyme manufacturer's instructions,
respectively. Restrictions were done using restriction enzymes commercially available
by Thermo Fisher Scientific™ (Thermo Fisher Scientific™, Waltham, MA, USA) or
provided by New England BioLabs® Inc. (New England BioLabs® Inc., Ipswich, MA,
USA).



Bacterial plasmid preparations were conducted with the Geneaid Presto™ Mini
Plasmid Kit (Geneaid, New Taipei City, Taiwan) according to the manufacturer’s

instruction. Elution of plasmid DNA occurred in 50 pL H,Opicest. However, in some

cases a procedure following the alkaline lysis plasmid preparation was performed

according to Green and Sambrook (2012).

Transformation of rhizobia can be conducted using electroporation (Krysciak et al.,
2014). The pBBR1MCS-5::Pfral_gfp::Pngrl_dsRed::PqsdR1_mCerulean  vector
construct for monitoring phenotypic heterogeneity in S. fredii strains was transferred to
selected strains via electroporation. For electrocompetent rhizobia cells, a fresh culture
was inoculated in 50 mL YEM medium supplemented with the appropriate antibiotics

and grown at 28 °C and 135 rpm until an optical density at 600 nm (OD_ ) of 0.4-0.6

600)
was reached. For all further steps, cells were kept on ice. Prior to cell harvest,
incubation on ice for 30 min was conducted. Cell harvest was performed at 4 °C for
20 min at 4500 g in an Eppendorf centrifuge 5810 R (Eppendorf AG, Hamburg,
Germany). After centrifugation, the supernatant was discarded, and the cells were

washed four times with 4 mL of cold, sterile H,Ovicest: An additional washing step with
1 mL of sterile 10 % (v/v) glycerol in dH,O followed before the cells were resuspended

in 1 mL of 10 % (v/v) glycerol. Aliquots of 100 yL were stored at -70 °C until use or

directly utilised for electroporation.

For electroporation, the Gene Pulser Xcell™ Electroporation System and Gene Pulser®
Electroporation Cuvettes 0.1 cm width (Bio-Rad, Hercules CA, USA) were used.
Electrocompetent rhizobia cells were thawed on ice for 5 min, carefully mixed with 1-

S L pure plasmid DNA eluted in dH,O and incubated for 30 min on ice. After

incubation, the mixture was transferred into an ice-cold cuvette, condensed water was
removed, and cuvettes were subsequently put into the electroporator. For
electroporation of rhizobia cells, the device was set to 200 Q resistance, 25 uF
condenser capacity and 2400 V current. After a short electric impulse occurred, the
cuvette was put back onto ice for 10 min before cells were transferred into a sterile
reaction tube, mixed with 1 mL of TY medium, and incubated for 24 h at 28 °C and
135 rpm before streaking onto selective plates. Clones growing on selective plates

were analysed by CLSM.



To explore phenotypic heterogeneity in NGR234, the promoter fusion of three different
genes was utilised and simultaneously analysed with confocal laser scanning

microscopy (CLSM).

Focusing on the native promoter activity of NGR234s’ Al-synthases, tral and ngrl, as
well as QQ gene gsdR1 expression, a single plasmid based triple promoter fusion was
used to visualise all three gene activities in NGR234 (J. Grote, unpublished). In this
construct, each promoter was fused to a specific fluorescing protein in order to
distinguish promoter activity. The NGR234 tral-promoter controlled expression of a gfp
(green fluorescence protein), NGR234 ngril-promoter was fused to the gene coding for
the red fluorescent protein dsRed and the NGR234 QQ-enzyme QsdR1 promoter

regulated expression and production of mCerulean, a blue fluorescent protein.
W Pngrl dsRed PqsdR1  mCerulean

Figure 4: Scheme of the triple promoter fusion with three fluorescent proteins to analyse
phenotypic heterogeneity in NGR234. Monitoring of phenotypic heterogeneity in NGR234 was
conducted by promoter fusion of NGR234 native Al-synthase promoters of fral to green fluorescent
protein, gfp, and ngrl promoter fusion to dsRed. Promoter of QQ-gene gqsdR17 controlled expression of
mCerulean, a blue fluorescent protein. All three promoter fusions were cloned together into the broad host
range vector pBBR1MCS-5 (J. Grote, unpublished) and transformation of S. fredii strains was conducted
by electroporation.

CLSM was performed with the Zeiss LSM800 with Airyscan, either using a Plan-
Apochromat 63x/1.4 oil DIC M27 or a Plan-Apochromat 100x/1.4 oil DIC M27 objective
(Carl Zeiss Microscopy GmbH, Jena, Germany). Detection of each fluorescence signal
was performed consecutively. Microscope adjustments are indicated in Table 5. For the
microscopy 3 mL of NGR234 cells were harvested at 7500 g for 3 min after incubation
for either 24, 48, or 72 h; afterwards washed once with 1x PBS buffer and resuspended
in 200 pL or 500 pL 1x PBS (Phosphate-buffered saline; diluted with sterile dH,O from

10x PBS stock solution: 1.37 M NaCl, 27 mM KCI, 100 mM NaZHPO4, 18 mM KH2P04,

pH 7.4 according to Green and Sambrook (2012)). Washed cells were then transferred
onto a cover slide for sedimentation for 45 minutes at room temperature (RT) and kept
protected from light. Excessive liquid was carefully removed and an equal volume of
4 % para-formaldehyde solution (pH 6.9; Sigma-Aldrich, St. Louis MO, USA) was used
to fix the cells. After fixation, the formaldehyde solution was removed by slow aspiration
and 30-50 pyL Mowiol® 4-88 (Sigma-Aldrich) were used to embed cells for microscopy.

Until analysis, cells were kept dark and at 4 °C.



Table 5: Setting for CLSM. Imaging was conducted with the LSM 800 with Airyscan using the same
general settings for all images taken to ensure comparability. Indicated are adjustments for each
fluorescence protein. Detection wavelength of DsRed was set 600-700 nm to compensate for crosstalk
with GFP.

Setting dsRed GFP mCerulean
Excitation wavelength [nm] 561 488 405
Detection wavelength [nm] 600-700 506-600 400-506
Laser intensity [%] 10.0 10.0 15.0
Detector gain [V] 850 800 800
Detector digital gain 2.0 1.0 1.0
Pinhole [um] One airy unit

Analysing single cell images by hand, like quantifying numbers of cells and their
fluorescence intensity (Fl), is a process that is prone to human bias and errors.
Therefore, in this work an automated workflow was established to ensure objectiveness
as well as reproducible and consistent results regarding cell count and Fl. For this
purpose the free software CellProfiler 3.1.8. (Carpenter et al., 2006) was used and a

pipeline adapted.

Before images were used for quantitative analysis, image processing occurred by
adjusting grey values for each image separately with the ZenBlue 2.0 software (Carl
Zeiss Microscopy GmbH, Jena, Germany) to ensure that fluorescence signals were
distinguishable before background. In the software gamma value was set to 1.0 for all

images. Tiff image format was chosen for export.

The parameters for the CellProfiler 3.1.8. cell analysis had to be determined by
adjusting each parameter using exemplary images. The first step of the pipeline was to
convert merged image files and single channel images to greyscale images employing
the ColorToGray module. After the initial identification of bacterial cells (also referred to
as primary objects) on greyscale images, their diameter was defined as 20-60 pixels as
minimum and maximum size of cells. Cells that were only partially observable on the
image were discarded. The lower and upper outlier fraction excluded signals too weak
or too intense. Weak or intense signals were determined to set a threshold that uses a

global robust background strategy.

Subsequent data analyses of CLSM images and output of the CellProfiler 3.1.8 pipeline

was conducted using Microsoft Excel (Microsoft Corporation, Redmond WA, USA).



Images showing FI and conjunctive statistical analyses were generated using
GraphPad Prism® 5.03 (GraphPad Software Inc., San Diego CA, USA).

Real-time quantitative PCR (qPCR) is a versatile tool to monitor relative gene
expression based on isolated mRNA samples that have to be reverse transcribed into
cDNA before analysis (Horikoshi et al., 1992; Murphy et al., 1990; Noonan et al., 1990).
However, qPCR further provides the possibility to examine relative plasmid copy
numbers in bacteria. Applying the well-established -AACt’ calculation method (Livak
and Schmittgen, 2001), the plasmid copy number can be determined in relation to

chromosome numbers.

The copy number of the symbiotic plasmid pNGR234a was analysed by qPCR. The
NGR234 WT strain was compared to several NGR234 mutant strains or treatment
groups. Bacteria were cultured as described in 3.2 in 50 mL of YEM medium and with
appropriate antibiotics. Incubation at 28 °C was conducted for 96 h at 135 rpm before
DNA cell harvest and DNA extraction. Cell harvest of 3 mL culture was performed in an
Eppendorf Centrifuge 5424 R (Eppendorf AG, Hamburg, Germany) at 20,000 g and
4 °C for 3 min. For genomic DNA (gDNA) extraction, the Macherey-Nagel bacterial
genomic DNA kit was utilised (Macherey-Nagel GmbH & Co KG, Diren, Germany).
Extraction was done as recommended by the manufacturer. DNA concentration was
checked with either a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific™,
Waltham, MA, USA) or the Implen NanoPhotometer® NP80 (Implen Inc., Westlake
Village CA, USA). Each DNA sample was subsequently diluted to a final concentration

of 50 ng/uL using H,Ovicest and frozen at -20 °C until usage.

Table 6: Master mix for plasmid copy number qPCR. Applied Biosystems 2x SYBR Select Master Mix
(Applied Biosystem, Thermo Fisher Scientific) was used for gPCR containing polymerase and buffer.

Component Volume per reaction [uL] Final concentration
2x SYBR Select Master Mix 8.0 1

Primer forward 100 pmol 0.4 2500 nM
Primer reverse 100 pmol 04 2500 nM
H20 6.8 -

DNA 0.4 1.25 ng/pL

Final Volume 16.0 -




For gPCR, the reaction setup as stated in Table 6 was prepared with the Applied
Biosystems™ SYBR™ Select Master Mix (Applied Biosystems (Thermo Fisher
Scientific)) for each used primer pair. Each sample was run in four technical replicates
and three biological replicates. The prepared master mix, including either sample or no
template control (NTC), was spread onto a Hard-shell® 96-Well PCR Plate (Bio-Rad,
Hercules CA, USA) with 16 uL each well and sealed with the Microseal ‘B’ PCR Plate
Sealing Film (Bio-Rad) before qPCR. The Bio-Rad CFX96™ Real-Time Detection
System was used for the qPCR run and programmed as described in Table 7.
Following the qPCR run, a melting curve was generated to ensure correct PCR

template amplification.

For data analysis the Bio-Rad CFX Manager 3.1 software (Bio-Rad, Hercules CA,
USA) was utilised. Each RT-gPCR run was analysed using NGR234 WT gDNA as a
control group and mutant strain gDNA or treatment group was compared to NGR234
WT. The calculation threshold (Ct) was set manually for all targets. Each sample
initially was examined regarding its replicate stability. Ensuring replicate stability,
sample replicates varying more than 0.5 Ct values from median Ct value were
excluded from analysis.

Table 7: Program utilised for qPCR analysis. The gPCR was run on BioRad CFX96 Touch™ Real-
Time PCR Detection System (Bio-Rad Laboratories Inc). After elongation, a plate fluorescence read was

conducted. To identify correct PCR products, a melting curve with a temperature increment of 0.5 °C for 5
seconds each and a fluorescence read after each step was generated.

Step Time [s] Temperature [°C| Cycles
Initial denaturation 180 95 1
Denaturation 15 95

Primer annealing 20 60

Elongation 20 72 %9
Analysis Plate read

Melt curve 5 65 295 (+0.5 °C) 1
Analysis Plate read

A comparison of the relative plasmid copy number was conducted by using two
reference genes that are encoded on the chromosome, C_03800 and recA.
Furthermore, measurements of the expression of these chromosomal genes were used
to normalise gene expression differences, comparing the control group and the

treatment group. The ratio of chromosome gene expression and two target genes of



the symbiotic plasmid, nifB and repA, in the untreated NGR234 WT sample was used
for normalisation. This way, expression ratios of the control and the treatment samples
of the target genes nifB and repA could be compared, using the ‘-AACt calculation
method as implemented in the Bio-Rad CFX Manager 3.1 software (Bio-Rad). A

relative value for the plasmid copies per chromosome was calculated.

Bacteria secret a diverse range of molecules into their environment or culture medium,
respectively. Investigating the influence of these secreted molecules of NGR234 itself
or bacteria also living in the soil, spent medium was utilised during cultivation. For
spent medium experiments, the NGR234 strains, S. fredii USDA257, S. fredii ANU265
as well as Burkholderia glumae PG1 WT and its QS system mutant strains (B. glumae
PG2, PG3 and PG4 respectively) were cultivated as described in 3.2 for 96 h in 50 mL
YEM or LB medium with appropriate antibiotics. Supernatant was harvested after 96 h
by centrifugation at 4 °C and 4,500 g for 40 min with an Eppendorf Centrifuge 5810 R
(Eppendorf AG). Centrifugation was followed by decantation and sterile filtration with a
0.2 ym sterile, non-pyrogenic, hydrophilic filter (Dominique Dutscher SAS) into a new
sterile 50 mL Falcon tube (Sarstedt AG & Co. KG, Nirnbrecht, Germany). Supernatant
was then mixed with fresh YEM medium at a ratio of 10 % (v/v) and fresh cultures of
NGR234 WT and mutants of interest were inoculated at an OD, , of 0.04 into this

spent-fresh-medium mixture and again were incubated for 96 h at 28 °C before gDNA
was extracted as described in 3.5.1. Extracted gDNA was then utilised for gPCR
analysis as described in 3.5.1 to verify plasmid copy number of NGR234 symbiotic
plasmid pNGR234a.

Since NGR234 is a natural plant root symbiont, NGR234 mutant strains were tested on
one of its host plants, Vigna unguiculata or cowpea, analysing the influence of mutation

on plant symbiosis.

Plant seeds were prepared according to Irmer et al. (2015) with modifications. First,
surface sterilisation occurred by washing in 70 % (v/v) ethanol for 20 min at 28 °C and

130 rpm. Ethanol was decanted and seeds covered in 35 % (v/v) H,O, (Carl Roth
GmbH + Co. KG, Karlsruhe, Germany) and again agitated at 28 °C and 130 rpm for



10 min. Before placing the surface sterilised seed onto 0.5 % (w/v) TY plates (see
3.2.1) or 5 mM NOD (nodulation media) plates (see Table 8) covered with sterile filter

paper, seeds were washed in sterile dH,O three times and left to dry shortly under

sterile conditions. On each plate 5-6 seeds were placed, each black eye facing
downward. Sealed and tinfoil wrapped plates were incubated for 2-3 days at 28 °C
without light. After germination occurred, tinfoil was partly removed but roots remained
covered, moving pea seedlings to 16 h light, 8 h darkness, and growing at 24 °C and
60 % relative humidity. Furthermore, plates were set up with an angle of approximately
45°. This way, the seedlings incubated for 2-3 days. Before infection, the seed’s testa
(seed coat) was removed. NGR234 strains used for infection were grown in TY

medium with 25 pg/mL rifampicin and as described in 3.2 to an OD, of approximately

0.8. One millilitre of cells was harvested at 16,100 g for 1 min, washed twice with liquid
NOD medium and finally resuspended in an equal volume of NOD medium. Of this
infection solution, 50 uL per root were used to infect V. unguiculata plants by carefully
dropping the solution with a pipet onto the root and filter paper lying under the pea
seedlings. Infected plants were put back into the climate chamber (16/8 h light/dark,
24 °C) and further grown for 7 days before transferred into growth vessels (Weck,
Wehr-Oflingen, Germany) that were loosely sealed with clamps. Growth vessels
contained 75-100 mL 5 mM NOD medium (pH 6.5) solidified with 1.0 % agar-agar (w/v)
(Carl Roth GmbH + Co. KG). Infected plants were then again grown for 52 days (after
infection) at 24 °C and 16 h light. 52 days past infection (dpi), the plants and nodules
were harvested. Nodules of each plant were counted, weighted, afterwards

immediately frozen in liquid nitrogen, and stored at -70 °C for further analysis.

This assay was also performed using 0.25 strength Hoagland medium (Table 9) to
check if composition of different media had an influence on nodule number or
nodulation itself. Nevertheless, all media used here were low nitrogen media to
promote and enable nodulation on V. unguiculata and infection with NGR234. A

comparison of the two plant growth media is given in Table A. 1.



Table 8: NOD medium composition. The concentrations of stock solutions are indicated. For
preparation of 1 L NOD medium containing 5 mM N, 1 mL of stock A, B1, B2; D and E as well as 0.5 mL of
stock MOB1B5b and 4 mL of stock N are used and mixed with H,Obidest. The pH value was set to 6.5 with

NaOH before autoclaving (Irmer et al., 2015).

Stock solution Component Concentration Final Concentration
[g/L] [mM]
Stock A CaCl, x 2H,0 147 1
Stock B1 KH,PO, 68 0.5
Stock B2 K,HPO, 58 0.333
Stock D Na/Fe Ill EDTA 7.58 0.02065
Stock E MgSO, x 7H,0 61.5 0.25
MnSO, x 7H,0 10 0.0296
ZnSO, x 7TH,O 3 0.0052
H,BO, 3 0.0243
Stock
Kl 0.75 0.0023
MOD1B5b
Na,MoO, x 2H,0 0.25 0.0005
CuSO,x 5H,0 0.25 0.0005
CoCl, x 6H,0 0.25 0.0005

Stock N KNO, 126.39 5




Table 9: Hoagland medium composition. Final concentrations are indicated for an 0.25 strength
solution (Hoagland and Arnon, 1950).

Component Final concentration [mM]
MgSO, x 7H,0 2
Ca(NO,), x 4H,0 5
KNO, 5
NH,NO, 1
KH,PO, 1
FeCl, x 6H,0 0.0597
EDTA 0.1026
H,BO, 0.0463
MnCl, x 4H,0 0.0091
ZnSO, x 7TH,O 0.0008
CuSO, x 5H,0 0.0002
H,MoO, x H,O 0.0005




Monitoring of single cell gene expression can expand our knowledge regarding
regulatory networks, interaction patterns and phenotypic heterogeneity of single cell
bacteria in an isogeneic population. In this work single cell analysis by CLSM was
implemented to track and compare promoter activity of S. fredii NGR234 Al-synthases
tral and ngrl as well as qsdR1, coding for a metallo-B-lactamase. In a single plasmid
based triple promoter construct each of these promoters were fused to a specific
fluorescent protein-coding gene, gfp, dsRed or mCerulean (Figure 4), to simultaneously

observe all three gene expression patterns.

An automated cell counting, and image analysis software pipeline was established
(3.4.1). In Table 10 final settings of the automated pipeline for cell counting and
fluorescence analysis of NGR234 WT and mutant single cells containing the construct
pBBR1MCS-5::Ptral_gfp::Pngrl_dsRed::PqsdR1_mCerulean are shown (Table 10).

The pipeline was specifically adjusted to cells of S. fredii.



Table 10: Parameters utilised for counting bacteria and measuring intensity. Parameters of
CellProfiler 3.1.8 pipeline for counting bacterial cells of CLSM images and calculating FI of cells in all three
channels (dsRed, GFP, and mCerulean). Cells were characterised as Primary objects for which a typical
diameter [pixels] was determined. Bacteria shows the setting for combined counting and calculation of all
three channels.

Function Setting Primary object
Bacteria dsRed GFP mCerulean
Diameter 20-60
Lower outlier
fraction 0.050 0.065 0.065 0.065
Upper outlier
S fraction 0.050 0.050 0.050 0.050
% Threshold method global, robust background
2 Variance method standard deviation
2 Number of
2 deviations 1.00 3.00 3.00 3.00
3 Threshold
’:g smoothing scale 1.3488
g Threshold
- correction factor 1.00 2.00 1.00 1.00
Lower bound
threshold 0.010 0.018 0.018 0.018
Upper bound
threshold 1.00 1.00 1.00 1.00
Separation . . .
of cells Declumping intensity
Object .
overlay Opacity 0.3

To analyse the cells, first CLSM images were exported as tiff-files. Bacteria were then
characterised as primary object. The determination of the average diameter of the
bacteria cells and outlier fractions was the first step to identify cells to be analysed by
the program. It should be noted that this diameter does not represent cell size in ym,
but all values use arbitrary units or pixels. In general, threshold values and all other
values determined for cell counting and FI analyses were set by verification of results
of the CellProfiler 3.1.8. pipeline after each run and continuous optimisation. This was
done using images with a limited number of cells. Less restricted settings for the overall
identification of bacterial cells (Table 10, column Bacteria) were established to account
for overlaying cells with varying fluorescent intensities. Since identification of cells or
objects was performed on CLSM images showing fluorescently labelled promoter
expression, objects of interest had higher light intensities compared to the background.
This precondition is optimal for using the threshold method global, robust background
chosen in this analysis. It enables the program to distinguish the fluorescing cells from
a dark background. Lower and upper outlier fraction refer to the darkest and brightest

pixels respectively that are not considered for analysis to account for artefacts that may



influence the FI measurements. As variance methods, standard deviation and variance
values for each fluorescence channel were selected. The Threshold smoothing scale
value as well as the Threshold correction factor were not changed compared to default
settings. Lower and upper bounds on threshold were set to adjust for images where no
fluorescence signal would be detectable. Determining these values can be conducted
by measuring background intensity. In images with nearly no fluorescence signal, false
positive signals could be detected if no lower bounds on threshold have been set.
Based on changes in Fl, Declumping of objects was performed by the CellProfiler 3.1.8
program. Fluorescence signals of neighbouring cells may overlap but show variances
in their intensities. This phenomenon can be used to distinguish overlapping or
neighbouring cells. An output image with overlays of identified objects was created at
the end of cell analysis. Opacity value represents the transparency of the overlay in the

created output.

After identification of all bacteria by creating a grey image of the merged fluorescence
channel images, individual channel images were analysed. This allowed identification
of vital bacteria in total, independent of single promoter activity, and each sub-set of
bacteria expressing one or more promoters. ldentification of bacteria as primary objects
in single channel images was performed as described above. Parameters were set
according to values given in Table 10 for the individual fluorescent channels. Applying
more restrictive thresholds to the identification of single fluorescing channel objects

was chosen to prevent false classification of signals as cells.

Objects that had been identified were analysed and measured with the CellProfiler
3.1.8 pipeline. Therefore, object intensities and total area occupied by objects were
measured. CellProfiler 3.1.8 automatically executed several calculations during
intensity measurements. For example, Integrated Intensity, Mean Intensity, Median
Intensity or Standard Deviation of Intensity were evaluated for each previously
identified object. The area occupied by primary objects was determined by
implementing the Measure Image Area Occupied pipeline module. This module
automatically reports the Area Occupied and Total Area of predefined objects. An
overview of all CellProfiler 3.1.8 modules used and settings therein is shown in Figure
A. 1 (chapter 7.1.1). All measurements were exported as a comma-separated values
(.csv) file and further analysis was performed with Microsoft Excel. Images of FI were

generated using GraphPad Prism® 5.03.
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Figure 5: Mean Fl of S. fredii NGR234 carrying the empty vector control. NGR234 WT with the empty
vector control pPBBR1MCS-5. Mean FI per single cell is shown on the left. On the right frequencies of cells
showing distinct fluorescence intensities are given. Bacteria were grown in YEM medium with appropriate
antibiotics. Cultivations were conducted at 28 °C and 135 rpm for 24, 48 or 72 h. A: Mean fluorescence
after 24 h. B: Mean fluorescence after 48 h. C: Mean fluorescence after 72 h.



Transforming different strains of S. fredii NGR234 and ANU265 with one construct
containing promoter fusions of both Al-synthases of NGR234 and one of its QQ
lactonases, presented the opportunity to not only investigate phenotypic heterogeneity
of these genes and their expression in one isogeneic population of NGR234 cells: It
enabled the observation of their interaction, how y-proteins in NGR234 or the complete
loss of one replicon, the symbiotic plasmid pNGR234a, affects the expression of these
genes. Population level studies reflect on general expression patterns in a specific

population and can generate an understanding for underlying regulatory processes.

Analysing NGR234 transformed with an empty pBBR1MCS vector was used as a
control for the cell counting and identification program established in this study. Only
very few cells were identified by the implemented cell counting pipeline in the merged
fluorescent images. Cells that were identified, were measured to show very low levels
of fluorescence for each fluorescent protein fused to its respective NGR234 native

promoter (see Figure 5).

CLSM was performed to analyse single cell and population-wide expression of the
promoters of the QS Al synthases Ptral and Pngrl as well as the QQ metallo-3-
lactamase PqgsdR1, in NGR234. Each of these promoters had been fused to a specific
fluorescent protein and cloned into a single broad host range vector. This vector, the
pBBR1MCS-5::Ptral_gfp::Pngrl_dsRed::PqsdR1_mCerulean, enabled the
simultaneous observation of the promoter expression. As seen in the CLSM images,
parallel promoter activity of more than one promoter can lead to the formation of new
merged colours. In order to give an impression how overlaid colours are represented, a
ternary diagram in R studio was generated. It should be noted that the used colours
cannot be transferred directly onto the CLSM images. However, the ternary plot may

provide guidance in analysing merged colours (see Figure 6).
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Figure 6: Ternary plot generated with R Studio using the Ternary plot package. The plot represents
exemplary colour merging of red, green, and blue as used for display of different fluorescing signals in
CLSM images. It can serve as a model to make an easier classification of how mixed promoter signals
fused each to either red, green, or blue fluorophore may overlay in CLSM images and create a new
merged colour. Each corner of the plot represents a single promoter expression of one promoter fusion to
the respective fluorophore. The ternary plot does not strictly reflect mixed colours of images. The ternary
plot was kindly provided by Dr. Gdllert.

Investigating CLSM images taken after 24, 48, and 72 h of NGR234 WT showed cells
in all stages of growth experienced phenotypic heterogeneity. Figure 7 represents one
example of a NGR234 WT population after 48 h of growth (for growth conditions see
3.2). Clearly visible is the spatial distribution of fluorescent signals from left to right.
Cells on the left side appear to express higher ratios of the ngrl promoter that is fused
to the red fluorescent protein dsRed (see Figure 7A). On the right side the GFP (green)
and mCerulean (blue) fluorescence signals dominate, representing activity of the tral

and the gsdR17 promoters, respectively. Nevertheless, the majority of cells displayed



multiple intermediate or mixed expression signals, indicated by merged fluorescence
colour signals. These cells express two to three of the promoters of interest in parallel.
Interestingly, this is not only the case for the two QS promoters, Ptral and Pngrl, but
also for the QQ promoter PgsdR1. This indicates concurrent expression of QS and QQ

signals in one cell as well as on a population level.

Single cell phenotypic heterogeneity can be easily identified by examining the
magnified region in Figure 7 B-E. Figure 7 B represents the merged fluorescence
signal of the indicated section (white rectangle) in Figure 7 A. Simultaneously promoter
expression of all three promoter constructs can be observed in nearly all cells. Cells
showing an orange colour indicate a high expression level of Pngrl_dsRed and lower
levels of Ptral_gfp expression, whereas cells shown in yellow express both Al synthase
promoters in nearly equal amounts (red and green merged to orange or yellow
respectively (see Figure 6)). Single cells can be found that only express one of the
three monitored promoters (see Figure 7 B-E encircled cells in green and blue).
Overall, this exemplary image shows how heterogeneous the expression of QS Al
synthases tral and ngrl is. The parallel expression of the QQ gene gsdR1 is regulated
heterogeneously in NGR234 WT. Furthermore, heterogeneous levels of promoter
activity for each individual promoter were detectable. Some single cells showed high
promoter activity, whereas adjacent cells only had mid to low levels of fluorescence,
representing mid to low levels of promoter activity. These differences in fluorescence
signals correlate with the phenotypic heterogeneity of Ptral, Pngrl and PgsdR1

expression (Figure 7).



Figure 7: Phenotypic heterogeneity in S. fredii NGR234 WT analysed by CLSM. S. fredii NGR234 WT
containing the pBBR1MCS-5::Ptral_gfp::Pngrl_dsRed::PqsdR1_mCerulean vector. Incubation for 48 h in
YEM medium with appropriate antibiotics at 28 °C and 135 rpm. Scale bar in section A represents 10 um,
scale bar in B-E represent 2 ym. A: Merged fluorescence image. Rectangle marks area magnified in
Figure 7 B-E. Differential expression pattern on population level can be observed. Cells in the upper left
quadrant show a higher expression of Pngrl_dsRed, whereas cells in the far right showed very weak Pngr/
expression. On the other hand, expression of Ptral_gfp and PqsdR1_mCerulean are the highest in cells on
the right. This indicates micro-environmental influences on the QS and QQ genes in NGR234. B: The
magnified region shown in A., merged channels. White circles highlight cells that prominently express one
promoter or even show just one promoter activity at all. In general, a high degree of phenotypic
heterogeneity of Pngri, Ptral and PgsdR1 can be observed on a single cell level. C: Red fluorescent
detection channel showing Pngrl_dsRed expression in most of the cells. However, phenotypic
heterogeneity can be observed in cells in direct contact with each other. Therefore, not only micro-
environmental effects can cause phenotypic heterogeneity in NGR234. D: Expression of Ptral_gfp is very
prominent and spread throughout the entire population. Nevertheless, differences in expression levels can
be observed on a single cell level, representing phenotypic heterogeneity. E: Fluorescence channel
detecting mCerulean expression. Expression of the promoter of QQ gene gqsdR1 is detectable in almost all
cells but weak. Few cells show high levels of PqsdR1_mCerulean expression. Furthermore, most cells
seem to express QS and QQ genes simultaneously.

Examination of the phenotypic heterogeneity in NGR234 WT over time further offers
the opportunity to observe cells shifting their gene expression and how the respective
ratios of expression change over time. In Figure 8 NGR234 WT cells containing the
pBBR1MCS-5::Pngrl_dsRed::Ptral_gfp::PqsdR1_mCerulean construct are shown after
24, 48 and 72 h. Each row represents one independent sample of NGR234 WT cells at
the indicated timepoint (A-E, F-J and K-O), columns show designated fluorescence
channels. Remarkably, a high degree of phenotypic heterogeneity can be observed.
The initial growth phase (24-48 h) allows the observation of cells highly expressing the
QS Ptral promoter (Figure 8 B and D, G, and I). After 72 h of growth, cells experience a



more homogeneous expression of Pfral, even though, some single cells show no
expression of Ptral_gfp at all (Figure 8 L and N). Expression of Pngrl_dsRed was very
low in the examined cells after 24 h (Figure 8 B and C), but increased after 48 h in
nearly all cells to a similar level (Figure 8 G and H). In the cells expressing
Pngrl_dsRed, the promoter activity tends to be more homogeneous overall, but
heterogeneity can be observed on cells expressing Pngrl at all (Figure 8 G and H, L
and M). During all timepoints, a low but detectable expression of PqsdR17 could be
observed (Figure 8 B and E, G and J, L and O). This basal yet persistent expression of
this QQ gene may indicate a regulatory function in NGR234 WT. Parallel expression of

QS and QQ genes was observable during all growth phases (Figure 8 B, G and L).



"y g¥ Joye yead s} pamoys [46ud o Alaioe uoissaidx3 “sjuiod swi
|le JoAO 8|geAlasqo Ing Yeam sem L ypsbd 1o AJAOy ‘snosusbowoy aiow sem [elid Jo Ajanoe uoissaldxs ‘(Y gz) sabeis ymoub aje)
Bunng “Auanoe Jajowold jesd Joj ymolb jo y g Jaye jusuiwoid jsow sem Allsuaboualay didAjousyd -uoissaidxs uesniaow L ypsbd
Bunuasaidas uoissaldxa oouadsalon)y onjq pue uoissaidxe djb jeijd bBunusasaidas sjeubis oousdsalon)y usalb  ‘uoissaldxe
paysp |MBud Bunussaidas sjeubis aousodsalonyy pas ‘sjeubls sousodsalon)y pabiaw yym piepaso abewn pay ybug ‘ebewr piay
buHQ 3yBl 0} Yo| Wol4 "UoREQNOUL Y Z/ JOYE S|I180 LM YEZHON :0-Y "UoiEgnoul JO U g Joje §|190 | M YEZHON :f-4 "uolieqnoul Y 42
Jaye S[189 IM PEZHON :3-V "wrl | sjuasalidal Jeq a|eog ‘|9|ieted ul |80 auo Ul uoissaldxa ausb DY pue saseyjuAs |y Jo uoissaldxa
ay] asAjeue 0} 1onusuod Jsjowold uesjnueHw Lypsbd::dib jeiid:paysp [1bud::G-SONLEggd syl uleluod s ‘sishleue NSTD
ul Aysusabousyay oidAlouayd Buimoys S[180 | PSZHON “dwi} JOAO M PEZUON !1pal) 'S ul Aysuabouslay osidAjouayd :g ainbi4

S|euuey aguassalony
uesjniapw Lypsbhd djb jend paysp HUbugd pabiaw pjay wybug pley ybug




By analysing the full set of CLSM images for NGR234 WT cells with the CellProfiler
3.1.8 pipeline, the mean integrated fluorescence intensity per cell (MIFISC) was
calculated. This value represents the average integrated Fl or the signal per analysed
image divided per total number of cells analysed for the respective fluorescence
channel and image. Results per image were again averaged and standard deviation
was calculated. This enables the overall analyses of all CLSM images taken for one
genotype and a comparison of values between genotypes, considering the differences

in the number of total cells that have been observed.

In Table 11 values of the MIFISC are given for NGR234 WT. Overall, mean
fluorescence was highly variable for each timepoint and in general. Due to the relatively
low number of cells analysed after 24 h, MIFISC was the highest at this timepoint while
also showing the highest level of standard deviation. This indicates an increased level
of phenotypic heterogeneity in NGR234 WT cells after 24 h. Decreasing levels of
standard deviation over time represent an increase of homogenous expression of the
analysed promoter activity. It is notable that most detected cells highly expressed
Ptral_gfp compared to Pngrl_dsRed expression, indicating a more prominent role of
tral Al synthase in NGR234 WT cells independent of time.

Table 11: MIFISC of S. fredii NGR234 WT. The mean integrated fluorescence intensity per cell was
calculated. The mean value of integrated fluorescence was divided by the total number of cells analysed.

Pngrl_dsRed Ptral_gfp PgsdR1 _mcCerulean
Mean Std. dev. No. of | Mean Std. dev. No. of [ Mean Std. dev. No. of Inc;ubation
value cells value cells value cells time [h]
7.76 6.36 270 9.35 7.68 310 2232 4227 318 24

3.77 4.48 1,432 3.50 3.64 1,640 6.01 10.30 1,202 48

1.71 1.11 1,977 0.98 0.76 3,019 1.10 0.99 2,521 72

Looking at each cell individually, as well as on a population level provided the
opportunity to further deepen the knowledge of how single cell gene expression shapes
population-wide response. Every detected single cell was analysed regarding its mean
FI and plotted for each individual fluorescence channel (Figure 9 left). In this way the
whole range of FI of a NGR234 WT population can be shown. Additionally, it gives an

overview of how minimal and maximal FI differ from the FI median (black bar) and



mean of the population. Secondly, Figure 9 shows distribution of cells regarding their
individual FI (Figure 9, histogram right side). Independent of the timepoint of analysis, a
high variability and heterogeneous expression of the three monitored promoters could
be observed. Comparing the population median values, significant differences between

individual promoter activities were partially detectable.
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Figure 9: Phenotypic heterogeneity in S. fredii NGR234 WT. Mean FI per single cell is shown on the
left. On the right frequencies of cells showing distinct Fl are given. Bacteria were grown in YEM medium
with appropriate antibiotics. Cultivations were conducted at 28 °C and 135 rpm for 24, 48 or 72 h. Cells

carrying the pBBR1MCS-5::Ptral_gfp::Pngrl_dsRed::PqsdR1_mCerulean vector. For analysing
significance, an unpaired t-test was performed, and significance levels are depicted as asterisk (p < 0.05
shown by one asterisk (*), p < 0.01 shown by two asterisks (**)). If values did not differ significantly, it was
indicated by ns. (not significant). A: NGR234 WT population after 24 h of growth. Median values for each
fluorophore differ significantly from Pngrl_dsRed based fluorescence. Median FI per cell is lower than 0.2
AU (arbitrary units) and only few cells show higher intensities. B: NGR234 WT population after 48 h of
growth. Median values of mean FI per cell increased for each fluorophore compared to 24 h. Populations
of NGR234 WT show a high degree of heterogeneous expression for each of the tagged promoters as
shown in the frequency histogram. C: NGR234 WT population after 72 h of cultivation. Mean FI per cell
shifted back and decreased again compared to timepoints measured before.



Considering the median values for all three FI at the indicated timepoints, shifts of gene
expression of each gene of interest can be observed. Table 12 lists the population-wide
median, as well as the minimum and maximum values for Fl for each promoter.
Although minimal and maximal intensities were very similar over time and partially
comparable between the fluorescence channels, the population median varied over
time. After 48 h of incubation all median FI had reached their maximum and decreased
again towards 72 h. The shift of the median FI represents a population-wide increase
or decrease of Fl and therefore promoter activity. Even though there seems to be a
high degree of phenotypic heterogeneity and variability on a population level, general
gene expression changed towards a common pattern.

Table 12: Median FI per cell analysed in S. fredii NGR234 WT. Median Fl (median) was determined
over all cells measured separately for each timepoint (24, 48 and 72 h) and promoter fusion. Minimum
(Min.) and maximum (Max.) values for mean Fl are given to show the range of observed Fl and therefore
promoter activity. Total number of the cells that were analysed is given (No. of cells). Regardless of the

timepoint observed, the NGR234 WT population experienced a broad distribution of expression intensities
of the respective promoter fusion. All promoters showed the highest median activity after 48 h.

Pngrl_dsRed Ptral_gfp PgsdR1_mCerulean
Median Min. Max. '\(l:c;'”ngedian Min. Max. l\::()a'nngedian Min. Max. l\(l:cg.”gf Intci:rl:]téa[tri]c])n
0.0993 0.019 0.465 270 [0.0873 0.013 0.458 310 |0.0786 0.021 0.643 318 24
0.1176 0.016 0.458 1,432(0.1129 0.015 0.505 1,640|0.1018 0.014 0.560 1,202 48
0.1052 0.017 0.492 1,977(0.0911 0.019 0.427 3,019| 0.080 0.016 0.597 2,521 72

The strain S. fredii ANU265 is a derivative of NGR234 that was heat-cured of its
symbiotic plasmid and that is no longer able to nodulate its host plants or fixate
nitrogen. This strain was used to examine if the loss of the pNGR234a symbiotic
plasmid has an influence on the expression of the QS Al-synthases expression and

how QQ gene activity may be altered.

Monitoring the promoter activity of Ptral, naturally encoded on the missing pPNGR234a
plasmid, Pngrl and PgsdR1, S. fredii ANU265 was transformed with the pBBR1MCS-
5::Ptral_gfp::Pngrl_dsRed::PqsdR1_mCerulean. Analysing CLSM images of ANU265
showed rather high expression levels of Ptral_gfp compared to NGR234 WT after 24 h



growth. The expression levels after 48 h and 72 h decreased again and were lower or
equal to NGR234 WT levels. Nevertheless, Ptral_gfp was actively expressed in most
ANU265 cells after 48-72 h (Figure 10 A). This exemplary image of ANU265 after 72 h
of incubation indicates that the QS systems in NGR234 may experience cross talk,
since the Al synthase fral and the respective regulator genes are not present in
ANU265, but Ptral promoter activity was detectable. In Figure 10 B and D, phenotypic
heterogeneity in ANU265 cells was recognisable. Expression of Pngrl and PqsdR1
promoter fusions could be observed as well, but compared to Ptral _gfp expression,

expression levels were clearly decreased (Figure 10 B-E).

Figure 10: Phenotypic heterogeneity in S. fredii ANU265 WT analysed by CLSM. S.fredii ANU265
WT containing the pBBR1MCS-5::Ptral_gfp::Pngrl_dsRed::PqsdR1_mCerulean construct. Incubation
conducted for 72 h in YEM medium with appropriate antibiotics at 28 °C and 135 rpm. The scale bar in
section A represents 10 uym, sections B-E scale bar represents 1 um. A: Merged fluorescence channel
image. Only single cells showed detectable red fluorescence representing the activity of the Pngrl,
whereas most cells express Ptral_gfp. Expression of PqsdR1_mCerluean was less prominent compared to
Ptral activity, but almost all cells expressed the promoter on a low level. Rectangle marks area magnified
in B-E. B: Brightfield images of magnified cells marked in A. C: Red fluorescent detection channel showing
only diffuse and weak signal for Pngrl_dsRed expression. D: Most cells identified in the brightfield channel
displayed Ptral_gfp signal, but few cells showed no gfp expression at all. E: Fluorescence channel
detecting PqsdR71_mCerulean expression. Cells expressing tral promoter also show signals for PgsdR1
expression activity.

As already stated above, expression levels of Ptral_gfp in ANU265 differed over time,

as well as the promoter activities of the other examined promoters. Comparing



ANU265 cells after 24, 48 and 72 h, it can be observed that the expression of
Pngrl_dsRed is most distinct after 24-48 h and only low after 72 h (Figure 11 C, H and
M). The PqsdR1_mCerulean signal was detectable at all timepoints and the intensity
slowly increased over time (Figure 11 E, J and O). Phenotypic heterogeneity regarding
different levels of expression could be identified at all timepoints, but few cells showed

expression of only a single promoter (Figure 11 B, G and L).
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Looking at the MIFISC revealed that most cells had low promoter activities after 24 h.
Compared to NGR234 WT, mean values and standard deviation for each promoter
were reduced. This indicates a diminished level of phenotypic heterogeneity and gene
expression of the observed QS and QQ genes. On the other hand, the MIFISC was
considerably higher after 48 and 72 h for Pngrl_dsRed and PqsdR1_mCerulean in
contrast to NGR234 WT. Fl of Ptral_gfp was enhanced, but not as prominent as in the
WT (Table 13). In addition, in Table 13 the overall shift of cells expressing Ptral_gfp is
displayed, since after 48-72 h most cells could be detected in this channel.

Table 13: MIFISC of S. fredii ANU265 WT. The mean integrated FI per cell was calculated. The mean
value of integrated fluorescence was divided by total number of cells analysed.

Pngrl_dsRed Ptral_gfp PgsdR1 _mcCerulean
Mean Std. dev. No. of | Mean Std. dev. No. of | Mean Std. dev. No. of Inc_:ubat|on
value cells value cells value cells time [h]

2.82 1.51 1,351 | 4.10 4.09 1,216 | 2.67 0.61 1,200 24

17.58 19.83 419 4.65 4.51 770 5149 70.24 350 48

20.22  25.31 304 1.58 1.16 1,298 | 17.71  24.53 262 72

Mean FI on single cell basis is depicted in Figure 12. First, the high level of FI after
24 h was noticeable (Figure 12 A, left side). Generally, all three promoter fusion
constructs showed a high degree of phenotypic heterogeneity but balanced distribution
of Fl on a population level (Figure 12 A, right side). After 48 and 72 h of growth, this
equal distribution shifted towards lower median Fl. However, few cells still had notably
high fluorescence signals (Figure 12 B and C). The shift of median FI on population
level can also be observed analysing the respective histograms (Figure 12 B and C,
right side). Furthermore, Figure 12 shows the significant division of the median FI of

Ptral and PqsdR1 regulated fluorophore expression over time.
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Figure 12: Phenotypic heterogeneity in S. fredii ANU265. The mean FI per single cell is shown on the
left. On the right, the frequencies of cells showing distinct fluorescence intensities are given. Analysing
significance, an unpaired t-test was performed, and significance levels are depicted as asterisk (p < 0.05
shown by one asterisk (*), p < 0.01 shown by two asterisks (**)). If values did not differ significantly it was
indicated by ns. (not significant). Incubation at 28 °C and 135 rpm in YEM medium
supplemented with appropriate antibiotics. The ANU265WT containing the vector pBBR1MCS-
5::Ptral_gfp::Pngrl_dsRed::PqsdR1_mCerulean. A: ANU265 WT population after 24 h growth. Cells show
a high range of phenotypic heterogeneity on the population level for all three promoters. The median
values for mean FI per cell are very similar (black bars). B: ANU265 WT population after 48 h of growth. C:
ANU265 WT population after 72 h growth. The population median for mean FI shifted towards lower
intensities for all three promoter activities. The population is less phenotypic heterogenic, but some cells
showed distinctly higher FI.



The overall higher median FI after 24 h can be seen in Table 14. All three promoter
fusions do not differ in the maximum of Fl after 24 h but Pngrl_dsRed significantly
varies in median and minimal fluorescence. Values for median FI per cell decreased
considerably from 24 to 48 h and remained on this level until 72 h of growth. Even
though all FI shifted following the same pattern, differences between median intensities
increased additionally to further divergence of minimal and maximal fluorescence
signals (Table 14).

Table 14: Median Fl per cell analysed in S. fredii ANU265 WT. The median FlI (median) was
determined over all cells measured separately for each timepoint (24, 48 and 72 h) and promoter fusion.
Minimum (Min.) and maximum (Max.) values for mean FI| are given to show the range of observed FIl and
therefore promoter activity. The total number of cells that were analysed is given (No. of cells). Regardless
of the timepoint observed, the ANU265 WT population experienced a broad distribution of expression

intensities of the respective promoter fusion. All promoters showed the highest median activity after 24 h,
whereas some cells showed absolute maximum fluorescence after 72 h.

Pngri_dsRed Ptral_gfp PgsdR1_mcCerulean
Median Min. Max. O ®flviedian Min. Max O Median Min. Max. NO: Offincubation
cells cells cells | time [h]
0.2881 0.022 0.519 1,351|0.2648 0.044 0.518 1,216(0.2659 0.044 0.518 1,200 24
0.1354 0.014 0.465 419 |0.0846 0.016 0.594 770 [0.0952 0.013 0.618 350 48
0.1164 0.029 0.617 304 |0.0921 0.019 0.621 1,298(0.1038 0.038 0.681 262 72

RepX is a p-protein encoded on the symbiotic plasmid of NGR234 and lays within the
intergenic region of tral and the repABC operon, near the origin of replication. The
deletion of this gene led to the total loss of the symbiotic plasmid in NGR234 (Petersen,
2019). The deletion mutant S. fredii NGR234 ArepX was transformed with the
pBBR1MCS-5::Ptral_gfp::Pngrl_dsRed::PqsdR1_mCerulean promoter construct, to
investigate the influence of the deletion of this p-protein on the gene expression of

these three genes.

In Figure 13 a CLSM image of NGR234 ArepX after 48 h of growth is shown. Most cells
in the observed area displayed a high Ptral_gfp expression, represented by the green
fluorescence signal in the image (Figure 13 A). In a few cells single blue fluorescence
signals could be detected, reflecting PqgsdR1_mCerulean expression. Even fewer cells
were actively expressing Pngrl_dsRed promoter fusion (Figure 13 A, purple cells).

These cells all displayed parallel activity of PgsdR1 fused to mCerulean and Pngrl



fused to dsRed, and therefore were depicted as purple (Figure 13 C and E). In the

following exemplary image, no cells showed sole expression of Pngrl_dsRed.

&)
o
o

Figure 13: Phenotypic heterogeneity in S. fredii NGR234 ArepX analysed by CLSM. S. fredii
NGR234 ArepX containing the pBBR1MCS-5::Ptral_gfp::Pngri_dsRed::PqsdR1_mCerulean construct.
Incubation was conducted for 48 h in YEM medium with appropriate antibiotics at 28 °C and 135 rpm. The
scale bar in section A represents 20 ym, and in sections B-E 2 ym. A: Merged fluorescence channels
image. Green-fluorescing cells are dominating, representing promoter activity of tral. Few cells were
expressing dsRed, indicating Pngrl activity. Expression activity of PqsdR71 was less prominent compared to
Ptral, but almost all cells expressed the fluorophore regulated by the respective promoter on a low level.
Cells appearing violet experienced parallel expression activity of Pngrl and PqsdR1. The rectangle marks
the area magnified in B-E. B: Brightfield images of magnified cells marked in A. C: Red fluorescent
detection channel, few cells showing distinct signals for Pngrl_dsRed expression. D: Most cells identified
in the brightfield channel showed a Ptral_gfp signal, but few cells showed no gfp expression at all. E:
Fluorescence channel detecting PgsdR1_mCerulean expression.

Following the expression patterns of the Al-synthases and the metallo-B-lactamase
promoter over time indicated a decreased Pngrl activity after 24 h, when compared to
the NGR234 WT and only very few cells expressed the Pngrl_dsRed construct (Figure
14 B and C). After 48 h, distinct fluorescence of dsRed could be detected in single
cells, also simultaneously expressing Ptral and PgsdR1 (Figure 14 G-J, L-O). The
same could be observed for PqgsdR7-regulated expression. Though the overall
expression was lower, the gsdR1 promoter was active in most cells at 24 h (Figure 14
B and E). The number of cells showing only expression of PqsdR1_mCerulean seemed

to increase over time (Figure 14 B, G and L). When examining the expression of



Ptral_gfp it was noticeable that not all cells showed an active promoter, leading to

observable phenotypic heterogeneity at all timepoints (Figure 14 B, D, G, I, L and N).
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Analysing the MIFISC for NGR234 ArepX (Table 15), values for Pngrl_dsRed were

increased at all timepoints, especially after 48 h. On the other hand, the mean value for

Ptral_gfp FI was lower over the whole period observed, but after 72 h it was again
more aligned with the NGR234 WT level. Compared to the NGR234 WT, the

PgsdR1_mCerulean MIFISC was decreased in early stages of population growth but

increased after 72 h above WT level.

Table 15: MIFISC in S. fredii NGR234 ArepX. The mean integrated FI per cell was calculated. The mean
value of integrated fluorescence was divided by the total number of cells analysed.

Pngrl_dsRed Ptral_gfp PgsdR1 _mcCerulean
e s dov M0 M g1 g N NS g ey, .00 cutaton
8.28 8.86 441 1.45 0.97 496 0.89 0.69 780 24
2115 21.50 506 1.82 197 2,316 2.11 1.59 1,581 48
3.50 1.95 323 0.77 0.74 1,162 1.38 0.86 482 72

When looking at all analysed cells and the mean FI over time, a shift from a similar

expression intensity of the tral and ngrl promoter to significantly diverting promoter

activities could be observed (see Figure 15).
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Figure 15: Phenotypic heterogeneity in S. fredii NGR234 ArepX. The mean FI per single cell is shown
on the left. On the right, frequencies of cells showing distinct FI are given. Incubation was conducted at
28 °C and 135 rpm in YEM medium supplemented with appropriate antibiotics. NGR234 ArepX containing
the pBBR1MCS-5::Ptral_gfp::Pngrl_dsRed::PqsdR1_mCerulean construct. Analysing significance, an
unpaired t-test was performed, and significance levels are depicted as asterisk (p < 0.05 shown by one
asterisk (*), p < 0.01 shown by two asterisks (**)). If values did not differ significantly it was indicated by ns.
(not significant). A: NGR234 ArepX population after 24 h growth. Most cells showed a lower mean FI than
0.1 for PgsdR1_mCerulean expression. Fl for Pngrl_dsRed and Ptral_gfp were more balanced. B:
NGR234 ArepX population after 48 h growth. C: NGR234 ArepX population after 72 h growth. The
population median (black bar) for mean FI shifted towards lower intensities for all three promoters. The
population was less phenotypic heterogenic, but some cells showed a distinctly higher FI.



As indicated by black bars in Figure 15, median FI of all promoter fusions shifted over
the observed period. The values for median Fl are shown in Table 16. Both Pngri- and
PgsdR1-controlled expression slowly increased from 24 to 72 h. However, promoter

activity of Ptral represented by GFP fluorescence had a peak after 48 h.

Table 16: Median FI of S. fredii NGR234 ArepX. The median FI (median) was determined over all cells
measured separately for each timepoint (24, 48 and 72 h) and promoter fusion. Minimum (Min.) and
maximum (Max.) values for mean FI| are given to show the range of observed F| and therefore promoter
activity. The total number of cells that were analysed is given (No. of cells). Regardless of the observed
timepoint, the NGR234 ArepX population experienced a broad distribution of expression intensities of the
respective promoter fusion. The promoter activity of Pngr/ was highest after 48 h, Ptral regulated GFP
showed the maximum median FI| after 24 h and the PgsdR7-controlled fluorophore expression was highest
after 24 h.

Pngrl_dsRed Ptral_gfp PgsdR1_mcCerulean

No. of]
cells

Max. No. of
cells

Max. No. of
cells

Incubation

Median Min. time [h]

Max Median Min. Median Min.

0.0897 0.016 0.262 441

0.1336 0.0212 0.368 506

0.1019 0.010 0.434 323

0.0967 0.019 0.315 496

0.0568 0.016 0.577 2,316

0.0637 0.015 0.360 1,162

0.0625 0.013 0.2484 780

0.0567 0.018 0.361 1,581

0.0542 0.011 0.491 482

24

48

72

The small ORF NGR_a01725 located on the symbiotic plasmid was deleted and the
respective deletion mutant was transformed with the promoter construct pPBBR1MCS-
5::Ptral_gfp::Pngrl_dsRed::PqsdR1_mCerulean to investigate the influence on QS and
QQ, as well as phenotypic heterogeneity of this small ORF.

In Figure 16 a CLSM image of NGR234 ANGR_a01725+ after 72 h of growth is shown.
Most cells expressed the QQ promoter of QsdR1 metallo-B-lactamase, fused to the
gene of the blue fluorescent protein mCerulean (Figure 16 A). Only a few cells showed
clear expression activity of Pfral and Pngrl, visible as green and reddish cells in the
merged image and in the single channel images (Figure 16 A, C-E). In general, the
expression regulated by the two QS Al synthase promoters seemed only to be present
in some cells. Furthermore, NGR234 ANGR a01725+ experienced low levels of
phenotypic heterogeneity. These cells expressed the tral and ngrl promoter controlled
fluorescing proteins in parallel with the QQ promoter regulated mCerulean (Figure 16

B-E encircled cells).



Figure 16: Phenotypic heterogeneity in S. fredii NGR234 ANGR234_a01725+ analysed by CLSM.
S. fredii NGR234 ANGR234_a01725+ containing the promoter construct pBBR1MCS-
5::Ptral_gfp::Pngrl_dsRed::PqsdR1_mCerulean. Incubation conducted for 48 h in YEM medium with
appropriate antibiotics at 28 °C and 135 rpm. Scale bar in A represents 10 um, scale bar in sections B-E
represents 2 uym. A: Merged fluorescence channels image. Blue fluorescing cells were dominating,
representing promoter activity of gsdR7. Only few cells were observed weakly expressing dsRed,
indicating low Pngrl activity. Expression activity of Ptral was less prominent compared to PqgsdR1
controlled gene activity, but some cells expressed the gfp regulated by the Ptral promoter distinctly.
Rectangle marks area magnified in B-E. B: Brightfield images of magnified cells marked in A. C: Red
fluorescent detection channel, few cells showing distinct signals for Pngrl_dsRed expression. D: Most cells
identified in the brightfield channel showed a Ptral_gfp signal but few cells show no gfp expression at all.
E: Fluorescence channel detecting mCerulean. Encircled cell showed parallel promoter activity of all three
promoters.

Following the expression patterns of QS and QQ gene promoters further confirmed that
most cells had detectable signals for all three promoters after 24-48 h (Figure 17 B, G,
and L). When looking at the single channel images, it could be observed that nearly all
cells showed similar fluorescence levels for each respective fluorescing protein. This
indicated a low level of phenotypic heterogeneity (Figure 17 C-E, H-J and M-O). During
the late stages of growth after 72 h, fewer cells could be detected expressing the
dsRed or gfp regulated by the QS promoters. However, QQ promoter activity was still

clearly visible in the majority of the cells (Figure 17 L and O).
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All analysed images were used to count cells, measure their FI and to calculate the
MIFISC. In Table 17 the MIFISC for NGR234 ANGR_a01725+ is given. The number of
cells in total that showed visible expression of the respective promoters did not differ
between the ngrl and gsdR1 promoters at 24 h. However, less cells were found to
express the tral promoter after 24 h. Over time, an increasing number of cells showed
QQ promoter activity, whereas the numbers of cells activating either one QS promoter
also increased, but on a much lower level. In general, the MIFISC was higher or similar
to that of NGR234 WT, except for the mCerulean Fl after 24 h. Here NGR234
ANGR _a01725+ had a lower MIFISC value but more cells in total were detected.

Table 17: MIFISC in S. fredii NGR234 ANGR234_a01725+.The mean integrated F| per cell was
calculated. The mean value of integrated fluorescence was divided by the total number of cells analysed.

Pngrl_dsRed Ptral_gfp PgsdR1_mcCerulean
e st o, D M st qor, MO0 e st g, D! cstaton
43.71  126.39 757 10.97  15.62 578 9.50 13.15 758 24
2115  41.91 1,317 | 8.92 10.02 1,842 | 7.01 11.15 2,442 48
1149 10.74 940 8.52 1448 4576 | 1.48 2.27 8,309 72

In Figure 18 each analysed single cell was plotted. Foremost, the shift of a population
with less phenotypic heterogeneity after 24 h (Figure 18 A) towards a high degree of
phenotypic heterogeneity after 48 h (Figure 18 B) was most prominent. Even though
the level of phenotypic heterogeneity shifts during the observed period, as well as the
population median Fl (black bar), all subpopulations showed significant differences
comparing median Fl. Around 24 and 48 h of growth, a directed distribution of FI for
each promoter was observed (Figure 18 A and B right-hand side). Towards the end of
the observed period, the mean FI of cells became more balanced again, especially for
Pngrl_dsRed (Figure 18 C). Phenotypic heterogeneity had its peak after 48 h for all
three promoters, showing a wide range of mean Fl. This was also true for the
population median, indicating a population-wide increase of promoter activity and again
a decline after 72h. Interestingly, NGR234 ANGR_a01725+ formed two
subpopulations after 72 h in regard of its Ptral expression activity, represented by a

clear cut in the histogram (Figure 18 C right-hand side).
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Figure 18: Phenotypic heterogeneity in S. fredii NGR234 ANGR234_a01725+.The mean FI per single
cell is shown on the left. On the right, frequencies of cells showing fluorescence intensities are given.
Incubation was conducted at 28 °C and 135 rpm in YEM medium supplemented with appropriate
antibiotics. ANGR234_a01725+ containing the pBBR1MCS-5::Ptral_gfp::Pngrl_dsRed::PqsdR1_
mCerulean construct. Analysing significance, an unpaired t-test was performed, and significance levels are
depicted as asterisk (p < 0.05 shown by one asterisk (*), p < 0.01 shown by two asterisks (**)). A: NGR234
ANGR234_a01725+ population after 24 h growth. The median values for mean FI per cell were very
similar for fluorescence regulated by PgsdR1 and Pngrl (black bars). B: NGR234 ANGR234_a01725+
population after 48 h growth. The population experienced a broad distribution of FI, representing
phenotypic heterogeneity. C: NGR234 ANGR234_a01725+ population after 72 h growth. Population
median for mean FI shifted towards lower intensities for all three promoters compared to 48 h. Population
was less phenotypic heterogenic, but some cells showed distinct higher Fl.



The median Fl is listed in Table 18. Comparing the median values over time shows
shifts of the FI for each promoter fusion on population level. As already described
above, all FI median values increased from 24 h to 48 h and decreased after 72 h. All
values were higher for NGR234 ANGR_a01725+ compared to the NGR234 WT
median values with exception of the 24 h values of Pngrl_dsRed and
PqsdR1_mCerulean that were similar to WT levels. Looking only at the minimum and
maximum numbers of the mean FI, revealed less differences between the promoter
activities and the timepoints, but indicated that the overall population FI had shifted
while minimal and maximum fluorescence changed more slowly.

Table 18: Median FI S. fredii NGR234 ANGR234_a01725+. The median Fl (median) was determined
over all cells measured separately for each timepoint (24, 48 and 72 h) and promoter fusion. Minimum
(Min.) and maximum (Max.) values for the mean FI are given to show the range of observed Fl and
therefore promoter activity. The total number of cells that were analysed is given (No. of cells). Regardless
of the timepoint observed, NGR234 ANGR234 a01725+ population experienced a broad distribution of the

expression intensities of the respective promoter fusion. Promoter activities of Pngrl and Pfral were
highest after 48 h. PqsdR1 expression rate was highest after 72 h.

Pngrl_dsRed Ptral_gfp PgsdR1_mcCerulean
MedianMin. Max No. of MedianMin.  Max. No. of MedianMin. Max. No. of I_ncubat|on
cells cells cells [time [h]

0.1008 0.008 0.507 757 |0.1378 0.016 0.441 578 |0.0795 0.018 0.400 758 24

0.2104 0.016 0.765 1,317|0.1753 0.0147 0.692 1,842|0.1102 0.011 0.839 2,442 48

0.1931 0.019 0.423 9,40 |0.1536 0.024 0.500 4,576 |0.1162 0.016 0.392 8,309 72

Since the mean integrated Fl, the median FI and minimum and maximum F| were
analysed for each NGR234 strain individually, differences between the WT and the
mutant strains cannot easily be seen. Therefore, mean integrated Fl and median FI of
each strain were normalised against NGR234 WT fluorescence levels for each
timepoint. This way a direct comparison was possible. Figure 19 shows the relative
MIFISC in comparison to NGR234 WT. ANU265, lacking the symbiotic plasmid, had a
promoter activity almost two-thirds lower after 24 h, but drastically enhanced after 48 to
72 h, showing a more than 4-11 times (4-11x) higher relative MIFISC compared to
NGR234 WT (Figure 19 A, dark red). Like ANU265, NGR234 ArepX has no symbiotic
plasmid. In contrast to ANU265, NGR234 ArepX showed very similar levels of Pngr/

activity in relation to NGR234 WT. However, expression levels of Pngrl_dsRed were



much higher after 48 h in NGR234 ArepX (5.6x) and less enhanced, but still clearly
increased compared to NGR234 WT (2.0x) expression after 72 h (Figure 19 A, light
red). NGR234 ANGR_a01725+ on the other hand, could be observed to have an
elevated relative MIFISC over the whole observed period. The deletion of the small
ORF NGR_a01725+ lead to a constant raise of Pngr/ promoter activity compared to
NGR234 WT levels (Figure 19 A, red; 5.6x, 5.6x, 6.7x).

Analysing the relative differences of Ptral_gfp expression between the WT and mutant
strains did not show distinct changes in fluorescence levels but for NGR234
ANGR_a01725+. The relative MIFISC was higher at all times, increased levels ranging
from only 1.2x at 24 h to 2.5x after 48 h and 8.7x after 72 h respectively (Figure 19 B,
green). Only ANU265 WT showed higher fluorescence levels (compared to NGR234
WT) besides NGR234 ANGR_a01725+, but to a much lower degree (Figure 19 B, dark
green). Expression of Ptral_gfp was around 6 times lower in NGR234 ArepX after 24 h.
Expression slightly increased over time (2-1.2x lower) but did not reach WT levels

(Figure 19 B, light green).

The QQ promoter PgsdR1_mCerulean construct clearly had a reduced activity in all
strains analysed at 24 h. NGR234 ArepX and ANU265 had a decline of 25-8x of
promoter activity when set in relation to NGR234 WT (Figure 19 C, light and dark blue).
ANU265 recovered after 48 h and expression activity increased just below of NGR234
WT conditions. At 72 h PgsdR1 promoter activity increased and was 16x higher
compared to the NGR234 WT. NGR234 ArepX on the other hand, had no change in
expression at 48 h. After 72 h PgsdR1 regulated fluorescence exceeded WT
expression intensity about 1.2x. NGR234 ANGR_a01725+ showed higher levels of
expression of PqgsdR1_mCerulean after 24 h compared to ANU265 and NGR234
ArepX but still was 2.3x below WT level. QsdR1 promoter regulated fluorescence in
NGR234 ANGR_a01725+ was reduced to only one-tenth of NGR234 WT after 48 h

before rising to 1.3x expression intensity at 72 h (Figure 19 C, blue).
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Figure 19: Relative MIFISC in S. fredii NGR234 mutants compared to NGR234 WT. MIFISC after 24,
48 and 72h normalised to NGR234 WT levels for each timepoint. The MIFISC analysed with the
CellProfiler 3.1.8 pipeline of three independent replicates for each genotype and timepoint. Promoter
fusion on the pBBR1MCS-5::Pngrl_dsRed::Ptral_gfp::PqsdR1_mCerulean plasmid. Incubation at 28 °C
and 135 rpm in YEM medium supplemented with appropriate antibiotics. A: Relative MIFISC of
Pngrl_dsRed. B: Relative MIFISC of Ptral_gfp. C: Relative MIFISC of PqsdR1_mCerulean.



The examination of population median Fl for each promoter fusion is shown in Figure
20. It could be observed that the overall population median FI after 24 h for
Pngrl_dsRed did not differ between NGR234 WT, NGR234 ANGR_a01725+ and
NGR234 ArepX (Figure 20 A). ANU265 WT revealed a distinctly increased median Fl
after 24 h. After 48 h and 72 h only NGR234 ANGR_a01725+ showed a higher median

FI compared to the remaining strains.

Even though median values for Ptral_gfp were somewhat more scattered, the general
pattern was the same as observed for Pngrl_dsRed (Figure 20 B). ANU265 median FI
was increased after 24 h but aligned after 48 h with the median values of NGR234 WT
and NGR234 ArepX (Figure 20 B). Again, only NGR234 ANGR_a0175+ showed a

clearly elevated median FI.

Comparing the median FI of PqsdR1_mCerulean, the values for all strains except for
ANU265 adjusted around the NGR234 WT. ANU265 showed, as already observed for
the other two promoter fusions, an increased promoter activity, but aligned with
NGR234 WT after 48 h.
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Figure 20: Median FI of S. fredii NGR234 mutants and NGR234 WT. The median FI after 24, 48 and
72h. The median FI of all was cells analysed with the CellProfiler 3.1.8 pipeline of three independent
replicates for each genotype and timepoint. Promoter fusion on the pBBR1MCS-
5::Pngrl_dsRed::Ptral_gfp::PqsdR1_mCerulean plasmid. Incubation was performed at 28 °C and 135 rpm
in YEM medium supplemented with appropriate antibiotics. A: Median Fl of Pngrl_dsRed. B: Median FI of
Ptral_gfp. C: Median FI of PgsdR1_mCerulean.



The symbiotic plasmid of NGR234 was observed to be affected in its plasmid copy
number (in relation to the number of chromosomes) due to the absence of Al
Therefore, the effect of spent culture medium of different NGR234 Al deletion mutants
and closely related species, such as S. fredii USDA257 and ANU265, on NGR234s’
symbiotic plasmid copy number was analysed. Investigation of the plasmid copy
number was conducted by qPCR. Two sets of primers, repA and nifB, were used to
measure the number of the symbiotic plasmid (Table 2). Simultaneously, two primer
sets were used to amplify and measure the copies of two genes encoded on the
chromosome as a reference, recA and NGR_c03800 (Table 2). The results of gene
expression of the latter two were used to normalise for fluctuations in gene expression

that were not caused by copy number effects.

In Figure 21 the results of the qPCR analyses are shown. Without any pre-treatment
NGR234 WT plasmid copy was set to 1, whereas the NGR234 AngriAtral copy+
mutant had a 3-4x higher copy number of its symbiotic plasmid. Addition of NGR234
WT spent medium during incubation completely quenched this effect and NGR234
AngrlAtral copy+ pNGR234a stabilised at one copy per chromosome. Repeating this
experiment with the ANU265 strain, lacking the pNGR234a and therefore the
respective tral Al synthase gene, yielded very similar results to the no-treatment
control. Both genes, nifB and repA, are encoded on the symbiotic plasmid, indicating
increased plasmid copies. Using spent medium of the very closely related strain
USDAZ275 resulted again in elevated plasmid copy numbers in the NGR234 Angrl Atral
copy+ mutant, even though, NGR234 WT copy numbers were not changed compared
to the control. A further increase of plasmid copies was observed when incubation of
the NGR234 AngrlAtral copy+ mutant strain was conducted using spent medium of
either NGR234 Angrl or NGR234 Atral copy+ (Atral c+). After 96 h of incubation in
YEM medium that was diluted with 10 % (v/v) spent medium of these two strains, a
further increase in total symbiotic plasmid copy number was observable. The NGR234
WT control showed no altered copy number during growth under the same conditions
(Figure 21).
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Figure 21: Influence of S. fredii strains on NGR234s’ symbiotic plasmid copy number. Cultures for
spent medium were grown in YEM medium for 96h at 28 °C and 135 rpm with appropriate antibiotics. To
clear the supernatant, cultures were centrifuged for 40 min at 4,500 g and 4 °C and filtration with a 0.2 ym
filter followed. Fresh cultures of either S. fredii NGR234 WT or S. fredii NGR234 Angrl Atral copy+ were
inoculated in YEM medium at an ODesoo of 0.04 and with addition of 10.0 % (v/v) spent medium and
25.0 yg/mL rifampicin. Analysed genes: a_00010 (repA), a_01270 (nifB). Without treatment (w/o
treatment). NGR234 Atral copy+ (Atral c+).

To analyse if the supernatants and the respective metabolites, such as Al of other soil-
living bacteria, had an influence on NGR234 plasmid copy number, spent medium of
the B-Proteobacteria Burkholderia glumae PG1 was used as described above. The B.
glumae PG1 strain has three Al synthases systems, bgal7-3. Deletion mutants of each
of these Al synthases were also used for these supernatant experiments (Figure 22).
The incubation with supernatant of B. glumae PG1 together with the
NGR234 AngrlAtral copy+ strain, lead to decreased numbers of the symbiotic plasmid
in the mutant, whereas B. glumae PG1 WT supernatant had little to no effect on the
NGR234 WT (Figure 22, ‘+ B. glumae WT’). Using spent medium of the Abgal1 Al
deletion mutant resulted in highly raised symbiotic plasmid copies (5-8x) in the
NGR234 AngriAtral copy+ strain. A similar effect was seen in the NGR234 WT.
However, the effect in the NGR234 WT was not as distinct as in the NGR234 copy+
mutant. By using the single deletion mutants of the remaining two Al synthases in B.
glumae, Abgal2 and Abgal3, for the spent medium experiments and analysing the
plasmid copy number of pPNGR234a, similar effects as with the B. glumae PG1 WT
could be observed. Both Al deletion mutants lowered the plasmid copy number of the
NGR234 copy+ mutant and had a somewhat reducing effect on the NGR234 WT copy

number as well. However, this effect was much less pronounced (Figure 22).
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Figure 22: Influence of B. glumae PG1 and its Al mutants on the copy number of the symbiotic
plasmid in S. fredii NGR234. B. glumae cultures for spent medium were grown in LB medium for 96 h at
28 °C and 135 rpm with appropriate antibiotics. To clear the supernatant, cultures were centrifuged for
40 min at 4,500 g and 4 °C and filtration with a 0.2 pm filter followed. Fresh cultures of either NGR234 WT
or S. fredii NGR234 AngrlAtral copy+ were inoculated in YEM medium at an OD,, of 0.04 and with

addition of 10.0 % (v/v) spent medium and 25.0 yg/mL rifampicin. Analysed genes: a_00010 (repA),
a_01270 (nifB). Without treatment (w/o treatment).

Since NGR234 is known for its broad host range regarding nodulation of plants,
nodulation experiments were conducted to investigate the potential effect of the
pNGR234a plasmid copy number on nodulation and host-symbiont interaction. As a
plant host, the Fabaceae Vigna unguiculata was chosen. Experiments were conducted
at and in cooperation with the group of Prof. Dr. D. Ober at the Christian-Albrechts

University of Kiel.

Nodulation efficiency testing was performed by infection of V. unguiculata with NGR234
WT, NGR234 AngrlAtral copy+, NGR234 ANGR_a1725, NGR234 ArepX and ANU265
WT. NGR234 WT was used as a positive control for correct execution of inoculation,
whereas infection with ANU265 WT, lacking the symbiotic plasmid, was used as a
negative control. NGR234 ANGR a01725, in contrast to ANGR_a01725+ used in the
CLSM experiments, represents a mixed culture of cells containing the symbiotic
plasmid and cells that lost the respective plasmid. The duality of this strain was

identified after conducting the nodulation experiments.



V. unguiculata beans were surface sterilised and germinated on either NOD or
Hoagland medium agar plates as described before (see chapter 3.6). After inoculation,
plants were grown for 57 days at controlled conditions in a climate chamber (for
settings refer to 3.6.1). In total, 41 plants were examined in two independent
experiments. Seven plants were excluded from analysis, because they did not grow
after inoculation. It should be noted that 3/7 plants that were excluded had been
inoculated with the NGR234 Angrl/Atral copy+ mutant, 2/7 infected with the NGR234
Angrlitral strain and 2/7 plants were inoculated with the NGR234 WT. Only one plant
inoculated with NGR234 AngriAtral copy+ developed nodules that could be analysed.
Plants inoculated with the copy+ strain stayed small in comparison to plants infected
with other strains. In Figure 23 the plants and the roots after inoculation with either of
the above-mentioned strains are shown. All plants inoculated with the strains still
harbouring the symbiotic plasmid of NGR234 could induce nodule growth on the host
plant (Figure 23 A-E NGR234 WT, G-L NGR234 AngriAtral, M-O NGR234
ANGR _a1725+). ANU265 WT and the NGR234 ArepX deletion mutant were unable to
induce any growth of nodules on their natural host plant, V. unguiculata, confirming the
loss of their symbiotic plasmid pPNGR234a (Figure 23 P and Q).

When comparing the two different growth media, Hoagland and NOD, both allowed
successful infection, plant growth and nodulation. No observable differences between
the media used could be shown. However, since the sample size for each medium and
genotype was small these results can only be regarded as preliminary and need further

examination.
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Figure 23: Vigna unguiculata plants infected with S. fredii NGR234 WT and mutant strains. Plants
were either grown in 0.25x Hoagland medium (H) or in NOD medium (NOD) solidified with 1 % (w/v) agar.
The harvest of the nodules was conducted 57 days past infection (dpi), nodules were weighed and stored
at -70 °C until further use. A-C: Infection with NGR234 WT on H. D-F: Infection with NGR234 WT on NOD.
G-I: Infection with NGR234 AngriAtral on H. J-L: Infection with NGR234 AngriAtral on NOD. M-O:
Infection with NGR234 ANGR_a01725+ on NOD. P: Infection with NGR234 ArepX on NOD resulting in no
nodules due to loss of the symbiotic plasmid. Q: Infection with ANU265 WT on NOD resulting in no
nodules due to the lack of the symbiotic plasmid.

Analysing the total number of root nodules on each plant after infection, a wide range
of the total nodule number was observed, regardless of the strain used for infection
(Figure 24). Plants infected with NGR234 WT showed 2-8 nodules per plant. The
NGR234 AngriAtral mutant produced comparable amounts of nodules. Since only a
small number of plants was analysed for the NGR234 AngrlAtral copy+ and the
NGR234 ANGR_a01725+, limited conclusions can be drawn from the number of
nodules. Nodulation using either of these two strains was possible and plants showed a
low number of nodules, but this complied with observations made of the NGR234 WT.
By analysing the given data, mutations in these strains seem to decrease the number
of nodules (Figure 24). Since NGR234 ArepX and ANU265 were not able to induce any
nodule growth, no nodules could be analysed for these two strains regarding nodule

weight.
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Figure 24: Number of root nodules induced by S. fredii NGR234 strains on Vigna unguiculata. The
boxplots shown, indicate the number of root nodules induced on NGR234’s host plant V. unguiculata
57 dpi. V. unguiculata plants inoculated with the NGR234 WT developed the highest number of nodules on
one plant. Plants infected with either NGR234 ArepX or ANU265 WT did not develop any nodules at all,
confirming the lack of the symbiotic plasmid pNGR234a. QS system knock-out mutants, NGR234
AngriAtral copy+ and NGR234 AngriAtral, were able to nodulate the host plant. Analysing significance, an
unpaired t-test was performed, but no significant differences regarding nodule number was seen. Boxes of
the boxplots represent the central 50 % of all values, with whiskers including the lowest and upper-most
25 % each. Bar shown in the box represents the median.

Looking at the weight of each of the found nodules some differences could be
observed between the weight of nodules induced by the NGR234 WT and the mutant
strains (Figure 25). The nodule weight of plants inoculated with the NGR234 AngrlAtral
mutant was significantly lower compared to the NGR234 WT formed nodules. The
same could be observed for nodules formed by the NGR234 AngriAtral copy+ strain.
However, this result must be examined with care since only a limited number of
nodules and plants could be analysed. Two nodules found on plants inoculated with
NGR234 AngrlAtral were regarded as outliers indicated by two dots. A highly increased
weight of these two nodules was measured compared to other nodules induced by the
same strain. Nodules on plants inoculated with NGR234 ANGR_a1725 showed a
tendency of being smaller or lighter compared to NGR234 WT nodules, but no

significant differences were observed (Figure 25).
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Figure 25: Root nodule weight of Vigha unguiculata root nodules induced by S. fredii NGR234
strains. The root nodule weight is shown in mg of nodules formed by NGR234’s natural host plant
V. unguiculata 57 dpi. Significant differences in nodule weight were observed, depending on which
NGR234 strain was used to infect the V. unguiculata plant. Plants inoculated with NGR234 WT exhibited
nodules with the highest weight per nodule. QS deletion mutants, NGR234 AngriAtral copy+ (NGR234
copy+) and NGR234 AngriAtral, showed significantly lower nodule weight compared to the WT.
Comparing the nodule weight of NGR234 copy+ nodules and nodules induced by the NGR234
ANGR_a01725 strain, a significant shift in weight was observed. Analysing significance, an unpaired t-test
was performed, and significance levels are depicted as asterisk above boxplots (p < 0.05 shown by one
asterisk (*), p = 0.01 shown by two asterisks (**)). If values did not differ significantly no indication was
included. Boxes of the boxplots represent the central 50 % of all values, with whiskers including the lowest
and upper-most 25 % each. Bar shown in the box represents the median. Outliers are indicated as dots.



Phenotypic heterogeneity is a phenomenon in bacteria that has been studied just
recently. Understanding how the expression of a gene in each single cell forms the
population’s answer to a specific environmental cue came into focus when methods
were available for researchers to track the response of single cells. Here, the effect of
deleting two u-proteins that were just recently discovered (Grote et al., 2016; Petersen,
2019), RepX and NGR_a01725, was analysed and how this lack of such small ORFs
modulates phenotypic heterogeneity of QS Al synthase and QQ gene expression in
NGR234. Since deletion of the small ORF repX leads to a total loss of the symbiotic
plasmid, the influence of complete plasmid loss on phenotypic heterogeneity in
ANU265 and NGR234 ArepX was further examined. Using the fusion of the fral, ngrl
and gsdR1 promotors to different fluorescent proteins, enables the visualisation of
phenotypic heterogeneity in the population by plotting single cells according to their

mean FI.

All NGR234 genotypes analysed here were observed to heterogeneously regulate both
Al synthases, tral and ngrl (see Figure 7 and Figure 8). This pattern was in accordance
with the observation made in earlier studies with the NGR234 WT (Grote et al., 2014).
Since QS is foremost thought to be a tool for bacteria to monitor their population
density, a homogeneous expression would be expected. This would allow bacteria to
truly reference the level of Al molecules to population density. However, if single cells
are producing more, less, or even no Al molecules, signal intensity only reflects a
proportion of the population. A previous study reasoned that the observed phenotypic
heterogeneity in S. fredii and its close relative S. meliloti QS systems is modulated by
different internal and external factors (see Figure 26) (Baumgardt et al., 2014, 2016;
Bettenworth et al., 2019; Fetzner, 2014; Gao et al., 2015a; Grote et al., 2014, 2016; He
et al., 2003; Krol and Becker, 2011; Krysciak et al., 2011; Mclintosh et al., 2009;
Schaper et al., 2016) and may reflect a variety of division of labour. This division of
labour could strengthen the overall population fithess, since not all cells would need to
produce costly Al in equal amounts, but all could benefit from the transported
information (Bettenworth et al., 2019). Even though not all cells produce Al, the QS
signal can trigger population-wide responses to environmental cues. There are many
theories as to why bacteria express certain genes heterogeneously besides division of

labour: stochastics of intra-cellular compounds, micro-environmental differences — even



though this would be expected to be neglectable in a well-mixed laboratory culture —
nutrient availability, host signals, employing different survival strategies (e.g. bet
hedging), and using QS signals as a way to measure diffusion rates (Ackermann, 2015;
Bettenworth et al., 2019; Grote et al., 2014; Schreiber et al., 2016).

Plant root
gxudatas
Dctopine

LuxRi-type @
Qs systemis) &7

induction

Figure 26: Quorum sensing modulating factors in S. fredii and S. meliloti. The expression of the
LuxR/I-type QS system in S. fredii and S. meliloti is modulated by several factors. AHL-Al molecules
(purple) induce the expression of the respective QS system. QQ enzymes like QsdR1 and DIhR degrade
the Al molecules and thereby modify the QS signaling. External factors that influence QS in Sinorhizobium
are plant derived signals like root exudates or octopine. Internal factors shaping the expression of LuxR/I-
type QS systems in Sinorhizobium have been linked to nutrient availability. In S. meliloti carbon and
nitrogen levels influence the expression of the QS regulator gene sinR. This is regulated by the guanosine
pentaphosphate ((p)ppGpp) synthase relA. Phosphate starvation is sensed via the PhoB regulator, leading
to an increase in sinR expression. QS expression is decreased during the exponential growth phase which
is controlled by cyclic diguanylate (c-di-GMP). RNase E degradation of sin/ RNA was also shown after
binding of a small RNA (sRNA). Adapted from Bettenworth et al. (2019).

The genotypes used in this study, namely NGR234 WT, NGR234 ArepX, NGR234
ANGR_a01725+ and ANU265, showed considerable phenotypic heterogeneity for the
activity of the analysed gene promoters Ptral, Pngrl and PqsdR1. This observation
indicates that phenotypic heterogeneity of QS Al synthases and the metallo-3-
lactamase QsdR1 can be viewed independently of the two examined p-proteins
encoded on the symbiotic plasmid. Phenotypic heterogeneity in general was not
strongly influenced by any factor encoded on pNGR234a, since neither ANU265 nor
NGR234 ArepX harbour the mentioned plasmid. In the past, it was shown that high
levels of externally provided Al, as well as plant derived compounds, could quench the
degree of heterogeneously expressed QS genes and lead to a more homogeneous

expression (Grote et al., 2014). This leads to the conclusion that low levels of Al, as



expected when one Al synthase is missing, favour phenotypic heterogeneity. The
results here further underline this observation for ANU265, presenting a high degree of
phenotypic heterogeneity (see Figure 12). ANU265 showed a broad range of varying FI
after 24 and 48 h, with the population-wide median FI at 24 h being three times higher
compared to the NGR234 WT (see Figure 20). Since ANU265 was cured of its
symbiotic plasmid (Morrison et al., 1983), this de-regulated early QS and QQ activation
could be caused by factors encoded on the respective plasmid and therefore missing.
Another possible reason for the high diversity of Pfral and Pngrl promoter activity in
ANU265 could be, that the missing Al synthase fral, leaving only ngrl as Al source,
leads to very low Al levels and therefore stimulates phenotypic heterogeneity as
mentioned above. Reasoning against low Al levels as a main stimulating factor for
phenotypic heterogeneity are results shown for NGR234 ArepX (see Figure 15). This
genotype was also cured of its symbiotic plasmid after deletion of the small ORF repX
(Petersen, 2019) and exhibits less pronounced levels of phenotypic heterogeneity
indicating that Als are not the only factors in NGR234 to modulate phenotypic
heterogeneity of the QS Al synthases and the QQ gsdR7 gene. There have been
reports in other bacteria showing heterogeneity independently of QS Al concentration
(Pradhan and Chatterjee, 2014). Deletion of the ORF encoding for the p-protein
NGR234 ANGR_a01725+ leads to a high diversity of Fl, representing heterogeneously
expressed QS and QQ genes after 48 h (see Figure 18). Micro-proteins have only
recently come into focus and have been discovered to regulate many cellular
processes in bacteria like spore formation, cell division or signal transduction (Storz et
al., 2014). Therefore, it can be speculated that the p-protein NGR_a01725, encoded on
the symbiotic plasmid, may influence phenotypic heterogeneity in NGR234 and shifts
the whole level of population-wide expression to higher levels as well (see Figure 20).

Even though the underlying regulation mechanisms are not yet fully understood.

However, in this study the degree of observed phenotypic heterogeneity regarding
expression intensity of the analysed promoter fusions was affected depending on the
genotype, indicating some sort of secondary effect on the degree of phenotypic
heterogeneity and the monitored genes. The median Fl of each genotype (see Figure
20 A-C) reflects how the population-wide expression level of the specific monitored
genes was, without being too sensitive to extreme outliers. Altering NGR234’s genetic
background, by either deleting small ORFs like NGR234 ANGR _a01725+ or ArepX,
had an influence on how the population regulated Al synthases and a QQ gene and

thereby shifted the level of phenotypic heterogeneity. Even though the deletion of the



p-proteins or the complete loss of pNGR234a may not strongly influence gene
expression on a population level, it influences the expression levels on the single cell

level. This leads to a less pronounced shift in the expression on a population level.

One limitation of these kind of analyses — and all together the determination of
phenotypic heterogeneity in bacteria — is the artificial laboratory setting in which these
experiments take place. NGR234, being a soil bacterium, naturally encounters a broad
range of other soil bacteria, especially in the rhizosphere. These organisms, along with
plants that may serve as hosts, are modulating the environment and compete for
resources. Plant roots constantly secret organic compounds into the soil in order to
balance their intra-cellular pH value. Thereby, plants modulate the pH values of the soil
in the rhizosphere (Hinsinger et al., 2016). In a study using Pseudomonas aeruginosa
and Yersinia pseudotuberculosis, the influence of pH of the growth medium on Al
concentrations was analysed. It was shown that Al were less stable at higher pH
values compared to neutral or even acidic conditions (Yates et al., 2002). The natural
concentration of Al by NGR234 in the rhizosphere may therefore differ when compared
to the laboratory cultures analysed here. Since it is reasonable that the concentration of
Al influences phenotypic heterogeneity of the respective genes as discussed above,
the conducted analysis may only partially reflect conditions in the soil. Another factor
affecting Al concentrations and phenotypic heterogeneity are other bacteria dwelling in
the soil together with NGR234. In a co-cultivation experiment, two potable water
bacteria, Enterobacter sp. and Pseudomonas sp. were grown together. In co-cultivation
both bacteria experienced a decrease of phenotypic heterogeneity for the observed
features, indicating that phenotypic heterogeneity in natural communities may not be as
prominent as expected (Heyse et al., 2019). In the future, experiments on how bacteria

mutually shape their phenotypic heterogeneity in nature should be performed.

A second interesting observation made in this study refers to the simultaneous activity
of QS and QQ genes on the population level and especially on the single cell level. It
may not seem to be efficient to express QS signal producing synthases and enzymes
that degrade these signals simultaneously. QQ and the expression of its associated
genes has been studied in a broad range of bacteria. The plant pathogen
A. tumefaciens that harbours a fral/fraR QS system like NGR234, was shown to
degrade its own QS signal (Grandclément et al., 2015). The expression of QQ genes
modulates the QS response during tumour growth and while population density is low.
This prevents untimely and costly expression of the conjugational transfer machinery
(Khan and Farrand, 2009). This is also in line with findings that NGR234 showed



growth inhibition in response to the Tral Al, 3-oxo-Cs-HSL (He et al., 2003). An
overshooting early QS response would therefore lead to growth inhibition, making it
reasonable why NGR234 co-expresses QS and QQ genes. Another possible and
rather simple reason for parallel expression of QS and QQ genes may be the re-use of
resources (Grandclément et al.,, 2015). All analysed genotypes were observed to
express QS and QQ at the same time. This could hint towards a regulatory background
independent of the symbiotic plasmid itself and the u-proteins encoded thereon.
Overall, this may explain the seemingly costly parallel expression of QS and QQ genes
in NGR234 as observed here.

Employing single cell analysis and measurements gave the opportunity to shape the
understanding on how single cell expression forms population response. It has become
clear that cells experience a broad range of expression intensities, and that the degree

of phenotypic heterogeneity is more diverse than expected.

The copy number of low copy plasmids in bacteria has to be controlled and regulated in
order to ensure stable plasmid maintenance. Plasmids of the repABC family, such as
the symbiotic plasmid of NGR234, have their genes arranged in an operon structure for
replication and plasmid segregation (Cevallos et al., 2008; Pinto et al., 2012). Its
expression is governed via the repA promoter, a non-coding RNA in the intergenic
region of the repB and repC ORF and by inhibition of the initiator protein, RepC, by
RepA and RepB. These mechanisms lead to a low copy number. In NGR234 the
plasmid copy number of the symbiotic plasmid equals one plasmid per chromosome
(Grote et al., 2016). In the same study it was shown that deletion of both Al synthases
resulted in an upregulation of the plasmid copy number of pPNGR2344a, as well as in an
upregulation of nearly all genes encoded thereon (Grote et al., 2016). However, this
effect was further analysed and it was revealed that the small ORF repX, direct
divergently adjacent to the deleted tral ORF, had an influence on the symbiotic plasmid
copy number (Petersen, 2019). To further characterise this effect, the
NGR234 AngrlAtral copy+ mutant was grown with spent culture supernatant of other
S. fredii strains and NGR234 mutants. Results of a higher plasmid copy number of
pNGR234a could be reproduced as described before when no treatment was applied
(Grote et al., 2016). The following analyses here showed that the copy number of the
symbiotic plasmid in NGR234 could be rescued by addition of spent culture

supernatant of NGR234 WT, but not by supernatant originating of the closely related



strains ANU265 and USDA257. Using the supernatant of the single Al synthase
deletion mutants of NGR234 did even promote the observed copy number effect in the
NGR234 AngrlAtral copy+ mutant (see Figure 21). These results indicate that the
NGR234 symbiotic plasmid copy number is either partially regulated by some factor
that can be secreted and influences plasmid copy number of other cells, or that the
ratio of Tral and Ngrl derived Al produced by NGR234 might have an effect on the
symbiotic plasmid copy number. This could explain why the supernatant of other
closely related species and the Al single deletion mutants could not quench the
observed plasmid copy number effect by not producing Al in the respective ratio as
NGR234. For A. tumefaciens an influence of Al on its plasmid copy number was
already shown. In this plant pathogen, an increasing concentration of 3-oxo-Cs-HSL Al
leads to an increase in the plasmid copy number (Pappas and Winans, 2003b). A
similar observation was made for R. leguminosarum and its respective symbiotic
plasmid pRL1JI. Elevated levels of Al not only induced conjugational transfer genes,
but also stimulated expression of the repABC operon and thereby resulted in a higher
plasmid copy number (McAnulla et al., 2007). In contrast to NGR234, the
R. leguminosarum genome encodes for at least four Al synthases. Each of these QS
systems influences different processes like growth and biofilm formation, nodulation or
plasmid transfer (Lithgow et al., 2000; Rodelas et al., 1999; Wisniewski-Dyé and
Downie, 2002). In NGR234, so far only two QS systems have been identified. As these
QS systems regulate many genes and biological functions in NGR234 (Krysciak et al.,
2014), altering the Al ratio and concentration may lead to a misbalance in plasmid copy
number regulation. To overcome this imbalance and re-establish normal levels of Al for
a possible normal functioning and communication with potential host plants, the copy
number of the symbiotic plasmid may be altered. The up-regulation of the plasmid copy
number and the corresponding gene transcription, may also be influenced by selective
pressure on NGR234 to provide a potential host with growth promoting factors and
therefore enhance its probability to establish successful symbiosis. Low amounts of Al
and its degradation products have been shown to promote plant growth, whereas high
concentrations have shown contrary effects (Palmer et al., 2014). In another study it
was described that AHL could induce Ca?* spiking in root cells of Arabidopsis thaliana
(Song et al.,, 2011). Ca?* spiking is known to be a general signal in plant cells,
regulating a diverse set of genes and is also involved in signalling during symbiosis
initiation (Oldroyd and Downie, 2008; Tuteja and Mahajan, 2007). Furthermore, a
recent study presented evidence that bacterial communities and their Al are affecting

plant responses to Al themselves (Veliz-Vallejos et al., 2020). First, Al signals are



perceived not only directly from symbiotic bacteria in the rhizosphere but detecting all
Al signals produced by other near bacteria. Secondly, by altering signals by QQ. For
example, NGR234 was shown to encode for five QQ enzymes (Krysciak et al., 2011).
A. tumefaciens has been found to degrade its own QS signal, in order to suppress
premature conjugation plasmid transfer (Grandclément et al., 2015). A similar process
may also be applicable for NGR234 and its host infection. Thirdly, a study revealed that
a host plant, upon receiving its symbiont-specific AHL signal 3-oxo-C1s-HSL,
upregulated the expression of early nodulation genes important for successful
symbiosis (Veliz-Vallejos et al., 2020). These results could explain why NGR234 relies
on producing Al in a certain concentration and ratio and elevates its plasmid copy
number to compensate for missing QS signals. This may be another link of QS to
symbiosis and how bacterial signalling influences the plant response. However, in
NGR234 the lack of Al and the impaired expression of the small ORF repX induced an
up-regulation of almost all genes encoded on the symbiotic plasmid, leading to its
increased copy number. It is thought to support higher metabolic rates of bacteriods in
nodules (Jones et al., 2007). This effect is not fully understood, but the results
presented here further indicate that the observed plasmid copy number effect was not
only caused by a lack of Al. Hence, additional factors like RepX might play a role in
plasmid copy number regulation besides the established regulation networks. A former
study was able to show that rhizobia in indeterminate nodules can increase their
genome copies and increase their cell size before differentiating into bacteriods during
nodulation (Jones et al., 2007). Increasing the plasmid copy number, may be regulated
by RepX in NGR234 and thereby providing a way for NGR234 to achieve these higher

metabolic rates for symbiotically relevant genes.

In a second experiment, the influence of other bacteria, their Al and secreted
compounds on NGR234’s plasmid copy number was analysed (see Figure 22). The
soil bacterium B. glumae PG1 was utilised as a model organism, being a soil dwelling
plant pathogen. NGR234 WT and the NGR234 AngrlAtral copy+ mutant were grown
with culture supernatant of B. glumae PG1 and its respective Al deletion mutants (Gao
et al., 2015b), to gain a better understanding on how different Al influence the plasmid
copy number in NGR234. The Al synthase Bgal1 is thought to produce a 3-oxo-Cs-
HSL, while Bgal2 probably synthesises a 3-0xo0-Cio-HSL and Bgal3 most likely
corresponds to either a Cio-AHL or a 3-oxo0-Ci>-HSL (Gao et al.,, 2015b). The
B. glumae PG1 WT and the single Al synthase mutant strains B. glumae Abgal2 and
Abgal3 had a quenching effect on the increased copy number of pPNGR234a in the



NGR234 AngriAtral copy+ mutant and no effect on the NGR234 WT. Cultivation of
NGR234 using spent medium of the B. glumae Abgal1 Al deletion mutant that no
longer produced a putative 3-oxo-Cs-HSL Al, even had an increasing effect on both
NGR234 strains, regarding their symbiotic plasmid copy number. Interestingly, these
findings show that NGR234 cannot only sense, but does also respond to QS signals of
other soil bacteria, altering its own gene expression. Since the B. glumae PG1 WT
supernatant had a quenching effect, similar to the NGR234 WT supernatant, it can be
speculated that the ratio of 3-oxo-Cs-HSL and long chain AHL like 3-0xo0-C1o-HSL or 3-
0x0-C12-HSL may influence the NGR234 copy number. It may be possible that the
ration of B. glumae PG1 Al resembles NGR234s’ own Al ratio and thereby was able to
slightly quench the copy number effect. When this ratio was disturbed and no 3-oxo-Cs-
HSL by B. glumae PG1 was supplied, the copy number could not be rescued. This
inter-species sensing is also known for other bacteria and was already speculated to
interfere with R. leguminosarum QS (Miller and Bassler, 2001; Williams et al., 2007;
Wisniewski-Dyé and Downie, 2002). A rather useful example of cross-species
detection of QS AHL signals can be found in A. tumefaciens and Chromobacterium
violaceum. When utilising Al synthases deficient reporter strains, these bacteria have
been regularly used to screen for Al signals of other bacteria in TLC assays (Gao et al.,
2015b; Krysciak et al., 2014; Shaw et al., 1997). The question remains if bacteria with
multiple QS systems can encode another message, besides population density, in the
ratio of the Al they produce to transport information to either their own population, other

bacteria or their respective host. This has to be further investigated and analysed.

S. fredii NGR234 has a remarkable host range and can nodulate over 120 plant genera
(Pueppke and Broughton, 1999). The influence of QS on its nodulation efficiency and
how u-proteins may alter nodulation in NGR234 was analysed to gain insights on how
these factors modulate nodulation. The ability to nodulate the NGR234 host plant
Vigna unguiculata was investigated using NGR234 WT, NGR234 AngriAtral copy+,
NGR234 AngriAtral, NGR234 ArepX, NGR234 ANGR_a01725 and AN265 WT. As
mentioned before, ANU265 and NGR234 ArepX have both been cured of their
symbiotic plasmid. For both strains, no nodule formation could be observed being in
line with previous reported results (Morrison et al., 1983; Petersen, 2019). All other
strains were observed to produce nodules on their host plant V. unguiculata (see
Figure 23). This is in accordance with results reported by other studies for the NGR234

Al synthase deletion mutants, where nitrogen fixing nodules were formed on the same



host plant (Krysciak et al., 2014). However, when EPS deficient NGR234 strains were
used to infect another host plant of NGR234, Leucaena leucocephala, only
compromised non-fixing nodules could be found. The addition of exogenous supplied
EPS was able to restore nodule formation (Djordjevic et al., 1987). These contrasting
results highlight that symbiosis between host plant and rhizobia is very specific and
multiple factors come together. For other rhizobia, a connection between QS and
symbiosis was shown. In S. meliloti, QS was observed to be essential for symbiosis
establishment. Nevertheless, in a review a list of rhizobia was compiled, stating that not
for all species a functioning QS system is needed during symbiosis (Calatrava-Morales
et al,, 2018). Even though QS systems might not influence symbiosis directly, a
deficient QS may affect other processes that are essential during symbiosis. EPS for
example have been reported to support biofilm formation on roots and can play a role
in symbiosis (Calatrava-Morales et al., 2018; Deakin and Broughton, 2009). In
NGR234, the reception of plant signals was shown to alter the composition of produced
polysaccharides (Fraysse et al., 2002). Flagellar expression, down regulated in the
NGR234 single QS mutants (Krysciak et al., 2014), has been reported to influence
symbiosis in some rhizobia (Calatrava-Morales et al., 2018). Looking at the nodule type
formed by NGR234 on V. unguiculata and L. leucocephala plants, revealed that one
host plant, Vigna spp., forms determinate nodules upon NGR234 infection and the
other, Leucaena spp., indeterminate nodules (Li et al., 2013). Since NGR234 is a broad
host range strain, forming either determinate or indeterminate nodules, regulated by
the host plant, QS may not play a crucial role in establishment of symbiosis with
V. unguiculata, as shown here and in other studies (Krysciak et al., 2014). Other
symbioses will need further research to elucidate the whole picture of NGR234’s broad

host range.

Results presented here referring to the number and weight of root nodules can only
indicate tendencies, since numbers of tested plants did not reflect a broad sample size.
However, the numbers of formed nodules observed for the tested genotypes of
NGR234 can give a first impression if and how Al deletion or u-proteins can influence
the nodule number (see Figure 24) and weight (see Figure 25). The root nodule
numbers seemed not to be significantly influenced by deletion of both Al synthases,
neither utilising the deletion mutant with an elevated plasmid copy number of its
symbiotic plasmid, nor the Al synthase mutant strain without plasmid copy number
effect. This may not be surprising, since the number of nodules is regulated by the host

(Schauser et al., 1999; Stougaard, 2000). If rhizobia remain capable of establishing



symbiosis, the total number of root nodules should remain stable (Figure 24). The
nodule weight of harvested nodules showed higher deviations between the genotypes
used for infection. Here, the Al synthase deletion mutants, with or without increased
copy numbers of their symbiotic plasmid, were observed to have lighter nodules. In
contrast, the deletion of the small ORF NGR234 ANGR_a01725 had no significant
effect (Figure 25). Smaller and lighter nodules may indicate compromised nitrogen
fixation compared to nodules induced by the NGR234 WT. However, fixation rates and
nitrogenase activity were not measured. In the future, it will be interesting to
investigate, if nodules of QS impaired NGR234 cells can fixate nitrogen as efficiently as
their respective WT in V. unguiculata. In their review, Rolfe and Gresshoff stated that
plants can sense whether nodules are functioning or not and, as a consequence, stop
the nutritional flow towards these nodules (Rolfe and Gresshoff, 1988). It may be
speculated that nodules of the NGR234 mutant strains, having smaller nodules due to
impaired nitrogen fixation, may receive less nutrients by the host plant than the
NGR234 WT strain.

Rhizobia plant interaction and symbiosis constitutes a finely tuned and complex
communication. There are many factors affecting this signal exchange. In this study,
further insights could be gained, if QS modulates symbiosis with V. unguiculata and
how newly identified plasmid borne p-proteins of NGR234s symbiotic plasmid may
influence symbiosis efficiency. Furthermore, bacterial phenotypic heterogeneity
regarding QS and QQ genes was analysed, shedding a light on how single cells shape
population-wide responses. In the future, work remains to further deepen our
understanding on how these processes are interlinked and how host and symbiont

shape their mutual gene expression.

Regarding phenotypic heterogeneity in NGR234, it will be interesting to explain, if this
phenomenon can be observed in mixed bacterial communities and how it could be
shaped by other bacteria. Therefore, experiments as conducted by Heyse and
colleagues could be utilised, to analyse the development of NGR234 phenotypic
heterogeneity when co-cultivated with other soil bacteria (Heyse et al., 2019).
Phenotypic heterogeneity has been observed to be modulated by plant root exudates
(Grote et al., 2014). As these plant signals lead to a more homogeneous expression
pattern of Al synthases, it will be interesting, if this effect also alters the ratio and total

levels of secreted Al. Extracting Al from NGR234 cultures cultivated with either



flavonoids, or plant root exudates may provide another link of QS and symbiosis.
These results can broaden our understanding of the natural function of phenotypic
heterogeneity in NGR234 and maybe even in bacteria in general. Co-cultivation may
also be a useful tool to gain a better understanding, if NGR234 Al synthase mutants
and other mutant strains tested here, really are not impaired in their nodulation
efficiency, when compared to other competing rhizobia. Even though
NGR234 AngrlAtral, its symbiotic plasmid copy+ variant (NGR234 AngrlAtral copy+)
and the respective single Al synthase deletion mutants have been shown to nodulate
their host plant V. unguiculata, it remains unclear if competitiveness of NGR234 may
not be decreased. Lowered EPS production and flagellar expression represent two
factors influencing symbiosis. EPS are crucial for some other rhizobia to establish
symbiosis in the first place (Calatrava-Morales et al., 2018). It will be interesting to
analyse, if decreased EPS and flagellar expression enhance or dampen NGR234’s

competitiveness.

A lot of work has already been conducted to deepen our understanding of how rhizobia
and plants initiate symbiosis and how this process is regulated. However, it remains
poorly understood how e.g. p-proteins in NGR234 shape gene expression or plasmid
copy number regulation as reported by others (Grote et al., 2016; Petersen, 2019) and
why NGR234 may increase its symbiotic plasmid copy number when cultivated with
spent medium of other bacteria. Studies on how these genes may be expressed and
how the plasmid copy number develops during symbiosis and inside nodules can give
further indications what their natural role in NGR234 is. This could be achieved by
extracting bacterial RNA and DNA from root nodules, analyse expression levels of p-
proteins within nodules and measure the plasmid copy number inside nodules formed
by NGR234. Combining the results of this study with previous and future results will
deliver new insights into plant rhizobia interaction and open up new and exciting
questions and possibly lead to new ideas how phenotypic heterogeneity shapes

bacterial communities in nature.
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Figure A. 2: Importing images for analysis in CellProfiler 3.1.8. The images that were to be analysed
were loaded in the CellProfiler 3.1.8 program.
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Figure A. 3: Assigning names to bacteria of each fluorescence channel. To analyse each
fluorescence channel individually, three single channel images were created of each image.
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Figure A. 4: Assigning a merged fluorescence channel image. To analyse and count all the cells
observed regardless of their expression patterns, a merged channel image was created. All fluorescence
channels were weight equally for creating the image.
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Figure A. 5: Identification of all bacteria as primary objects. To count all bacteria observed in CLMS
analysis, the merged channel image was used for identification of all the fluorescing bacteria.
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Figure A. 6: Individual identification of bacteria for each fluorescence channel. Identification of the
bacteria for each fluorescence channel seperatly. Settings for all three channels were the same.
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Figure A. 7: Connection of individual fluorescence channels and bacteria as primary objects.
Connecting the identified bacteria for each channel to the overall identified bacteria on the merged
fluorescence image.
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Figure A. 8: Classifying prior identified objects. Counting of all the identified bacteria using the primary
object bacteria and the objects identified in each fluorescence channel (e.g. Bacteria_red).



Table A. 1: Comparison of plant growth media used in this study. Indicated are final concentrations of each component utilised for each of the three plant growth media.
(Hoagland and Arnon, 1950; Irmer et al., 2015)

i
omponent

Final concentration Final concentration Final concentration

[mM] [mM] [mM]

MgSO, x 7H,0 2 0.5 0.25 Stock E
Ca(NO,), x 4H,0 5 1.25 0
KNO, 5 1.25 5 Stock N
NH,NO, 1 0.25 0
KH,PO, 1 0.25 0.5 Stock B1
K,HPO, 0 0 0.333 Stock B2
CaCl, x 2H,0 0 0 1 Stock A
Fe-EDTA-Lsg 0
FeCl, x 6H,0 0.0597 0.01492 0
EDTA 0.1026 0.02565 0
Na/Fe Ill EDTA 0 0 0.02065 Stock D
C6H5FeO7 0 0 0
Trace element Stock




Hoagland

Stock solution

Hoagland 0.25 strength NOD NOD
Component
Final concentration Final concentration Final concentration
[mM] [mM] [mM]
MOD1B5b

H,BO, 0.0463 0.011565 0.0243
MnCl, x 4H,0 0.0091 0.0022864 0
ZnSO, x 7H,0 0.0008 0.00019125 0.0052
CuSO, x 5H,0 0.0002 5.10625E-05 0.0005
H,MoO, x H,0 0.0005 0.000125025 0
NazMoO4 X 2H20 0 0 0.0005
MnSO, x H,0 0 0 0.0296
Kl 0 0 0.0023
CoCl, x 6H,0 0 0 0.0005
K2804 0 0 0
COSO4 0 0 0
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