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1 Abstract

The Gram-negative, symbiotic and nitrogen-fixing bacterium Sinorhizobium fredii NGR234
(NGR234) is able to nodulate over 120 different legume plant genera (Pueppke, Broughton
1999a). No other bacterium is currently known with such a broad host range. In recent
years, notable achievements in deciphering the mechanisms responsible for this exceptional
host range were accomplished. However there are still significant gaps in understanding the
involved inter- and intraspecific communication mechanisms and their role in host range. To
further identify possible molecular mechanisms linked to the biological phenomenon of
broad host range two lines of work were followed:

First, population-wide and global transcriptome studies indicated that NGR234 has two
major quorum sensing regulons each controlling several hundred genes. The tral/R regulon
exclusively controls 130 genes, whereby the ngri/R system regulates 280 genes. Additionally,
186 genes are co-regulated by both quorum sensing systems. To obtain these data a
NGR234-Atral and a NGR234-Angrl deletion mutant were constructed, and their
transcriptomes compared with the corresponding transcriptome of the wild type strain. In
general, flagellar and Type 4 pilus genes were regulated as well as genes for the biosynthesis
of exopolysaccharides. Astonishingly, the second T3SS seemed to be regulated in both
mutants, although no function could be identified for this secretion system so far. Further,
we analyzed the transcriptome of a newly constructed NGR234-Atral-Angrl double
deletion mutant to better understand the processes in the absence of any autoinducer. The
surprising finding in the background of this mutant was that 98 % of the genes encoded on
the symbiotic plasmid pNGR234a were upregulated. Among the highest upregulated genes
were the repABC genes and this probably resulted in a general increase of the copy number
of the pNGR234a replicon. The increase in copy number and repABC transcription was linked
to the high level expression of two hitherto not identified small open reading frames (ORFs),
located in the intergenic region between repA and tral. These novel ORFs were designated
repX, probably coding for a 58 aa protein and repAO0, probably encoding a 143 aa protein.
Both ORFs were highly transcribed in the absence of autoinducer in NGR234-Atral-Angrl
but not in the presence of autoinducers or in wild type. In line with this finding, it was
observed that symbiotic proteins such as the nodulation outer membrane proteins

NopABCLPX were produced in the NGR234-Atral-/Angrl but not in the wild type and in the
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absence of plant-released flavonoids. Similar, the NGR234-Atral-/\ngrl produced sufficient
levels of nodulation factor to induce root hair curling in the absence of plant-released
flavonoids. In addition to NGR234-Atral-Angrl, NGR234-Atral and NGR234-Angrl, the
deletion mutants NGR234-AtraM and NGR234-AtraR were constructed and tested for the
copy number of their symbiotic plasmid pNGR234a.

Second, and in addition to the population-wide studies, single cell analyses were
performed. Therefore, seven promoter fusions were constructed and mobilized into NGR234
wild type cells and some of those additionally into a NGR234-Atral and a NGR234-Angrl
mutant, using the DsRed2 protein as marker. Our tests implied that under laboratory
conditions high levels of phenotypic heterogeneous gene expression exist. Tests indicated
that heterogeneity was highest after 24 h growth for the Ptral and Pngrl and after 48 h
growth in case of the Pd/hR and PqgsdR1 promoter fusions. The percentage of fluorescing
cells in case of Ptral and Pngrl were nearly 31 % for Ptral and nearly 40 % for Pngrl after 24 h
and nearly 40 % for Pd/hR and nearly 48 % for PqgsdR1 after 48 h growth.

Thereby, we provided strong evidence that under laboratory conditions surprisingly many
genes in NGR234 are heterogeneously regulated especially the two autoinducer synthase
genes tral and ngrl. However, the addition of external autoinducer and the addition of plant
exudates led to a homogenization of the culture. These results imply that there are
mechanisms that can overwrite NGR234’s heterogeneous gene regulation and that
heterogeneity may perhaps be not of high relevance in rhizospheres.

Most results of this work were published in Krysciak et al. 2014, Appl Environ Microbiol,
Grote et al. 2014, Appl Environ Microbiol, and Grote & Krysciak et al. 2016, unpublished

manuscript.
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2 Introduction

2.1 Sinorhizobium fredii NGR234 and its symbiosis with plants

The a-proteobacterium Sinorhizobium fredii NGR234 (subsequently referred to as
NGR234) was the fastest growing isolate from root nodules of the Fabacea Lablab purpureus
(Trinick 1980). Since its discovery, NGR234 attracted the interest of ongoing research,
because it is able to nodulate more than 110 different plant genera, which is unique in the
‘rhizobial world’ (Pueppke, Broughton 1999a).

NGR234 carries a tripartite genome with a chromosome (cNGR234) and two mega
plasmids pNGR234a and pNGR234b. Already in the mid-1990s, the first sequencing of the
PNGR234a replicon was initiated to better understand the phenomenon of broad host
range. The symbiotic plasmid (pNGR234a; 0.5 Mbp) was the first genomic part to be
sequenced and analyzed according to the symbiosis-related genes. It comprises the nitrogen
fixation genes (nif/fix genes) and the nodulation genes (nod) that are all required for a
successful symbiosis. Additionally, many genes of the symbiotic plasmid show a high identity
to genes of the Agrobacterium tumor inducing (Ti) plasmid leading to the assumption that
both genera have a common ancestor (Freiberg et al. 1997). In 2004, two fragments of the
megaplasmid were sequenced. This led to the hypothesis that many genes of the
megaplasmid are not strain specific, because they share high similarities to genes in other
organisms (Streit et al. 2004). Finally, in 2009, the whole genome sequence of the strain was
published. The main essential genes required for growth are encoded on the chromosome
(cNGR234; 6.9 Mbp). The majority of all genes that are encoded on the megaplasmid
(PNGR234b; 2.4 Mbp) are nonessential. An additional feature of the symbiotic plasmid is the
encoded quorum sensing (QS) system, similar to that of A. tumefaciens. A second QS system
is encoded on the chromosome (Schmeisser et al. 2009a).

Besides the sequencing projects researchers focused on unravelling specific proteins, e.g.
NopP/NopM, or substances, e.g. exo-oligosaccharides, required for a NGR234-legume
symbiosis (e.g. Broughton et al. 2006; Skorpil et al. 2005; Staehelin et al. 2006; Xin et al.
2012).

In general, rhizobia start colonizing the root by exchanging signal molecules with the
plant root. Plant cells continuously release flavonoids, secondary plant metabolites that are

recognized by the Rhizobia. As an answer to these substances, bacteria release nod factors,
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lipochitooligosaccharides with various functional groups that are themselves recognized by
the plants. After this molecule-exchange the root hair starts curling and an infection thread
is formed, through which the bacteria can enter the plant root cells. The bacteria inside the
root differentiate into another phenotypic state called bacteroids and start fixing nitrogen.
The synthesized ammonium can afterwards be metabolized by the plant, whereby the plant

delivers carbon sources needed for survival to the bacterial cells (Figure 1).
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Figure 1: General events during early stages of a symbiosis event between a plant and Rhizobia. A) Bacteria
colonize a plant root hair and the signal exchange between the plant and the attached bacteria takes
place. B) The root hair curls as an answer to the bacterial nod factor signals. C) An infection thread is
formed, through which the rhizobia can enter the plant root. Bacteria develop into bacteroids inside
the root cells. D) The bacteroids in the nodules start fixing the gaseous nitrogen to turn it into
ammonium, which can then be utilized by the plant.

To get a better understanding of the changes inside the root of a plant as an answer to
bacterial invasion, Boukli et al. took a closer look into the plant response to NGR234’s
released nod factors via 2D-PAGE and expression analyses. Thereby, they discovered a
change in the H*-translocating ATPase level inside the roots. This pump generates the proton
electrochemical gradient and can be located in the vacuole membrane or any other
secondary membrane within a plant cell. The up-regulation of this protein suggests an
involvement in the symbiosis process between plants and NGR234 (Boukli et al. 2007).

An additional study that uncovered details on the transcriptomic behavior of NGR234
bacteroids was published in 2013 by Li et al. (Li et al. 2013). The researchers analyzed two

different nodule types, spherical and elongated, from two different legumes and compared
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the transcriptomes with each other and with exponentially free living bacteria. Most of the
up-regulated genes in bacteroids compared to the free living cells were found on the
symbiotic plasmid pNGR234a that was already described as necessary for symbiosis
(Freiberg et al. 1997; Schmeisser et al. 2009). General features for both non-growing
bacteroid samples are the down-regulation of for example ribosomes, flagellar assembly,
aminoacyl-tRNA biosynthesis, DNA replication and cell division genes. Mainly up-regulated
genes were the ABC transporters, especially for phosphonate and sulfonate, and Type Il
secretion system (T3SS) related genes. In nodules from Leuconostoc lecocephala the exo
genes, responsible for the synthesis of exopolysaccharides, genes necessary for the synthesis
of rhamnan O-antigen, important for the nodulation process and the pgg-gene cluster,
responsible for the synthesis of the cofactor pyrroloquinoline that is needed for the activity
of many oxidoreductases, were up-regulated while in Vigna unguiculata only parts of these
clusters were regulated. This leads to the assumption that there are regulatory differences
between bacteroids from different legume hosts (Li et al. 2013). The QS systems of NGR234,
described in chapter 2.2, were not found to be differently regulated in the nodules in
comparison to free living cells (Li et al. 2013). This shows the subordinated role of the QS

systems inside the root nodules.

2.2 Quorum sensing (QS) and quorum quenching (QQ)

Bacterial QS systems are cell density-dependent networks, through which bacteria
coordinate the cell behavior from a single cell level at low cell densities to multicellular levels
at high cell densities (Waters, Bassler 2005). For this, bacteria synthesize, release and detect
small diffusible signaling molecules, named autoinducers (Als). Five main groups of Al
molecules are described in detail: acyl-homoserine lactones (AHLs) synthesized by a large
number of Gram-negative bacteria, oligopeptides mainly used by Gram-positive bacteria, y-
butyrolactones produced by Streptomyces, and signaling molecules belonging to the Al-2
family that are probably used for interspecies communication (Garg et al. 2014; Waters,
Bassler 2005). The class of Al-3 molecules is so far only described in the E. coli serotype
0157:H7 as second Al system of this strain (Sperandio et al. 2003). In addition to the
previously mentioned classes, more systems and signal classes were described in the past
years. Schaefer et al. describe a new class of homoserine lactones that consist of a p-
coumaroyl rather than of a long carbon chain added to the homoserine lactone moiety. The

molecule was first described for Rhodopseudomonas palustris but was afterwards also found
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in other bacteria, e.g. Bradyrhizobium sp. or Silicibacter pomeroyi (Schaefer et al. 2008).
Another system linked to QS is the quinolone signaling pathway, which was first described in
Pseudomonas aeruginosa and directly interferes with the AHL QS systems of P. aeruginosa
(Diggle et al. 2007; Dubern, Diggle 2008; Pesci et al. 1999).

The first described AHL-dependent QS system is the one from Vibrio fischeri, a symbiont
of the squid Euprymna scolopes (Nealson et al. 1970). In this bacterium, the QS system
regulates, besides others, the transcription of genes responsible for the bioluminescence
(Nealson, Hastings 1979). The Al synthase produces the AHL that diffuses through the
membrane into the environment and back again. If a certain threshold of Al concentration in
the environment is reached, the Al can bind to the LuxR regulator that afterwards changes
its conformation. In this new conformation the regulator can bind to the ‘lux box’, consisting
of a 20 bp conserved inverted repeat sequence, in the promoter region of the Al synthase as
well as the lux operon and activate their transcription leading to luminescence (Figure 2;
Garg et al. 2014; Sitnikov et al. 1995; Waters, Bassler 2005). In general, QS networks regulate
functions like bacterial biofilm formation, conjugal transfer of Ti plasmids, antibiotic

exoenzyme transcription or pectinases and many more (Uroz et al. 2009).
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Figure 2: Scheme of the Vibrio fischeri quorum sensing system. The autoinducer synthase Luxl synthesizes
the acyl-homoserine lactones (AHL, yellow pentagons) that diffuse through the membranes (IM,
inner membrane; OM, outer membrane). When a threshold concentration of AHLs is reached, the
molecules bind to the LuxR regulator. Afterwards the complex binds to the promoter region of the
luxICDABE operon and activates their transcription, leading to luminescence (figure according to
Garg et al. 2014; Sitnikov et al. 1995; Waters, Bassler 2005).

In plant-associated bacteria, most individuals sense their population density by AHLs, like
V. fischeri (Sanchez-Contreras et al. 2007). Thereby, the Als can, beside other effects,
modulate the plant immunity or its development (Hartmann, Schikora 2012). As already
mentioned in chapter 2.1, NGR234 encodes for two different Al systems. The genomic

organization is shown in Figure 3.
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A) chromosome cNGR234

ngrR ngrl

B) symbiotic plasmid pNGR234a
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Figure 3: Genomic organization of the two autoinducer systems of NGR234. A) The chromosomally encoded
ngrl/R system and B) the tral/R system encoded on the symbiotic plasmid.

The regulators, NgrR and TraR, as well as the Al synthases, Ngrl and Tral, function in a
similar way as described for the corresponding enzymes in V. fischeri (Gonzalez, Marketon
2003). Additionally to the standard components of V. fischeri, NGR234’s genome codes for
an antiactivator TraM (Schmeisser et al. 2009). The function of TraM was first described in
the plant pathogen Agrobacterium tumefaciens (Fuqua et al. 1995; Hwang et al. 1995). TraM
is a direct antagonist of TraR and inhibits the transcription of tral. Therefore, TraM directly
binds to TraR, leading to a conformational change that prevents TraR from binding to its
target promoter region (Chen et al. 2007; Luo et al. 2000; Swiderska et al. 2001). A second
feature of the tral/R system is the modulator of the traM expression QseC. QseC was first
described in Mesorhizobium loti where it represses traM transcription by binding to operator
sites within the promoter region of traM. By this mechanism, QseC is proposed to restrict

guorum sensing and ICEM/SymR7A

, an integrative and conjugative element, transfer to a
small proportion of the population. NGR234 encodes a gseC upstream of traM, which leads
to the hypothesis that the regulatory mechanism of QseC in NGR234 as a modulator might
be equal to that of M. loti (Ramsay et al. 2013).

The antagonist of QS is quorum quenching (QQ). This term describes mechanisms that
interfere with bacterial cell-cell communication. The system is of importance when, for
example, a plant defends itself, by disrupting the QS network of an invading pathogen
(Waters, Bassler 2005). QQ can be achieved by: ) inhibiting the recognizing enzymes by
inhibiting the synthase; IlI) synthesizing a molecule of an analogues structure to the Al

molecule that binds to the sensor recognition site of the target molecule and thereby

disrupting the sensing process; lll) changing surrounding abiotic factors like pH or
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temperature; 1V) degrading the Al molecule by enzymatic activity. So far, four different
enzyme classes are known to be able to degrade Als, namely lactonases, aminohydrolases,
oxido-reductases, oxidases and a recently identified enzyme cleaving the PQS signal from
Pseudomonas (Miiller et al. 2014; Uroz et al. 2009).

NGR234 codes for at least six genes that are probably involved in AHL degradation,
namely d/hR, gsdR1, qsdR2, aldR and hitR-hydR. All genes were identified during a function-
based screen for Al hydrolyzing enzymes. Another screen with heterologous expressed DIhR
and QsdR1 confirmed their activity towards AHL degradation. Both enzymes are lactonases,
cleaving the lactone ring of the Al molecule. NGR234 probably needs the QQ enzymes for a
strict control of the Al concentration especially in the root rhizosphere, where an
overexpression of either of the QQ genes leads to a strong inhibited root colonization
phenotype (Krysciak et al. 2011). Additionally, these findings support the hypothesis that the
Al signals are very important for a normal root colonization process.

Since the discovery of the phenomenon called phenotypic heterogeneity, described
in chapter 2.3, QS- and QQ-networks, which were always thought to display a group-

behavioral mechanism, are now under revision.

2.3 Phenotypic heterogeneity (Grote et al. 2015)

In recent years the phenomenon of phenotypic heterogeneity has moved into the focus
of many research projects. It describes non-genetic variations in an otherwise isogenic
population. This phenomenon is of advantage as it assists a small subpopulation within a
larger population surviving rapidly changing environmental conditions (Ackermann 2015;
Davidson, Surette 2008; de Jong et al. 2011; Dhar, McKinney 2007; Dubnau, Losick 2006;
Grote et al. 2015; Smits et al. 2006; Veening et al. 2008a).

One of the best-studied and longest known examples for phenotypic heterogeneity are
persister cells (Grote et al. 2015). These cells enter a different physiological state, by which
they can survive antibiotic treatments. The phenomenon was first observed by Brigger, who
treated exponentially growing isogenic and antibiotic sensitive Streptococcus pyogenes with
penicillin and found surviving cells (Bigger 1944). The main regulatory switch leading to
persistence is the toxin-antitoxin level within a cell, whereby a certain threshold
concentration of the toxin finally leads to the molecular switching in cell morphology

(Bertram, Schuster 2014; Maisonneuve, Gerdes 2014; Schuster, Bertram 2013).
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Other examples for phenotypic heterogeneity are the spontaneous prophage induction,

movement, bacterial competence or metabolic activities (Grote et al. 2015). A list with

further examples is given in Table 1.

Table 1: Recent examples of phenotypic heterogeneity in bacterial isogenic populations (Grote et al. 2015).

Phenotypic heterogeneity Microorganisms

traits

References

Persister cells, resistance to
antibiotics and heavy
metals

SOS response®

Response to peptide
antibiotics
Prophage induction

Quorum sensing,
autoinducer synthesis
genes

Arabinose utilization

Poly-hydroxy-butyrate
utilization

Secretion related genes
Quorum gquenching genes
Motility, secondary flagella
formation

Staphyolococcus sp,. E. coli,
S. typhimurium, P. aeruginosa and
others

E. coli, C. glutamicum

B. subtilis

C. glutamicum, S. oneidensis,
S. pneumoniae

V. campbellii, V. fischeri,

L. monocytogenes, D. shibae, P.
syringae, P. putida, S. fredii, S. meliloti

E. coli
S. meliloti
S. fredii

S. fredii
S. putrefaciens, S. typhimurium

(Conlon 2014;
Helaine, Kugelberg
2014; Lewis 2010;
Maisonneuve, Gerdes
2014) and references
herein

(Kamensek et al.
2010; Nanda et al.
2014)

(Kesel et al. 2013)

(Carrolo et al. 2010;
Godeke et al. 2011;
Nanda et al. 2014)
(Anetzberger et al.
2009; Anetzberger et
al. 20123;
Anetzberger et al.
2012b; Carcamo-
Oyarce et al. 2015;
Garmyn et al. 2011;
Grote et al. 2014;
Hense et al. 2012;
Patzelt et al. 2013;
Perez, Hagen 2010;
Pradhan, Chatterjee
2014; Schluter et al.
2015)

(Fritz et al. 2014;
Megerle et al. 2008)
(Ratcliff, Denison
2011)

(Grote et al. 2014)
(Grote et al. 2014)
(Bubendorfer et al.
2014; Stewart et al.
2011)
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Table 1 (continued)

Biofilm escape, motility
after putrisolvin production
Genomic island
excision/transfer

Bacterial competence, DNA
uptake

P. putida

M. loti, P. knackmussii

B. subtilis, S. mutans

(Carcamo-Oyarce et
al. 2015)

(Ramsay et al. 2013)
(Minoia et al. 2008;
Miyazaki et al. 2012)
(Hamoen et al. 2003;
Lemme et al. 2011;

Smits et al. 2005; Son
etal. 2012)

Sporulation B. subtilis (Chung et al. 1994;
Siebring et al. 2014;
Veening et al. 2008b)

Colony heterogeneity S. aureus (Koch et al. 2014)

Increased lag phase E. coli (Fridman et al. 2014)

Surface pilus S. pneumoniae (De Angelis et al.
2011)

(Kroger et al. 2011)
(Chai et al. 2008;
Grantcharova et al.
2010)

Antibiotic production S. coelicor (Mehra et al. 2008)

Myo-inositol utilization S. enterica
Biofilm formation S. enterica, B. subtilis

®S0OS response is in part linked to the formation of persister cells, see reference (Maisonneuve, Gerdes
2014) and references herein

2.3.1 Phenotypic heterogeneity in QS systems

As already mentioned in chapter 2.2, quorum sensing is thought to be a mechanism,
through which cells coordinate a specific cell behavior as a function of the population’s cell
density. Newest research results gave evidence that QS does not always lead to an equal cell
behavior in all isogenic cells of a population but rather ends up in a heterogeneous gene
regulation (Grote et al. 2015). One of the first descriptions of a heterogeneous response to
QS signals was described for V. fischeri. In this bacterium the bioluminescence that depends
on the Al concentration (see chapter 2.2) is turned on individually by every single cell with
regard to response time and brightness (Perez, Hagen 2010). A similar observation was
described for V. harveyi, recently reclassified as Vibrio campbellii, where the
bioluminescence is controlled by QS and heterogeneous as well. Despite the general belief
that at high cell densities, which means high Al concentrations, all cells of a population
luminesce, only 69 % of the cells started to glow. And equal to V. fischeri, the strength of the
luminescence varied throughout the glowing cells. Beside the luminescence genes, other Al
dependent genes were heterogeneously expressed in V. campbellii as well (Anetzberger et

al. 2009; Anetzberger et al. 2012b).
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An example for Al-linked heterogeneity apart from bioluminescence was described for
Dinoroseobacter shibae. In this organism the cell morphology is regulated by the three
synthesized Als and is highly variable. Only if one of the three Al synthases is deleted, all
bacteria of this culture have the same morphology (Patzelt et al. 2013).

The Al systems of Pseudomonas syringae and Xanthomonas campestris are
heterogeneously expressed in these two strains in laboratory culture. The heterogeneity
cannot be influenced by the addition of external Al, which leads to the conclusion that the
regulation of the Al systems is not a direct response to the synthesized Als (Pradhan,
Chatterjee 2014).

Despite these examples for Gram-negative bacteria, it is noteworthy that phenotypic
heterogeneity with respect to QS exists in Gram-positive strains, too. The arg Al system in
Listeria monocytogenes, for example, is expressed in a highly heterogeneous manner

(Garmyn et al. 2011).

2.4 Aims of this study

This study followed several goals.

1) Get an idea on the general regulatory networks of both Al-systems in NGR234.

2) Find some basic principles that are responsible for the spatial and temporal

distributed phenotypic heterogeneity in NGR234,

3) Demonstrate the biological significance of phenotypic heterogeneity/ the decrease of

existing phenotypic heterogeneity.

The goal of this study was to investigate the two QS systems of S. fredii NGR234 on a
population wide and on a single cell level. It was intended to get an idea on the regulatory
networks modulated by the two autoinducer systems of NGR234 and to find out whether
these data fit into recently published work of close relatives of NGR234. On the other hand,
the expression levels of the autoinducer levels as well as autoinducer-dependent
and -indepentent genes should be investigated on a single cell level. Thereby, we would like
to get an idea about the homogeneity of the expression of certain genes among individual
cells. This should give a validation of the transcriptional analyses of the autoinducer
regulatory networks. After the description of the heterogeneous transcription behavior of
genes in NGR234 we would like to find first hints on the regulatory mechanisms responsible

for the heterogenous expression on a single cell level.
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Sinorhizobium fredii NGR234 Identifies a Large Set of Genes Linked
to Quorum Sensing-Dependent Regulation in the Background of a
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The alphaproteobacterium Sinorhizobium fredii NGR234 has an exceptionally wide host range, as it forms nitrogen-fixing nod-
ules with more legumes than any other known microsymbiont. Within its 6.9-Mbp genome, it encodes two N-acyl-homoserine-
lactone synthase genes (i.e., tral and ngrl) involved in the biosynthesis of two distinct autoinducer I-type molecules. Here, we
report on the construction of an NGR234-Atral and an NGR234-Angrl mutant and their genome-wide transcriptome analysis. A
high-resolution RNA sequencing (RNA-seq) analysis of early-stationary-phase cultures in the NGR234-Atral background sug-
gested that up to 316 genes were differentially expressed in the NGR234-Atral mutant versus the parent strain. Similarly, in the
background of NGR234-Angrl 466 differentially regulated genes were identified. Accordingly, a common set of 186 genes was
regulated by the Tral/R and NgrI/R regulon. Coregulated genes included 42 flagellar biosynthesis genes and 22 genes linked to
exopolysaccharide (EPS) biosynthesis. Among the genes and open reading frames (ORFs) that were differentially regulated in
NGR234-Atral were those linked to replication of the pNGR234a symbiotic plasmid and cytochrome c oxidases. Biotin and pyr-
roloquinoline quinone biosynthesis genes were differentially expressed in the NGR234-Angrl mutant as well as the entire cluster
of 21 genes linked to assembly of the NGR234 type III secretion system (T3SS-II). Further, we also discovered that genes respon-
sible for rhizopine catabolism in NGR234 were strongly repressed in the presence of high levels of N-acyl-homoserine-lactones.
Together with nodulation assays, the RNA-seq-based findings suggested that quorum sensing (QS)-dependent gene regulation

appears to be of higher relevance during nonsymbiotic growth rather than for life within root nodules.

he ability of bacteria to sense a certain population density has

become known as quorum sensing (QS). Quorum sensing is a
cell density-dependent system of gene regulation in prokaryotes
(1, 2). Through the accumulation of bacterially produced signal-
ing molecules (autoinducers [Als]), the bacterial population is
able to sense increases in cell density and alter gene expression
accordingly. Many examples of QS-dependent gene regulation
processes have been described in a wide variety of Gram-negative
and Gram-positive species. Thereby, it was found that pathoge-
nicity, biofilm formation, production of extracellular proteins,
secondary metabolite production, and other processes are often
subject to QS-dependent regulation. N-Acyl-homoserine-lac-
tones (AHLs) are the key signaling molecules in the cell density-
dependent system of gene regulation in many Gram-negative bac-
teria (3, 4). The AHLs are synthesized through a LuxI-like protein
(EC 2.3.1.184), using S-adenosylmethionine (SAM) and an acyl-
acyl carrier protein (acyl-ACP) from the fatty acid biosynthesis
pathway (5). Within the cells, the signals are recognized by the
LuxR-type receptor/regulator proteins (6), building up complexes
that subsequently stimulate subordinated processes.

Many soil bacteria interact with plants in ways that range from
symbiotic and beneficial to pathogenic associations. Some symbi-
otic alpha- and betaproteobacteria (commonly called rhizobia)
are able to form nitrogen-fixing root nodules together with the
legume plant. The symbiosis is initiated by a signal exchange be-
tween the legume plant and the microbe (7-9). Within this frame-
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work, it is noteworthy that some rhizobia have evolved mecha-
nisms that allow them to nodulate a larger variety of legume plants
than others. These strains have been designated “broad-host-
range” strains, and they are promiscuous with respect to the selec-
tion of their host plants (10). Sinorhizobium fredii NGR234 (here
called NGR234) nodulates more than 120 genera of legumes and
the nonlegume Parasponia andersonii (10, 11). No other strain
with such a wide host range is currently known, and mainly be-
cause of its host range, NGR234 is a well-studied model organism.
NGR234 was isolated in 1965 from the lablab bean (Lablab pur-
pureus) in Papua New Guinea (12). Its 6.9-Mbp genome encodes
a remarkable number of secretion systems and other interesting
features that give some clues to the molecular keys to broad host
range (13 and references therein).

The NGR234 genome encodes two distinct QS systems where
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TABLE 1 Primers used in this study to construct and verify NGR234-Atral, NGR234-Angrl, and NGR234-Angrl/Atral deletion and NGR234-cAtral

and NGR234-cAngrl complementation mutant strains

Oligonucleotide Sequence 5'-3'" Size (bp) Target region/description
tral_-500_for GAATTCTCGAGTTCTGAGTTGCTGCGG 27 5" region of tral
tral_-500_rev TCTAGAGAATTTCTCCGTCGTTGTTG 26

tral_ + 500_rev CTGCAGCTGCATTTGCGAGCGTCGTT 26 3' region of tral

tral_ + 500_for TCTAGAGGAGAAATCAGTGGAACAGC 26

GmR_F_Xbal GACATCTAGAGACGCACACCGTGGAAAC 28 Gm" cassette
GmR_R_Xbal TAATCTAGACCGCGATCATCAAGGCCGTG 29

ngrl_A_for GCGAATTCTGCTGGCGATCAGTGCCAAC 28 5’ region of ngrl
ngrl_A_rev GCTCTAGACGGTCTTGACGTCCCATTTC 28

ngrl_B_for GCTCTAGAATCGCCTGGGAAGTATCGAG 28 3’ region of ngrl
ngrl_B_rev GCCTGCAGGAAACCGCGCCGGTGAAATC 28

tral_del_for CAACGTCACCGCGAAATAG 19 External control primers
tral_del_rev TCGCTGGTACGAAGAAGAAC 20

tral_fragm_for GACGATCTTCAACCGACCTAC 21 Internal control primers
tral_fragm_rev GGAGCCTCATGAATGTGTCTG 21

“ Inserted restriction sites are underlined.

one of the Al synthases is designated tral and the second gene is
designated ngrl. Tral synthesizes an AHL that is N-(3-
oxooctanoyl)-L-homoserine lactone (here called 3-oxo0-C4-HSL)
(14), and ngrl encodes an enzyme that probably synthesizes a not-
yet-characterized derivative of an autoinducer I-type molecule
(13). Tral is encoded on the 0.54-Mbp symbiotic replicon
PNGR234a as part of a conserved cluster of genes that share a high
degree of synteny with the Ti plasmid of Agrobacterium tumefa-
ciens (13, 14). This conserved cluster contains, beside the tral gene,
the traR and traM regulatory genes as well as other genes required
for conjugative DNA transfer and replication of the plasmid. With
respect to the high synteny with A. tumefaciens, it can be postu-
lated that TraR associates with 3-oxo-Cg-HSL and that it is in-
volved in transcriptional activation of QS-dependent promoters
(14). TraM is a homolog of the corresponding antiactivator pro-
tein in A. tumefaciens, preventing TraR from activating the target
genes in the presence of low levels of Als. Furthermore, Ngrl is
encoded on the NGR234 chromosome together with its cognate
receptor/regulator protein NgrR. Ngrl is a functional homolog of
Sinorhizobium meliloti Sinl. However, the sinl gene is involved in
the synthesis of several long-chain AHLs ranging from 12 to 18
carbons in length (15). The Sinl/SinR- and ExpR-dependent gene
regulation has been intensively characterized in this model organ-
ism (16-21); thereby, the different researchers have outlined a
very complex and partially strain-specific regulatory network in
this narrow-host-range strain.

Recently, high-resolution transcriptome studies using RNA se-
quencing (RNA-seq) technologies have given us a very detailed
and reliable insight into expression profiles of many model organ-
isms (22-25). However, only a few studies so far have used this
technology for the genome-wide analysis of QS-dependent ex-
pression profiles. The focus of these studies was on the opportu-
nistic pathogenic microorganism Burkholderia cenocepacia (26)
and on Pseudomonas aeruginosa (27, 28). Interestingly, no study
has yet focused on the QS-dependent gene regulation in sinorhi-
zobia or closely related species using RNA-seq. Only very recently,
an RNA-seq analysis was published on NGR234 with respect to a
genome-wide change of the expression profile of the symbiotic
lifestyle in bacteroids of two legume plants (29). This study has
already given us a very detailed insight into the complexity of
many processes linked to the bacterial infection process.
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In the current study, high-resolution RNA-seq was used to
analyze the expression profile of the NGR234 wild-type strain
compared to newly constructed NGR234-Atral and NGR234-
AngrI deletion mutants. The focus of the study was thus on the
identification of QS-regulated genes. Our data suggested that a
common set of 186 genes is QS regulated. Further RNA-seq data
generated in early exponential phase and by challenging NGR234
with moderate and high levels of Al suggested that QS plays only a
minor role during the onset of growth but that it has profound
effects on motility, vitamin biosynthesis, secretion, and other key
features of the organism during the stationary phase.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Sinorhizobium fredii NGR234
was grown at 30°C in liquid TY medium (0.5% tryptone, 0.25% yeast
extract, 10 mM CaCl,, pH 7.0) at 200 rpm and supplemented with rifam-
pin (25 pg/ml). NGR234 QS deletion mutants were cultivated under the
same conditions as those for the NGR234 wild-type strain in TY medium
which was additionally supplemented with gentamicin (10 pg/ml), and
complemented NGR234 QS mutant strains were cultivated in TY medium
supplemented with kanamycin (25 pg/ml). Escherichia coli was grown at
37°C on LB medium supplemented with the appropriate antibiotics.
Agrobacterium tumefaciens NTL4 (30), carrying a tral::lacZ promoter fu-
sion, was grown at 28°C in AT medium (31) containing 0.5% glucose per
liter and supplemented with spectinomycin (50 pwg/ml) and tetracycline
(4.5 pg/ml). For sedimentation assays, the NGR234 parent strain as well
as the constructed mutant strains was grown at 30°C and 200 rpm in 5 ml
TY medium supplemented with appropriate antibiotics for 48 h. Then,
cells were allowed to sediment at room temperature for up to 24 h without
shaking.

Construction of NGR234 Al synthase mutants. Molecular cloning
steps were in general done as outlined in reference 32, and mutant strains
NGR234-Atral and NGR234-Angrl were constructed as previously de-
scribed (33). For the construction of a deletion mutant in the tral gene, an
~2.0-kb PCR fragment containing the 486-bp upstream region of tral, a
986-bp gentamicin resistance gene, and a 500-bp downstream fragment
flanking the tral gene was cloned in the suicide vector pNPTS138-R6KT
(34). For this purpose, the different PCR fragments were amplified from
genomic DNA of NGR234 using primers as indicated in Table 1. The
gentamicin gene was derived from the broad-host-range cloning vector
pBBRIMCS-5 (35). The resulting construct (pNPTS138-tral:gm) was
transformed into NGR234 by conjugation. Single recombinant clones
carrying this construct were selected on TY medium containing gentami-
cin and rifampin. To obtain double recombinant mutants, bacteria were
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TABLE 2 Overall transcriptome statistics for the 12 analyzed NGR234 samples”

Sample NGR234 Growth 3-Oxo-Cy4-HSL No. of reads No. of uniquely mapped
no. Treatment genotype phase/ODyy, added generated (10°) reads (10°)
1 A wt Stationary/3.26 None 7.15 3.55

2 A wt Stationary/3.37 None 6.79 3.34

3 B Atral Stationary/3.08 None 6.39 3.24

4 B Atral Stationary/3.10 None 8.07 4.06

5 C Angrl Stationary/3.30 None 6.79 3.62

6 (@ Angrl Stationary/3.24 None 7.82 4,37

7 D wt Exponential/0.22 None 4.35 1.51

8 D wt Exponential/0.22 None 8.74 2.83

9 E wt Exponential/0.26 0.05 pM 8.04 1.58

10 E wt Exponential/0.27 0.05 pM 6.68 1.41

11 F wt Exponential/0.22 50 pM 3.86 1.77

12 F wt Exponential/0.21 50 pM 9.16 2.73

“ “Stationary” indicates cultures grown to early stationary phase; “Exponential” indicates cultures grown to early exponential phase (see Fig. S1 in the supplemental material).
Cultures 1 to 6 were harvested after 34 to 40 h of growth. Cultures 7 to 12 were harvested after 3 h upon addition of 3-oxo-C,4-HSL. Controls were supplemented with an equal
amount of ethyl acetate. Two cultures represent one treatment (experiment). wt, wild type, NGR234 parent strain; Atral, NGR234-Atral mutant strain; Angrl, NGR234-Angr]

mutant strain.

streaked on the same medium (lacking the antibiotics) in the presence of
10% sucrose. In our deletion mutant, the entire tral gene was deleted
starting from the ATG to the last codon of the gene. The ngrl mutant strain
was generated as described above using an ~2.1-kb EcoRI-Pstl fragment
containing the flanking regions of ngrl and the same gentamicin resistance
gene. Thereby, the majority of the ngrl gene (645 bp) ranging from bp 116
to bp 534 was deleted. The obtained mutations were verified by PCR using
different primer pairs flanking the fral and ngrl genes (Table 1) and by
sequencing.

For complementation of the above-constructed QS mutants, the wild-
type tral and ngrl genes, including promoter regions, were amplified using
individual flanking primer pairs (Table 1), inserted into pBBRIMCS-2
(35), and reintroduced by conjugation into the respective mutant strain
NGR234-Atral or NGR234-Angrl. Recombinant NGR234 QS mutant
clones carrying the construct were selected on TY medium containing
kanamycin and rifampin and designated NGR234-cAtral and NGR234-
cAngrl, respectively. The correctness of the complemented mutant strains
was verified by PCR.

Furthermore, to study the importance of the Als for rhizosphere col-
onization of NGR234, a double QS mutant designated NGR234-Angrl/
Atral having a deletion in both the tral and ngrl loci was generated. The
construction of the double mutant was based on the NGR234-AngrI de-
letion mutant in which the tral locus was deleted as described above. The
double QS mutant was verified by PCR and sequencing.

TLC coupled with A, fumefaciens soft agar overlay assay. Separation
of Al molecules produced by the NGR234 parent and the above-con-
structed mutant strains was carried out using thin-layer chromatography
(TLC) and by using the A. tumefaciens reporter strain NTL4 (30). There-
fore, Als were extracted from stationary-phase cultures with an equal
volume of ethyl acetate. The extraction was carried out twice. Pooled
extracts were concentrated in vacuo and resuspended in 1 ml ethyl acetate.
Sample volumes of 1 to 10 pl were applied to cellulose TLC plates (Poly-
gram Cel MN300 AC-30; Macherey-Nagel, Diiren, Germany), developed
with methanol-water (60:40, vol/vol), and air dried. Detection of Als was
carried out according to the method of Zhu et al. (36) by overlaying the
TLC plates with A. fumefaciens soft agar containing A. fumefaciens NTLA4.
A 107% M solution of 3-0x0-Cy4-HSL and a 107° M solution of N-(3-
oxododecanoyl)-1-homoserine lactone (Sigma-Aldrich, Heidelberg, Ger-
many) were prepared in ethyl acetate and used as standards. Overlaid TLC
plates were incubated overnight at 30°C.

Preparation of transcriptome samples. The different NGR234 cul-
tures used in this study for a transcriptome analysis are summarized in
Table 2. Prior to cultivation of large 200-ml cultures, precultures were
established from cryocultures in 5 ml TY medium and cultivated at 30°C
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and 200 rpm. For the transcriptome analyses of early-stationary-growth-
phase cultures, 200 ml TY medium was inoculated with freshly grown
precultures of NGR234 wild type as well as the mutant strains and culti-
vated for approximately 34 to 40 h at 30°C and 200 rpm as batch cultures
(Table 2, samples 1 to 6, treatments A to C). After reaching an optical
density at 600 nm (ODy,) of 3.1 to 3.3, cultures were separated into
fractions of 50 ml, which were then transferred into Falcon tubes contain-
ing 10 ml ethanol-phenol (95:5). Samples were mixed well, directly frozen
in liquid nitrogen, and stored at —70°C until further use. For transcrip-
tome analyses of early-exponential-growth-phase cultures, 200 ml TY
medium was inoculated with a freshly grown preculture of NGR234 wild
type and cultivated at 30°C and 200 rpm till it reached an ODy, of 0.1
(Table 2, samples 7 to 12, treatments D to F). Cultures were then divided
into two separate fractions of 100 ml of which one was supplemented with
either 0.05 pM or 50 M 3-0x0-Cg-HSL (stock solution of 3-0x0-Cg-HSL
was prepared in ethyl acetate) and the other culture fraction (control) was
treated with an equal aliquot of ethyl acetate. Cultures were allowed to
grow for 3 additional hours and then harvested into Falcon tubes and
treated as outlined above.

RNA extraction, library construction, sequencing, and bioinfor-
matic analysis of transcriptome samples. For all NGR234 wild-type and
mutant strains, RNA-seq libraries were constructed from independent
biological duplicates of RNA samples. Six samples were harvested at the
early exponential phase, and six samples were obtained from stationary-
growth-phase cultures (Table 2; see also Fig. S1 in the supplemental ma-
terial). Total RNA was extracted using the hot-phenol method described
previously (37). The residual genomic DNA was removed from the total
isolated RNA by DNase I treatment. The cDNA libraries for sequencing
were constructed by Vertis Biotechnology AG, Germany, as described by
Sharma et al. (24). The transcripts were not fragmented in order to get
mainly sequencing reads of the 5" end of the transcripts. The obtained
cDNA libraries were sequenced using a HiSeq 2500 machine (Illumina) in
single-read mode and running 100 cycles. For the 12 analyzed samples, we
sequenced between 3.86 and 9.16 million cDNA reads. The bioinformatic
analysis was done as described in the work of Dugar et al. (38). To ensure
a high sequence quality, the Illumina reads in FASTQ format were
trimmed with a cutoff phred score of 20 by the program fastq_quali-
ty_trimmer from FASTX-Toolkit version 0.0.13 (http://hannonlab.cshl
.edu/fastx_toolkit/). The alignment of reads, coverage calculation, gene-
wise read quantification, and differential gene expression were performed
with READemption (K. U. Férstner, J. Vogel, and C. M. Sharma, posted
on bioRxiv under doi:10.1101/003723) which was relying on ‘segemehl’
version X (39) and DESeq version V. Visual inspection of the coverages
was done using the Integrated Genome Browser (IGB) (40). The reference
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TABLE 3 Gene-specific primers used for qRT-PCR

Oligonucleotide Sequence, 5'-3' Size (bp) Target gene/ORF
RT_rpoD_for ACATCACCAATGTCGGCGGTGAAG 162 rpoD
RT_rpoD_rev TGCAGCTTGCGGAGCTTCTTGTAG

RT_flgB_for AGAATGTCGTGGCCGGCAACATC 238 flgB
RT_flgB_rev GCCCGTCTTCATCATTTCCTGCTC

RT_pilA_for ACCATTTTCGCCCGCCTGATGAAG 172 PpilA
RT_pilA_rev ATGTTGGTTTCGGCGGTCGTCATCT

RT_b22870_for CCTCTGACGCTCGATGTCCTGAA 110 NGR_b22870
RT_b22870_rev GTCGCTGAGCATCAGGTCGCAAT

RT_exol_for CGATGGCGACACCATCGAAATTGC 257 exol
RT_exol_rev GATTCAACCATCCAGCGGTTGACG

RT_c14830_for CGGGTTGCTGCATATGTATCGACCT 220 NGR_c14830
RT_c14830_rev GGCCTGATACTCTTCGATCAGCATC

sequences and gene annotations for NGR234 were retrieved from
the NCBI database (accession numbers: pNGR234a, NC_000914.2;
PNGR234b, NC_012586.1; cNGR234, NC_012587.1) and in part manu-
ally reannotated. Genes with a fold change of =2.0 and an adjusted P value
(P value was corrected by false discovery rate [FDR] based on the Benja-
mini-Hochberg procedure) of =0.05 were considered differentially ex-
pressed.

qRT-PCR. Quantitative RT-PCR (qRT-PCR) experiments were car-
ried out to verify selected QS-regulated genes. Total RNA was extracted
from stationary-phase-grown cultures according to the method of Rivas
etal. (41), and the residual genomic DNA was removed by DNase I treat-
ment according to the manufacturer’s instructions (DNase I, RNase-free;
Thermo Scientific, WI, USA). The SuperScript VILO cDNA synthesis kit
(Invitrogen, Life Technologies, TX, USA) was used to generate cDNA
using 1.9 pg RNA. Gene-specific primers used for gRT-PCR are shown in
Table 3. The qRT-PCRs were set up according to the manufacturer’s pro-
tocol using the SYBR Select master mix for CFX (Applied Biosystems by
Life Technologies, TX, USA) and performed in the MiniOpticon real-time
PCR detection system (Bio-Rad Laboratories, Munich, Germany). Stan-
dard curves of 10-fold serial dilutions of cDNA were generated for each
gene to evaluate the primer efficiency and for data analysis. The efficiency,
slope, and correlation coefficient were determined by the CEX Manager
software (Bio-Rad Laboratories, Munich, Germany). All qRT-PCRs were
run in triplicate and repeated at least three times in separate experiments
under the same conditions. To normalize variability in expression levels,
rpoD was used as the internal control gene. Data were analyzed based on
the normalized gene expression (threshold cycle [272"] method) and
the above-stated software.

Nodulation assays. Nodulation assays accomplished with NGR234-
Atral, NGR234-Angrl, and NGR234-Angrl/Atral and with Vigna unguic-
ulata, Vigna radiata, and Tephrosia vogelii were done as previously de-
scribed (42). Experiments were repeated two times with five plants per
treatment in each experiment. Plants were harvested 30 days after inocu-
lation. Nodules formed on the roots were counted, and the shoot fresh
weight was recorded. Plants grown in the absence of rhizobia were used as
a control.

Microarray data accession number. The raw, demultiplexed reads as
well as coverage files have been deposited in the National Center for Bio-
technology Information’s Gene Expression Omnibus (43) under the ac-
cession number GSE54381.

RESULTS AND DISCUSSION

Construction and phenotype analysis of tral and ngrI deletion
mutants. To investigate the QS-mediated gene regulation in the
broad-host-range strain Sinorhizobium fredii NGR234, we fol-
lowed several strategies. First, we constructed an NGR234-Atral,
an NGR234-Angrl, and an NGR234-Angrl/Atral deletion mutant
and analyzed their Al profile using TLC separation with subse-
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quent Al detection by A. tumefaciens NTL4 (36). While we repeat-
edly detected two spots in extracts of the NGR234 parent strain,
we detected only a single spot in the NGR234-Atral and the
NGR234-Angrl mutant strains. No Al was detected in extracts
obtained from the double mutant. However, complemented
strains NGR234-cAtral and NGR234-cAngrl produced again high
levels of the respective Al molecules (see Fig. S2 in the supplemen-
tal material). The observation of two Al molecules in the parent
strain and one Al in each of the single-knockout mutant strains
corresponds well with previous results (13, 14).

Since it is well known that the lack of AI molecules can have
profound effects on motility and exopolysaccharide (EPS) pro-
duction, we analyzed our mutants for possible phenotypes. Inter-
estingly, we did not observe reproducible motility phenotypes on
solid media and using swimming and swarming agar (data not
shown). Also, growing NGR234 mutant cells on medium contain-
ing Congo red or calcofluor white did not produce stable pheno-
types. However, analyzing motility in liquid TY medium resulted
in the observation of strong sedimentation phenotypes for the
mutants (Fig. 1). Thus, parent strain cultures settled within 3 to 24
h, while the mutant strains did not sediment. The observed sedi-
mentation phenotype for NGR234-Angrl was completely restored
using the NGR234-cAngrl strain. The phenotype produced by
NGR234-Atral could be only partially recovered by adding the
parental gene back into NGR234-Atral (Fig. 1). Further tests and
chemical complementation using a micromolar concentration of
3-0x0-Cg-HSL produced similar results (data not shown). There-
fore, it is likely that the sedimentation phenotype was mainly a

Angrll
wt  Atral Angrl Atral cAtraI cAngrl

1 1 J 1!

FIG 1 Sedimentation of NGR234 in TY medium. The NGR234 wild type (wt)
shows a clear sedimentation phenotype in liquid TY medium after 3 to 24 h of
incubation at room temperature without shaking, whereas Atral (NGR234-
Atral), Angrl (NGR234-Angrl), and Angrl/Atral (NGR234-Angrl/Atral)
strains did not settle even after 24 h of incubation under the same conditions.
The NGR234-cAngrI (cAngrl) strain carries extra copies of the ngrl wild-type
gene in the background of NGR234-Angrl and was completely recovered;
NGR234-cAtral (cAtral) was partially recovered by adding extra copies of the
wild-type gene into the NGR234-Atral mutant strain.
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TABLE 4 Number of genes significantly altered in their expression profile in the NGR234 QS deletion mutants (early stationary phase) and in
NGR234 after addition of 3-oxo-Cg-HSL at two different concentrations (early exponential phase)”

NGR234 Total no. of differentially No. of differentially expressed genes on replicons
genotype® Growth phase/treatment expressed genes” (cNGR234/pNGR234b/pNGR234a)

Atral Stationary 316 221/82/13

Angrl Stationary 466 303/155/8

wt Exponential; 0.05 pM 3-o0x0-Cg-HSL added 13 8/3/2

wt Exponential; 50 M 3-0x0-Cy-HSL added 4 0/4/0

“ Data are mean values of two independent treatments.

" Total number of significantly, differentially expressed genes having a fold change of =2.0 and an adjusted P value of =0.05.
¢ wt, wild type, NGR234 parent strain; Atral, NGR234-Atral mutant strain; Angrl, NGR234-Angrl mutant strain,

result of a strong upregulation of the flagellar gene expression and
thus a motility phenotype. Altogether, these findings confirmed
the importance of the tral and ngrl genes for biofilm formation,
sedimentation, and motility, and they suggested that the observed
phenotypes are mainly caused by the deletion of the respective Al
synthase gene.

Global pattern of QS-dependent gene expression in NGR234.
In a parallel approach, we examined the global gene expression
pattern of the wild type and its two Al synthase mutants
(NGR234-Atral and NGR234-Angrl) by comparing their tran-
scriptome profile at the early stationary growth phase to those of
the NGR234 wild type and each other. We chose this time point
because it can be expected that during the onset of stationary
growth phase many QS-dependent processes are turned on. For
these experiments, cells were grown for approximately 40 htoa
final ODg,, not greater than 3.4 prior to total RNA extraction.
The NGR234 parent strain was cultivated like the control for
the same time period to an identical ODg,, and then treated
equally (Table 2).

Further, we analyzed the short-term response of the parent
strain to externally added 3-ox0-Cy-HSL in the early exponential
growth phase. For this, cells were grown to an ODy, of 0.1 and
then challenged by the presence of a moderate (0.05 M) and a
high (50 uM) concentration of 3-oxo-Cy4-HSL. Total RNA was
already extracted after 3 h from the AHL-induced samples and the
control cultures. The ODg, of these exponentially growing cul-
tures at the time of harvest was 0.24 (£0.03) (Table 2).

For all samples, the cDNA libraries were constructed and se-
quenced as described in Materials and Methods. For each of the six
treatments, two independent biological sample experiments were
performed and examined by RNA-seq and protocols for data anal-
ysis as previously published (38-40). Therefore, a total of 12 indi-
vidual samples were analyzed (Table 2). Alignments were estab-
lished, and for each sample, a minimum of 1.4 to 4.4 million
¢DNA reads could be uniquely mapped to the NGR234 genome,
resulting in 3 to 8 million uniquely mapped reads per treatment
(Table 2). We verified that for the early-exponential-phase sam-
ples the fraction of mappable reads (on average, ~38%) was 1.6-
fold lower than that for the samples obtained in early stationary
phase (up to 63%). Other researchers have already observed this
variation in mappable reads depending on the selected culture
conditions (44).

In the comparative analysis of RNA-seq data, we considered
genes with a fold change of =2.0 and an adjusted P value of =0.05
as statistically significant and differentially expressed between two
distinct conditions or states. Only values that complied with both
requirements were used for subsequent analyses. Unless otherwise
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specified, Tables 4 to 8 show only those transcriptomic data (data
are mean values of two independent treatments) that revealed a
fold change of =2.0 and an adjusted P value of =0.05. The final set
of differentially regulated genes is given in Table S1 in the supple-
mental material, and the highlights are discussed below.

A detailed evaluation of sense and antisense (AS) transcripts in
all experiments revealed an AS transcript content ranging from 13
to 30%. These data suggest that a small but significant fraction of
all genes in NGR234 is regulated through AS transcription. Earlier
whole-transcriptome analyses have already emphasized the im-
portance of AS and more recently the cis-AS regulation in pro-
karyotes (24, 45, 46).

Tral/R- and Ngrl/R-specific gene regulation. It was deter-
mined that 316 genes (4.9% of all predicted genes) are regulated
differently in the NGR234-Atral deletion mutant and the wild-
type strain. Moreover, a total of 466 genes (7.3% of all predicted
genes) were significantly altered in their expression profile in the
NGR234-Angrl deletion mutant (Fig. 2). Altogether, a common
subset of 186 genes was differentially regulated in both mutant
strains in comparison to the wild type (Fig. 2; see also Table S1 in
the supplemental material). Surprisingly, almost 98% of these
overlapping genes were identically up- or downregulated in the
two strains. Thus, 130 genes appeared to be specifically expressed
in the NGR234-Atral strain and 280 genes were uniquely regu-
lated in the NGR234-Angrl deletion mutant. All regulated genes
were unequally distributed over the three NGR234 replicons (Ta-
ble 4). The majority of all differentially regulated genes (65 to
70%) was observed on the bacterial chromosome (¢NGR234), and
only a very few genes were located on the symbiotic plasmid
pNGR234a (Table 4). In the background of the NGR234-Atral
strain, 13 pNGR234a-borne genes were significantly altered in
their expression profile, and for the NGR234-Angrl mutant, only
eight differentially regulated genes were observed on this symbi-
otic replicon.

Expression analysis by qRT-PCR technology was used to par-
tially confirm the RNA-seq data. Therefore, we analyzed the ex-
pression profiles of five different genes in the early stationary
phase in the NGR234 wild type compared to both QS deletion
mutants. We selected rpoD as the internal control gene and the
following differentially regulated genes: flgB (NGR_c02740) (Ta-
ble 5), pilA (NGR_c34640) (Table 5), NGR_b22870 (hypothetical
protein possibly linked to T3SS-1I) (Table 8), exol (NGR_b18300)
(Table 6), and NGR_c14830 (hypothetical protein; not listed in
Tables 5 to 8). Expression data obtained for the five genes by
qRT-PCR largely confirmed the data obtained by RNA-seq (see
Table S2 in the supplemental material).

To date, only a few studies have performed genome-wide tran-
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TABLE 5 T4P, flagellar biosynthesis, and chemotaxis-related genes significantly altered in their expression profile in both NGR234 QS deletion
mutants’

Fold change
Gene no. Locus tag Predicted function Atral Angrl
1 NGR_¢34710 Pilus assembly protein, TadB +32 +3.3
2 NGR_¢34700 Pilus protein ATPase, CpaF +4.3 +3.5
3 NGR_c34690 Pilus assembly protein, CpaE +4.5 +5.6
4 NGR_c34680 Pilus assembly protein, CpaD +3.6 +3.7
5 NGR_c34670 Pilus assembly protein, CpaC +3.3 +2.7
6 NGR_c34660 Pilus assembly protein, CpaB +3.9 +4.1
7 NGR_c34640 Pilus assembly protein, PilAl +11.0 +7.3
8 NGR_c34620 Pilus assembly protein, TadG +5.0 +2.9
9 NGR_c34610 Pilus assembly protein, TadE +4.6 #2327
10 NGR_c03010 Flagellar biosynthesis protein, FIhA +2.2 —
11 NGR_c02990 Flagellar basal body rod modification protein, FigD +10.9 +11.8
12 NGR_c02980 Flagellar biosynthesis repressor, FIbT +4.5 +39
13 NGR_c02970 Flagellar biosynthesis regulatory protein, FlaF +11.3 +8.0
14 NGR_c02960 Flagellar hook-associated protein, FlgL +22.9 +22.6
15 NGR_c02950 Flagellar hook-associated protein, FlgK +15.2 +16.4
16 NGR_c02940 Flagellar hook protein, FIgE +24.9 +23.3
17 NGR_c02930 Two-component transcriptional regulator +10.5 +6.7
18 NGR_c02920 Lytic transglycosylase-like protein +5.5 +5.1
19 NGR_c02910 Chemotaxis/motility protein, MotD +8.9 +152
20 NGR_c02900 Chemotaxis/motility protein, MotC +10.2 +10.8
21 NGR_c02890 Flagellar motor protein, MotB +7.0 +8.4
22 NGR_c02880 Hypothetical protein +8.2 +11.3
23 NGR_c02870 Flagellin protein, FlaD +3.2 +4.7
24 NGR_c02850 Flagellin protein, FlaB +2.4 —
25 NGR_c02810 Flagellar basal body L-ring protein, FlgH +9.9 +10.9
26 NGR_c02800 Hypothetical protein +24.9 +26.0
27 NGR_c02790 Flagellar basal body P-ring protein, Flgl +25.3 +24.4
28 NGR_c02780 Flagellar P-ring biosynthesis protein, FlgA +11.6 +12.3
29 NGR_c02770 Flagellar basal body rod protein, FlgG +20.4 +20.3
30 NGR_c02760 Flagellar hook-basal body protein, FIiE +36.5 +27.2
31 NGR_c02750 Flagellar basal body rod protein, FlgC +29.0 +25.9
32 NGR_c02740 Flagellar basal body rod protein, FlgB +69.9 +82.2
33 NGR_c02720 Flagellum-specific ATP synthase, FilL $1232 +20.6
34 NGR_c02710 Flagellar basal body rod protein, FlgF +14.0 (+11.6)
35 NGR_c02700 Hypothetical protein +7.4 +8.1
36 NGR_c02690 Flagellar motor protein, MotA +9.8 +8.8
37 NGR_c02680 Flagellar motor switch protein, FliM +11.8 +11.6
38 NGR_c02670 Flagellar motor switch protein, FIIN +25.0 +28.6
39 NGR_c02660 Flagellar motor switch protein, FliG +15.9 +14.0
40 NGR_c02630 LuxR family transcriptional regulator +6.3 +5:5
41 NGR_c02620 LuxR family transcriptional regulator +10.6 +6.5
42 NGR_c02610 Flagellar MS ring protein, FliF +4.8 +4.9
43 NGR_c02600 Hypothetical protein (+2.8) +4.3
44 NGR_c02590 Chemoreceptor glutamine deamidase, CheD +4.6 +6.7
45 NGR_c02580 Signal transduction response regulator (+2.6) +4.3
46 NGR_c02570 Chemotaxis-specific methylesterase, CheB2 +4.0 +5.6
47 NGR_c02560 Chemotaxis protein methyltransferase, CheR +4.7 +4.7
48 NGR_c02550 CheW family chemotaxis protein, CheW1 +2.8 +3.2
49 NGR_c02540 Chemotaxis protein, CheA2 +4.8 +6.6
50 NGR_c02530 Two-component response regulator receiver protein +5.5 +5.3
51 NGR_c02520 Hypothetical protein +6.9 +5.6
52 NGR_c02510 Chemotaxis methyl-accepting receptor protein +4.2 +4.3
53 NGR_c00850 Methyl-accepting chemotaxis protein +3.0 +4.2
54 NGR_c00530 Methyl-accepting chemotaxis protein +3.9 +34
55 NGR_c20850 Methyl-accepting chemotaxis protein +4.1 +4.2
56 NGR_b22620 Methyl-accepting chemotaxis protein — +3.2

“ Genes 1 to 9 code for the T4P, while genes 10 to 52 code for the flagellum or regulatory components and chemotaxis-associated genes identified within a large conserved cluster
on cNGR234. Genes 53 to 56 are located elsewhere in the bacterial genome. Atral, NGR234-Atral mutant strain; Angrl, NGR234-Angrl mutant strain; —, transcriptome data did
not match either of the two requirements (fold change of =2.0; adjusted P value of =0.05). Values in parentheses were specified for completeness and indicate an adjusted P value
of 0.06 for NGR_c02710, 0.18 for NGR_c02600, and 0.09 for NGR_c02580.
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TABLE 6 Exopolysaccharide biosynthesis genes differentially regulated in both NGR234 QS deletion mutants

QS-Dependent Transcriptome of NGR234

Fold change”

Locus tag Predicted function Atral Angrl
NGR_b18410 Phosphomethylpyrimidine kinase, ThiD 28 +29
NGR_b18400 Succinoglycan biosynthesis transporter, ExoP —22 —3.6
NGR_b18390 UTP-glucose-1-phosphate uridylyltransferase —-2.8 —4.7
NGR_b18380 Succinoglycan biosynthesis protein, ExoO —24 —4.6
NGR_b18370 Succinoglycan biosynthesis protein, ExoM —2.6 —6.6
NGR_b18360 Succinoglycan biosynthesis protein, ExoA —-2.8 —5.5
NGR_b18350 Succinoglycan biosynthesis protein, ExoL —2:6 —6.3
NGR_b18340 Endo-beta-glycanase, ExoK —3.3 —5.7
NGR_b18330 Hypothetical protein —4.1 —12.4
NGR_b18320" rpoS regulatory ncRNA (68 nt°), antisense +36.0 +52.3
NGR_b18320" rpoS regulatory ncRNA (68 nt), sense —24 25
NGR_b18310 Hypothetical protein —13.9 —15.9
NGR_b18300 Succinoglycan biosynthesis protein, Exol —29.5 —82.5
NGR_b18270 Exopolysaccharide production protein, ExoY — —3.1
NGR_b18260 Exopolysaccharide production protein, ExoF — =32
NGR_b18250 Succinoglycan biosynthesis protein, ExoQ — —34
NGR_b18240 Exopolysaccharide production protein, ExoZ — =25
NGR_b18220 ABC transporter ATP-binding protein, ExsA =20 =21
NGR_b18180 Succinoglycan biosynthesis regulator, ExsB — -3.0
NGR_b18140 Exsl protein — —3.8
NGR_b15690 Endo-beta-glycanase, ExsH —12.4 —20.1
NGR_a00830 Exopolysaccharide repressor protein =851 —5.0

“ Data for NGR_b18320 showed it to be significantly differentially regulated at the sense and antisense transcription level.
" Atral, NGR234-Atral mutant strain; Angrl, NGR234-Angrl mutant strain; —, transcriptome data did not match either of the two requirements (fold change of =2.0; adjusted P

value of =0.05).
 nt, nucleotides.

scriptome analyses to identify QS-regulated gene expression pat-
terns in response to exogenous AHLs in bacteria. One of the best-
studied model organisms in this research field with respect to QS is
the opportunistic pathogenic bacterium P. aeruginosa. Several
studies have been published analyzing the P. aeruginosa QS-de-
pendent transcriptome using microarray technologies and RNA
sequencing (27, 44, 47-50). Since the overall setups of these stud-
ies were slightly different, the number of genes that were differen-
tially regulated in response to QS processes varied. While in the
study by Wagner et al. (47) 11.1% of all genes appeared to be QS
dependent, in the study by Schuster et al. (48) 6.3% and in the
study by Hentzer and colleagues (49) only 2.9% of all genes were

TABLE 7 Upregulated cofactor biosynthesis genes in NGR234-Angr!

Fold
Locus tag Predicted function change
NGR_c25140 Biotin synthase, BioB +3.0
NGR_¢25130 8-Amino-7-oxononanoate synthase, BioF +3.5
NGR_¢25120 Dethiobiotin synthetase, BioD +3.3

NGR_¢25110 Adenosylmethionine-8-amino-7-oxononanoate +2.8
aminotransferase, BioA

NGR_c25100  Biotin synthesis protein, BioZ +4.7
NGR_c13770 Biotin transport regulator, BioS +6.3
NGR_b03300  Coenzyme PQQ synthesis protein, PqqE +7.8
NGR_b03290  Coenzyme PQQ synthesis protein, PqqD +9.7
NGR_b03280  Coenzyme PQQ synthesis protein, PqqC +10.0
NGR_b03270  Coenzyme PQQ synthesis protein, PqqB +10.7
NGR_b03260  Coenzyme PQQ synthesis protein, PqqA +9.9
NGR_b03250  Alcohol dehydrogenase +9.5
NGR_b03240  LuxR family transcriptional regulator +3.0
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identified that appeared to be differentially regulated through
AHLs. Only very recently, Chugani et al. reported on strain-de-
pendent diversity of Pseudomonas QS-dependent gene expression.
They observed that the QS regulons represent ~0.5 to 6.2% of the
coding sequences for a given P. aeruginosa genome (27). Similarly,
for the Gram-negative pathogenic bacterium Yersinia pestis, a to-
tal of 335 genes were reported to be QS dependently regulated
(51). This equals 8% of the Y. pestis genome, which is 4.83 Mbp in
size and contains 4,221 open reading frames (ORFs) (52). With
respect to these studies, a total of 4.9% differentially regulated
genes in the NGR234-Atral background and a total of 7.3% in
NGR234-Angrl seem to be reasonable. The overall number of QS-
regulated genes in NGR234 appears to be slightly higher than
those numbers published for the closely related S. meliloti. In this
organism, a minimum of 55 to 170 genes were linked to a QS-
dependent regulatory circuit (16, 19, 20).

Function-based interpretation of transcriptome data. The
differentially expressed genes in both mutants and the parent
strain were classified into seven functional categories based on the
KEGG database (http://www.genome.jp/kegg/pathway.html). As
indicated in Fig. 3A and B, the genome-wide transcriptome data
analysis revealed that upregulated genes were mainly linked to
motility, regulators, general metabolism, cell wall and succinogly-
can biosynthesis (cell envelope), transporters (mostly ABC), and
quite a significant number of hypothetical proteins. Striking
changes in gene expression of the most important functional cat-
egories are discussed below.

Two hypothetical proteins show the highest expression level
in both mutants. Within the set of differentially regulated genes
detected in both mutants, a relatively high number of 94 genes in
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TABLE 8 T38S-1I-related genes and their fold changes in NGR234-Atral and NGR234-Angrl

Fold change”

Locus tag Predicted function Atral Angrl
NGR_b23040 Hypothetical protein — —3.8
NGR_b23030* Hypothetical protein — —2.8
NGR_b23010 Hypothetical protein possibly linked to T3SS-11 — —
NGR_b23000 Type III secretion component, RhcT — =33
NGR_b22990 Type III secretion component, RheS — —4.9
NGR_b22980 Translocation protein, RhcR - —=5.5
NGR_b22970 Translocation protein, RheQ — —5:1
NGR_b22960 Type I11 secretion component, RhcZ — —6.7
NGR_b22950 Type 111 secretion component, RheN — ~5.2
NGR_Db22940 Type III secretion component, YOP protein/translocation protein L — —4.2
NGR_b22930 Putative type III secretion component — —4.6
NGR_b22920 Type I1I secretion component, Rhc] —2.1 —4.0
NGR_b22910 Hypothetical protein possibly linked to T3SS-II — —4.8
NGR_b22900 Hypothetical protein possibly linked to T3SS-IT — —4.6
NGR_b22890 Type 111 secretion component, RhcCl = =39
NGR_b22880 Hypothetical protein possibly linked to T3SS-1T —~29 30
NGR_b22870 Hypothetical protein possibly linked to T3SS-IT -37 —4.1
NGR_b22860 Hypothetical protein possibly linked to T3SS-11 =33 —4.4
NGR_b22850 Hypothetical protein possibly linked to T35S-1I —3.3 —5.6
NGR_b22840 Type III secretion component, RheV —26 —4.5
NGR_b22830 Type 111 secretion component, RhcC2 —-2.7 —54
NGR_b22820 Hypothetical protein possibly linked to T3SS-II —2.3 =382
NGR_b22810 Hypothetical protein possibly linked to T3SS-IT —2.6 (—3.3)
NGR_b22800 Translocation protein, RhcU —~23 —4.3
NGR_b22790 Protein precursor, ErfK/SrfK — —=3.7

“ Genes were not directly linked to the T35S-1I cluster but were located upstream/downstream and were obviously simultaneously regulated.
U Atral, NGR234-Atral mutant strain; Angrl, NGR234-Angrl mutant strain; —, transcriptome data did not match either of the two requirements (fold change, =2.0; adjusted P

value, =0.05). Value in parentheses, adjusted P value of 0.08.

NGR234-Angrl and 62 genes in the NGR234-Atral background
were classified as hypothetical proteins. It is noteworthy that
among these, the two most strongly regulated genes were identi-
fied. These were the ORFs NGR_c14820 and NGR_c14830. Both
are located on cNGR234 flanking each other but are transcribed in
opposite directions. In the NGR234-Atral mutant strain,
NGR_c14820 was 32-fold downregulated by antisense transcripts
and NGR_c14830 was 41-fold downregulated by sense transcripts.
Further, an even stronger regulation was observed for both genes
in the NGR234-Angrl background, where NGR_c14820 was 46-

NGR234-Atral NGR234-Angri!

NGR234 treated with
0.05 uM 3-0x0-C8-HSL 50 pM 3-ox0-C8-HSL

NGR234 treated with

FIG 2 Venn diagram showing the overlap of differentially expressed genes
(fold change, =2.0; adjusted P value, =0.05) among NGR234 Al synthase
mutants and AHL treatments. The ellipses display the number of uniquely
regulated genes in each NGR234 mutant versus the parental strain and for each
AHL treatment versus the parental strain. The ellipses also show the number of
commonly regulated genes within particular relationships. Only the NGR234
Al synthase mutants share a core set of 186 differentially regulated genes.
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fold (antisense) and NGR_c14830 was up to 132-fold (sense)
downregulated. Interestingly, no clear function could be assigned
to these genes.

Genes linked to general cell and energy metabolism and
transport. Previous studies have reported that QS can have pro-
found effects on growth, nodulation efficiency, and nodule devel-
opment in various rhizobial species (14-16, 19, 20, 53-55).
Within this framework, we found that several genes which are
related to either energy production, sugar uptake, or respiration
were significantly altered in their gene expression levels in either
NGR234-Atral, NGR234-Angrl, or both mutants (Fig. 3A and B).
Among genes that potentially influence growth were several that
encode ATP synthase subunits (NGR_c04460 to -c04500 and
NGR_¢31110 to -¢31140), which were 2- to 4.6-fold downregu-
lated in the background of NGR234-Angrl.

In addition, NGR234 contains four loci encoding cytochrome
c and Cbb3-type cytochrome ¢ oxidases, all located on ctNGR234.
While one of these clusters (NGR_c25510 to -¢25550) appeared to
be not differentially expressed, almost all genes located in the clus-
ter stretching from NGR_c05230 to NGR_c05300 showed a 2- to
4-fold-reduced expression level in the NGR234-Atral mutant. In
the background of NGR234-Angrl, only two out of the six cyto-
chrome ¢ oxidase genes were significantly downregulated. The
cluster ranging from NGR_c25780 to NGR_c25810 was only par-
tially downregulated in the NGR234-Atral mutant. A detailed
analysis of regulated genes within our transcriptomic data re-
vealed that the Cbb3-type cytochrome c oxidase cluster stretching
from NGR_c17970 to NGR_c17990 was regulated (fold change,
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FIG 3 Differentially expressed genes (%) in NGR234 mutant strains. (A) In the background of NGR234-Atral versus the parent strain. (B} In the background
of NGR234-Angrl versus the parent strain. The classification was based on the KEGG database (http://www.genome.jp/kegg/pathway.html).

=2.0; P value of =0.3; data not shown) in NGR234-Atral and
NGR234-Angrl. Although this cluster did not meet our require-
ments for significantly, differentially regulated genes, data in Fig.
4A clearly indicate a regulation of the Cbb3-type cytochrome ¢
oxidase genes. Interestingly, genes within this cluster were up-
regulated in NGR234-Atral and downregulated in NGR234-
Angrl.

In this context, we also found genes linked to nitric oxidase
reduction and stress response, which were differentially expressed
in the mutant strains (fold change, =2.0; P value of =<0.5; data not
shown) (Fig. 4A). Similar to the above-mentioned regulation of
the cbb3-type cluster, the nitric oxidase genes were upregulated in
NGR234-Atral and downregulated in NGR234-Angrl.

Further, several of the ribosomal subunits (rpl], rpmH, rpmG,
rpmB, rpm], and rpsT) were significantly reduced in their expres-
sion in both mutants. While rpl] was downregulated in NGR234-
Atral, the ribosomal subunits rpmH, rpmG, rpmB, rpm], and rpsT
were all downregulated in the NGR234-Angrl mutant. Further-
more, several tRNA synthase and tRNA genes were downregu-
lated in both mutants, and in addition, a few ABC-type transport-
ers for different sugars were also subject to a QS-dependent
regulation. Finally, more than 30 regulators and two regulatory
noncoding RNAs (ncRNAs) (NGR_b18320 and NGR_b21180)
out of five were subject to a QS-dependent regulation in the two
mutant strains (Fig. 3A and B; see also Table S1 in the supplemen-
tal material).

Motility and chemotaxis genes are upregulated in NGR234-
Atral and NGR234-Angrl. Among the genes that were most
strongly upregulated in both mutant strains, over 50 genes were
involved in flagellum biosynthesis, pilus attachment, and che-
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motaxis (Table 5; Fig. 4A; see also Fig. S3A and B in the supple-
mental material). The NGR234 chromosome encodes a single fla-
gellum, which is involved in bacterial motility and chemotaxis.
The flagellar genes are mainly organized in a single large cluster
encompassing more than 40 genes and spanning from NGR_
02610 to NGR_c03010 (Table 5). Most of the flagellum-specific
genes were more than 10-fold and some even up to 80-fold up-
regulated in their transcription in NGR234-Atral and NGR234-
Angrl compared to the parent strain (Table 5). Therefore, flgB
expression was verified by gqRT-PCR (see Table S2). Moreover,
these findings are consistent with the above-observed motility
phenotypes in sedimentation assays where both mutants were not
able to settle within the given time period (Fig. 1). Our data are in
agreement with earlier findings reported for planktonic Bradyrhi-
zobium japonicum cells and for S. meliloti suggesting that flagella
play a pivotal role during root colonization but that they are most
likely not essential during the infection process (56—59). This hy-
pothesis fits well with the recent observation that flagellar genes
are downregulated in bacteroids in NGR234 (29) and with the
observation that flagellar genes are subject to QS-mediated regu-
lation in S. meliloti (60, 61).

Further, the NGR234 genome contains several gene clusters
involved in the biosynthesis of type IV attachment pili (T4P). T4P
are involved in motility, attachment to surfaces, biofilm forma-
tion, twitching motility, and virulence (62), and they are of im-
portance for an initial attachment to the root surface (63). We
have previously identified two clusters of T4P-encoding genes on
PNGR234b along with a third cluster of 12 genes on the chromo-
some (NGR_c34610 to -c34720) (13). While the two clusters on
PNGR234b were not affected in their transcription levels, the
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FIG 4 Circular representation of the complete RNA-seq-based transcriptome data set of NGR234-Atral and NGR234-Angrl versus the parent strain for all three
replicons (A to C) generated with the Circus 0.64 software (99). The following specifications apply for panels A to C. Fold change cutoff is log, 4/ —4 (circle size
by values). Circles are described from the outside to the innermost circle: the outer circles indicate the coordinates of cNGR234, pNGR234b, and pNGR234a in
megabase pairs and positions of several regulated regions/genes that are not explicitly mentioned in the text. The positions are tagged with orange arrows and
corresponding numbers. These genes/ORFs are listed in detail for panels A, B, and C, respectively. Note that several genes within the marked regions have adjusted
P values of =0.05. The second and third outer circles indicate ORFs on the leading (blue) and the lagging (dark green) strands. The next circles are light green
areas that indicate log, 4, 3, 2, and 1 (from outside to inside); the next circles, represented by purple and cyan dots (scattered over light green/white/light red
areas), are sense transcripts for NGR234-Atral (purple) and NGR234-Angr] (cyan); the light red circles/areas are log, —1, —2, —3, and —4 (from outside to
inside). The next light green and light red areas apply as described above. The following inner circles represented by red and orange dots (scattered over light
green/white/light red areas) are antisense transcripts for NGR234-Atral (red) and NGR234-AngrI (orange). Highlighted areas are 5-fold magnified and show
regions/genes which are differentially regulated in the mutant strains and are further discussed in the text. Light yellow areas, regions/genes regulated in both
mutants (NGR234-Atral and NGR234-Angrl); light purple areas, regions/genes regulated only in NGR234-Atral; light cyan, regions/genes regulated only in
NGR234-Angrl. (A) Circular representation of RNA-seq data for cNGR234. Highlighted areas marked with asterisks include also adjusted P values of =0.05.
Tagged positions: 1, hypothetical proteins with ice nucleation domain (NGR_c02320 to -c02360); 2, phosphosulfate reductase/sulfate adenylyltransferases
(NGR_c06940 to -c06960); 3, hypothetical proteins (NGR_c11390 to -c11590); 4, nitrogen fixation proteins (NGR_c17900 to -c17930); 5, hypothetical proteins
and transposases (NGR_c13830 to -c13890); 6, MerR family transcriptional regulator (NGR_c19960); 7, calcium binding hemolysin-like protein
(NGR_¢20180); 8, acetyl coenzyme A (acetyl-CoA) synthetase (NGR_c26750); 9, hypothetical protein (NGR_¢28550); 10, hypothetical protein (NGR_c31960).
(B) Circular representation of RNA-seq data for pPNGR234b. For specifications of individual circles, see above. Tagged positions: 1, putative secretion protein and
putative nuclease inhibitor (NGR_b01620 to -b01640); 2, hypothetical protein (NGR_b04610); 3, hypothetical proteins (NGR_b06210 and NGR_b06130); 4,
alanine racemase and D-amino acid dehydrogenase (NGR_b07050 to -b07070); 5, copper-related proteins (NGR_b07130 to -b07180); 6, copper-related proteins
(NGR_b08240 to -b08280); 7, C,-dicarboxylate transport system (NGR_b08880 and NGR_b08920); 8, hypothetical proteins (NGR_b09530 and NGR_b09550);
9, hypothetical proteins (NGR_b13550 and NGR_b13560); 10, hypothetical protein (NGR_b18740); 11, propionyl-CoA carboxylases (NGR_b20820 to
-b20920); 12, adenylate cyclase (NGR_b21170). (C) Circular representation of RNA-seq data for pPNGR234a. For specifications of individual circles, see above.
Tagged positions: 1, ferredoxin and hypothetical protein (NGR_a01050 and NGR_a01060); 2, precursor of 26.2 kDa for periplasmic protein and outer
membrane protein (NGR_a02560 and NGR_c02570); 3, hypothetical proteins (NGR_a02770 to -a02800); 4, hypothetical protein (NGR_a03910); 5, conjugal
transfer cluster (NGR_a03950 to -a04210).

chromosome-carried T4P genes were nearly all 3- to 11-fold up-
regulated (Table 5). The overall changes in T4P transcription in
the NGR234-Angrl and the NGR234-Atral mutant were quite
similar (Table 5; Fig. 4A), and for pilA, they were verified by qRT-
PCR in both mutants (see Table S2 in the supplemental material).
This observation is in line with reports on an altered surface mo-
tility of a sinl mutant in S. meliloti (19) and correlates well with
observations made for QS-dependent expression of T4P and sur-
face motility in P. aeruginosa (64).

September 2014 Volume 80 Number 18

Succinoglycan biosynthesis is repressed in NGR234-Atral
and NGR234-Angrl. The development of the Rhizobium-legume
symbiosis requires the timely and spatially regulated bacterial syn-
thesis of four classes of cell envelope-associated polysaccharides:
the cyclic B-(1,2)-glucans, the outer membrane lipopolysaccha-
rides (LPSs), the external capsular polysaccharides (KPS), and fi-
nally the extracellular polysaccharides (exopolysaccharides [EPSs]
composed of succinoglycan [EPS I] and galactoglucan [EPS II])
(65). NGR234 carries several clusters and operons involved in the
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synthesis of the bacterial exopolysaccharides, capsular polysac-
charides, and lipopolysaccharides (13, 66). The largest of these
clusters (encompassing exo and exs genes) stretches from thiD to
exsl with a total of 31 genes encoding the synthesis of low-molec-
ular-weight exopolysaccharides (67, 68). This large cluster is lo-
cated on pNGR234b, and its overall genetic organization is highly
similar to that of the corresponding exo/exs cluster on the pSymB
replicon of S. meliloti (67, 69). The most striking differences are
mainly found in proximity to the exol gene (NGR_b18300).

Our analysis suggests that most of the genes within the con-
served exo cluster are downregulated in both the NGR234-Atral
and the NGR234-Angrl mutant strains compared to the parent
strain (Fig. 4B). The exol gene and a flanking hypothetical protein
(NGR_b18310) were strongly repressed in their expression in
both mutants on the level of sense transcription (see Fig. S3C in
the supplemental material). While exol was 83-fold and NGR_
b18310 was 16-fold downregulated in NGR234-Angrl (Table 6),
the remaining significantly regulated genes within this cluster
were not as strongly affected in their expression level.

Within the conserved exo cluster, a small 68-nucleotide non-
coding RNA was observed that was strongly upregulated on the
level of antisense transcription. While the respective ncRNA gene
was weakly repressed by sense transcription, by a factor of only 2.4
and 2.5 in both mutant strains, the antisense rpoS-like ncRNA of
NGR_b18320 was 52-fold upregulated in NGR234-Angrl and 36-
fold upregulated in NGR234-Atral (Table 6). Although we do not
know the exact target of this ncRNA, it is likely that it interacts
with EPS biosynthesis and further suppresses the transcription of
the indicated exo cluster in the absence of Al molecules. BLAST
analyses accomplished with NGR_b18320 revealed that this
ncRNA was present only in the genomes of the broad-host-range
strains S. fredii USDA257 and HH103 but not in S. meliloti 1021.
We have previously identified the flanking regions of this ncRNA
on pNGR234b next to exol as part of a region in which gene rear-
rangement and deletions in the EPS cluster, compared to S. meli-
loti 1021, had been observed (67).

With respect to biosynthesis and regulation of EPS, S. meliloti
appears to be one of the best-studied model organisms (65). In
this strain, the ExpR/Sin QS system controls the expression of the
succinoglucan biosynthesis genes (16, 70). Here, the observation
that the EPS biosynthesis is also subject to a QS-dependent regu-
lation in NGR234 fits well with the previous observations for S.
meliloti (65 and references therein). However, in S. meliloti 1021
only a single Al synthase has been identified, while NGR234 en-
codes two Al synthases.

Cofactor biosynthesis genes are upregulated in NGR234-
Angrl. Beside its role as a cofactor in carboxylation reactions,
biotin plays a pivotal role during root colonization in sinorhizobia
(71). It is of importance for the synthesis and degradation of poly-
hydroxybutyrate (72) and various anaplerotic reactions in rhizo-
bia and bradyrhizobia (73, 74). A minimum set of six genes is
generally required for biotin biosynthesis in Gram-negative bac-
teria, and they are usually organized within a single transcriptional
unit (75). In NGR234, five essential biotin synthesis genes, bioAD-
BFZ (NGR_c25100 to -c25140), are clustered on the chromo-
some, whereby a bioA (NGR_b06270) homolog and a bioF
(NGR_b10670) ortholog can also be found on pNGR234b. In ad-
dition, the regulatory locus bioS (NGR_c13770) was identified on
the chromosome. Furthermore, this gene was detected only in
species closely related to Sinorhizobium fredii. A copy of the sixth
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biotin synthesis gene, bioC (NGR_c26660), is located further
downstream of the bioADBFZ cluster. Genes involved in biotin
transport (bioMNY) were identified elsewhere on the chromo-
some.

The transcriptomic data set showed that the genes bioADBFZ
together with the bioS regulator were upregulated in the NGR234-
Angrl mutant. The biotin biosynthesis genes were on average
3-fold upregulated, while the bioS gene was almost 6.5-fold up-
regulated by sense transcripts (Table 7). Since it can be assumed
that TY medium contains high levels of this vitamin, the induced
regulation of the biotin biosynthesis genes in the absence of the
ngrl-specific Al suggests a QS-dependent regulation of this bio
cluster. With respect to the regulation of biotin, this is the first
report showing a QS-dependent regulation of bacterial biotin bio-
synthesis genes.

The bioS gene is unique to the sinorhizobia, and it is involved in
regulation of biotin-dependent processes and survival under bio-
tin starvation in S. meliloti (76, 77). Interestingly, earlier we re-
ported on a possible link between the bioS regulation and QS-
dependent gene regulation in S. meliloti (75). This observation is
now supported by the transcriptome data in the background of
the NGR234-AngrI strain (Table 7; Fig. 3B).

Pyrroloquinoline quinone (PQQ) is required as a cofactor for
dehydrogenases involved in the primary oxidation of growth sub-
strates such as alcohols (ethanol, glycerol, and polyvinyl alcohols),
amines, and aldose sugars. PQQ-dependent dehydrogenases are
mostly secreted into the bacterial periplasm (78). While the pres-
ence and function of PQQ enzymes have been reported in many
rhizobial genomes, only little is known about their role during
root infection and nodule formation. In this respect, the presence
of a PQQ-dependent glucose dehydrogenase appears to be essen-
tial for nodulation efficiency and competitiveness in S. meliloti
(79, 80).

In the NGR234 genome, five genes encode the PQQ biosynthe-
sis. The pggEDCBA genes are located on pNGR234b in a single
cluster (NGR_b03260 to -b03300) together with a possible alcohol
dehydrogenase (NGR_b03250) and a potential LuxR regulator
(NGR_b03240) (Table 7). In our study, all genes within the PQQ
gene cluster were strongly upregulated (up to 10.7-fold) in the
NGR234-Angrl mutant but not in the NGR234-Atral mutant
(Fig. 4B). This finding suggests that PQQ-associated genes are
regulated and controlled by NGR234 QS signaling that is ngrl
specific. This is a novel finding, since it has previously not been
reported that PQQ genes in NGR234 are subject to QS-dependent
regulation.

T2SS and T3SS-II are subject to QS-dependent regulation.
NGR234 carries a remarkable number of secretion-associated
genes (13). Within this framework, we asked the question to what
extent the many secretory genes are subject to a QS-dependent
gene regulation in NGR234.

Expression of several T2SS-associated genes is diminished.
The general secretion-related pathway (T2SS) is widely conserved
in Gram-negative bacteria and translocates exoproteins (e.g., cel-
lulases, lipases, etc.) from the bacterial periplasm into the sur-
rounding medium. The T2S5S is formed by a set of 12 to 16 proteins
(GspA to GspS), and in many ways they resemble type IV pilus
assembly systems (81). In NGR234, these genes are required for
type II pilus assembly and are all located in a single cluster on
cNGR234 encompassing 13 genes (NGR_c22980 to -c23100).
With respect to the regulation of secretion pathways, it is notable
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that several of the general secretion pathway-related genes were
significantly downregulated in the NGR234-Angr] mutant
(Fig. 4A).

QS-mediated repression of the T35S-II. Among the many se-
cretion systems that are encoded on the genome of NGR234, we
reported on two clusters of genes involved in the buildup of two
distinct type III secretion apparatuses (T3SS). Many Gram-nega-
tive bacteria utilize T3SS to direct effector proteins into the cyto-
plasm of their eukaryotic hosts. These specialized protein export
machineries are important components of bacterial virulence
(82). In NGR234, the first T3SS (T3SS-I) is encoded on the sym-
biotic plasmid (pNGR234a) and a second T3SS (T3SS-1I) was
identified on pNGR234b. The two loci each encompass 22 genes
involved in the assembly of the two secretion machineries (13, 83).
The T3SS-1 locus was found to be one of the key determinants of
host range (84-86). Recently, it was also shown that the T3SS-1
locus was upregulated in the Leucaena leucocephala and V. unguic-
ulata bacteroids. Transcription was, however, highest in the L.
leucocephala nodules in comparison to the V. unguiculata nodules
(29). Within this framework, our transcriptome study suggests
that the T3SS-I is subject to a QS-independent regulation. This
observation fits well with the reports on the flavonoid- and
NodD1-SyrM1-NodD2-TtsI-dependent regulatory cascade con-
trolling the activity of the T3SS-I locus (86, 87). In contrast to the
T3SS-1, not much is known about the function of the second T35S
locus. Only a few of the T3SS-II-associated genes were upregu-
lated in L. leucocephala bacteroids (29), and a deletion of
NGR_b22890 to NGR_b22950 in the T3SS-II did not result in a
symbiotic phenotype, suggesting that the T3SS-1I locus is not re-
quired for effective nodulation of the few legumes tested (13, 88).
In contrast to the QS-independent regulation of T35S-1, the T3SS-
11, however, appears to be regulated in a QS-dependent manner.
Our transcriptome analysis of the NGR234-Angrl mutant sug-
gests that all genes within the T3SS-II locus (NGR_b22790 to
-b23040) were downregulated by a factor of 3 to 7 compared to the
parent strain (Table 8; see also Fig. S3D in the supplemental ma-
terial), and for NGR_b22870, qRT-PCR analyses verified these
findings (see Table §2). Interestingly, in the NGR234-Atral strain
only 10 genes (NGR_b22920 and NGR_b22880 to -b22800) were
regulated in a QS-dependent manner, suggesting a slightly differ-
ent expression with respect to the tral-dependent regulation.

QS-dependent regulation of transposase activities in
NGR234. The NGR234 genome encodes a significant number
(4.1%) of phages and transposases which are unequally distrib-
uted over the three replicons (13). On pNGR234a, 114 trans-
posases and, on pNGR234b, 142 transposases were observed,
whereas only 79 transposable elements were found on the chro-
mosome. Insertion sequence (IS) elements could be grouped into
36 families, the largest of which includes 10 copies of the NGRIS-4
transposable element, and their sizes range from 623 to 3,316 bp.
With respect to our transcriptome study, it was obvious that alto-
gether 14 transposases were regulated in a QS-dependent manner
in the NGR234-Atral mutant. In the NGR234-Angrl mutant, five
transposases were significantly repressed in their expression levels,
while only one was induced.

In NGR234, several phage-related proteins have been identi-
fied during the genome analysis. Most strikingly, a large cluster
comprising 49 phage-related genes was carried on the bacterial
chromosome (Fig. 4A). In the background of the NGR234-Angrl
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mutant, several genes within this cluster were 3- to 4-fold down-
regulated.

Nodulation is not affected in tral or ngrl deletion mutant
strains. Our transcriptome data revealed that almost none of the
symbiotic loci were differentially regulated in the NGR234 mu-
tants (Fig. 4C). To further verify these findings, we performed
nodulation assays to monitor the nodulation phenotype of the
different Al synthase mutants versus the parent strain. The assays
revealed that the QS deletion mutants were able to form nitrogen-
fixing nodules on V. unguiculata, V. radiata, and T. vogelii and did
not differ significantly in their nodulation efficiencies from the
NGR234 wild type (see Table S3 in the supplemental material).
We further tested the nodulation phenotype of the NGR234 dou-
ble mutant with a deletion in both QS loci. Similarly, the NGR234-
Angrl/Atral mutant was not affected in its ability to form nitro-
gen-fixing nodules. Altogether, these observations fit well with the
hypothesis that QS is perhaps not of crucial importance for nod-
ulation per se.

AHL-dependent gene expression in early exponential phase
of NGR234. NGR234 carries a remarkably high number of genes,
which are involved in the degradation of various AHL signaling
molecules (55). It is worthwhile to speculate whether NGR234
uses this quorum quenching (QQ) arsenal to regulate its own Al
concentration inside and outside the cell or whether the QQ-
based strategy provides NGR234 a competitive advantage in the
rhizosphere. The intertwined regulation of these QQ-associated
genes is still unsolved and so far could not be linked to the pres-
ence of various levels of AHLs. In our experimental setup, we
wanted to investigate the influence of different AHL concentra-
tions on the expression of NGR234’s QQ loci. Therefore, we used
RNA-seq to analyze overall changes in the expression profiles of
NGR234 cells challenged with externally added AHLs.

In order to answer the question whether the QQ-related genes
could be induced by the addition of AHLs, we treated exponen-
tially growing cells with 3-oxo-C4-HSL at two different concen-
trations (0.05 uM and 50 pM). Interestingly, none of the previ-
ously identified QQ genes showed an increased transcription level
due to the added AHLs. To our surprise, we identified only a few
genes that were significantly altered in their transcription profile
(Fig. 2; Table 4) under both conditions. The addition of 0.05 uM
3-ox0-Cg¢-HSL identified 13 significantly regulated genes, and the
addition of 50 uM merely identified four significantly differently
regulated genes compared to equally treated NGR234 wild-type
cells.

The observation that only a few genes were significantly altered
in their expression profiles suggests that QS-dependent gene reg-
ulation is less important during exponential growth in NGR234
and that factors other than just an increase in external AHL levels
are required for a QS-dependent gene expression. It is noteworthy
that other studies have already reported on QS modulators like
QscR and antiactivators like QslA that regulate the timing of QS-
controlled gene expression and the threshold concentration of the
QS signal (89, 90).

Rhizopine catabolism is repressed in the presence of high
levels of AHLs. Surprisingly, in the presence of high concentra-
tions of AHLs (50 pM) all four differentially regulated genes could
be grouped to the cluster responsible for rhizopine catabolism
collectively called the moc operon. Rhizopines are secreted plant
compounds, which are synthesized by bacteroids inside the plant
nodule in Rhizobium-legume interactions. Plant-nodulating rhi-
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FIG 5 Partial physical map of rhizopine catabolism genes (nioc genes) located on pNGR234b (NGR_b17010 to -b17110) and the relevant transcriptome profiles
for NGR234 wild type (control), NGR234 treated with high levels of AHLs (50 M 3-0x0-C4-HSL), and NGR234 treated with moderate levels of AHLs (0.05 pM
3-o0x0-Cy-HSL). Transcriptome profile images of the leading and lagging strand were generated with IGB (40), merged (indicated with a dashed line), and
visualized on the leading strand for a simplified presentation. The y axis scale cutoff was set to 800 (leading strand) and to —800 (lagging strand). Black arrows

indicate the ORFs identified within and flanking the moc region of NGR234.

zobia like NGR234 can obtain a nutritional advantage and a com-
petition success for nodule formation from these symbiotic asso-
ciations as the plant-associated rhizopines stimulate rhizobial
growth (91-93). These compounds function as growth substrates
and are catabolized by free-living rhizobia located in nodule in-
fection threads and in the rhizosphere (94). In NGR234, the moc
gene cluster, which is involved in the degradation of rhizopines, is
composed of six genes of which four, mocABRC, are essential for
the catabolic function. The NGR234 moc cluster is located on
pNGR234b, probably stretching from NGR_b17010 to NGR_
b17110. In our transcriptome data, moc genes ranging from
NGR_b17080 to -b17110 (Fig. 5) were 9- to 12-fold downregu-
lated in NGR234 challenged with 50 uM 3-oxo0-Cg-HSL. The moc
genes have been previously observed to be subject to QS-depen-
dentregulationin S. meliloti (19), and in A. tumefaciens, opines act
as the conjugal signal for octopine-type Ti plasmids. Furthermore,
in A. tumefaciens the octopine catabolic pathway and QS signal
pathways are directly linked and fraR is activated only when a
threshold level of octopine is reached (95-97). The observation
that the presence of Al represses rhizopine degradation in
NGR234 might suggest, similarly to the A. tumefaciens system, a
link between rhizopine metabolism and QS. In fact, He and col-
leagues (14) have previously suggested that rhizopines interfere
with the regulation of TraR in NGR234. Thus, our observations
are well in line with the hypothesis of He and colleagues.
Conclusions. Within this work, we have identified a set of 186
QS-regulated (tral and ngrl) genes in NGR234 using RNA-seq.
We have provided evidence that the T3SS-1I, T4P, biotin biosyn-
thesis, and PQQ genes are QS regulated under the control of the
Ngrl/R regulon. These genes were so far not identified to be QS
regulated in any of the other rhizobial model organisms. Our data
further suggested that, similarly to S. meliloti, genes for flagellar
and EPS (succinoglucan) biosynthesis are subject to QS-depen-
dent regulation. While in general it is assumed that a homoge-
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neous expression of these genes occurred throughout an isogenic
population, there is now initial evidence that this may not be the
natural situation. Instead, a fraction of the NGR234 genes are
most likely heterogeneously expressed on a single-cell level (98).
In the light of these novel findings, future work will now have to
elucidate the complex pattern of gene expression and regulation
on a single-cell level in this fascinating microorganism,
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Populations of genetically identical Sinorhizobium fredii NGR234 cells differ significantly in their expression profiles of autoin-
ducer (AI)-dependent and Al-independent genes. Promoter fusions of the NGR234 Al synthase genes tral and ngrl showed high
levels of phenotypic heterogeneity during growth in TY medium on a single-cell level. However, adding very high concentrations
of N-(3-oxooctanoyl-)-L-homoserine lactone resulted in a more homogeneous expression profile. Similarly, the lack of internally
synthesized Als in the background of the NGR234-Atral or the NGR234-Angrl mutant resulted in a highly homogenous expres-
sion of the corresponding promoter fusions in the population. Expression studies with reporter fusions of the promoter regions
of the quorum-quenching genes dIhR and gsdR1 and the type IV pilus gene cluster located on pNGR234b suggested that factors
other than Al molecules affect NGR234 phenotypic heterogeneity. Further studies with root exudates and developing Arabidop-
sis thaliana seedlings provide the first evidence that plant root exudates have strong effects on the heterogeneity of Al synthase
and quorum-quenching genes in NGR234. Therefore, plant-released octopine appears to play a key role in modulation of hetero-

geneous gene expression.

Bacteria are able to monitor their own population density to
subsequently synchronize group behavior. This process of
cell-to-cell communication is called quorum sensing (QS). By
small diffusible chemical molecules, called autoinducers (Al),
bacteria convey the status of the single cell to the whole popula-
tion, allowing bacteria to collectively make decisions with respect
to gene expression. The cell density-dependent synthesis, release,
and detection of these Als was first described in the symbiosis of
Vibrio fischeri and its marine host, the bobtail squid Euprymna
scolopes (1-4). The production of Als in V. fischeri finally leads to
a coordinated expression of the lux operon (1). Until today, many
examples of QS-dependent gene regulation have been described in
a wide variety of Gram-negative and Gram-positive bacteria, in-
cluding the regulation of pathogenicity-related genes, genes for
biofilm formation, and genes for the formation of extracellular
products (5, 6). Many Gram-negative members of the proteobac-
teria employ acylated homoserine lactones (AHLSs) as QS signaling
molecules and possess the corresponding LuxR-type receptor/reg-
ulator proteins. The LuxR-type regulators are involved in signal
binding and transduction (4, 6). It was assumed that QS-depen-
dent signaling would allow well-coordinated and highly homoge-
neous expression of selected genes or gene clusters at the popula-
tion level. Recent studies, however, gave a first hint at the
heterogeneous gene expression of QS-related genes. Anetzberger
and colleagues reported on the heterologous expression of the
QS-regulated bioluminescence of Vibrio harveyi and the hetero-
geneous expression of QS-responsive genes (7, 8). Other examples
for QS-dependent heterogeneity include the Arg QS system of
Listeria monocytogenes (9), the bioluminescence and Al system of
V. fischeri (10), and the QS-dependent DNA release of Enterococ-
cus faecalis (11). Thus, it appears that QS-dependent gene expres-
sion can lead to high levels of phenotypic heterogeneity in an
otherwise isogenic population. Therefore, the term “phenotypic
heterogeneity” describes nongenetic variations that are com-
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monly observed between individual cells within a genetically ho-
mogeneous population. It is assumed that heterogeneous gene
expression within an isogenic population is essential for the sur-
vival and fitness of the population and a prerequisite for bacterial
multicellular behavior (12, 13).

Sinorhizobium fredii NGR234 was first described in 1980 as the
only fast-growing isolate from Lablab purpureus among 30 other
strains (14). Since then it has become a model plant-symbiotic
organism due to its ability to nodulate over 112 different plant
genera (15). The NGR234 genome encodes two different QS sys-
tems, the tra system and the ngr system. The AI synthase Tral
produces the AHL N-(3-oxooctanoyl-)-L-homoserine lactone (3-
0x0-Cy-HSL), and NgrI probably synthesizes a derivative of AI-I-
type molecules (16, 17). The tra operon, including the tral, traR,
and traM genes, is located on the 0.54-Mb replicon pNGR234a as
part of a conserved cluster of genes that share a high degree of
synteny with the Ti plasmid of Agrobacterium tumefaciens (17).
With respect to this synteny, a highly similar regulation mecha-
nism is likely. The expression of tral is kept under the control of
TraR, which initiates a positive feedback loop when bound to
3-0x0-C4-HSL (4, 16, 18). TraR also regulates the expression of
the antiactivator traM. When TraM is bound to TraR, it induces
allosteric conformational changes in the regulator, preventing it
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TABLE 1 Strains and plasmids used in this study

Source or

Strain or plasmid” Relevant trait(s)” reference
Strains
S. fredii NGR234 Wild-type strain, Rf' 14
S. fredii NGR234-Atral Rf, Gm", Atral 44
S. fredii NGR234-Angrl Rf', Gm", Angrf 44
E. coli DH5at F~ b80dlacZAMI15 A(argF-lacZYA)U169 endAl hsdR17(ry, my ) supE44 thi-1 recAl gyrA96 relAl 22
E. coli XL1-Blue endA 1 gyrA96(nal”) thi-1 recAl relAl lac glnV44 [F' Tni0 proAB™ laclZAM15] hsdR17(ry mg ") Stratagene, LA
Jolla, CA
E. coli S17-1 thi-1 proA hsdR17 (r, my ") recAl tra; genes of plasmid RP4 integrated into the genome 23
Plasmids
pBBRIMCS-2 Broad-host-range vector, low copy no., Km" 24
pBBRIMCS-5 Broad-host-range vector, low copy no., Gm* 24
pBBRIMCS-5:1fp pBBRIMCS-5 carrying the DsRed2 gene (GenBank accession no. ABS86946.1) in the MCS This work
pBBRIMCS-5::PrpoD::rfp NGR234 PrpoD::rfp promoter fusion in pPBBRIMCS-5 This work
PpBBRIMCS-2,5::Ptral::rfp* NGR234 Ptral:rfp promoter fusion in pBBRIMCS-2,5 This work
pBBRIMCS-2,5::Pngrl:rfp* NGR234 Prgrl::rfp promoter fusion in pBBRIMCS-2,5 This work
pBBRIMCS-5::PgspD::rfp NGR234 PgspD::rfp promoter fusion in pBBRIMCS-5 This work
pBBRIMCS-5:PdlhR:rfp NGR234 PdlhR::rfp promoter fusion in pBBRIMCS-5 This work
pBBRIMCS-5::PgsdR I::rfp NGR234 PgsdR 1:rfp promoter fusion in pBBRIMCS-5 This work
pBBRIMCS-5::PvirBurfp NGR234 pNGR234b vir gene cluster promoter fusion in pBBRIMCS-5 This work

@ Asterisks indicate constructs that were made in pBBRIMCS-2 and pBBRIMCS-5.
v MCS, multiple cloning site.

from binding DNA and thereby creating a negative feedback loop.
Due to a strong affinity of TraM for TraR, already-existing DNA
binding events also can be disrupted by the TraM-TraR interac-
tion (4, 16, 18-20).

By analyzing the quorum-quenching (QQ) potential of NGR234,
we uncovered at least five loci that were involved in the hydrolysis
of AI-I molecules in NGR234. Our experimental data suggested
that out of the five QQ proteins, DIhR, QsdR1, and QsdR2 resem-
ble lactonases (21). Therefore, the presence of at least five loci
involved in AI degradation suggests a complex regulatory circuit
in NGR234 that strictly controls the internal Al concentration.
Interestingly, RNA sequencing (RNA-seq) data from our labora-
tory suggested an Al-independent regulation of these QQ genes
(44).

In the current report, we have addressed to what extent
NGR234 shows phenotypic heterogeneity with respect to the ex-
pression of selected AI- and non-Al-controlled genes in labora-
tory cultures and if data obtained in laboratory experiments con-
cur with data from plant rhizospheres. We provide the first
evidence that the expression of the two NGR234 Al synthase genes
is highly heterogeneous in laboratory cultures within isogenic
populations. Further, our data suggest that the absence of either

TABLE 2 Primers synthesized in this study

one of the AT molecules, the presence of plant-derived octopine,
or other not-yet-identified plant-derived compounds affect
NGR234’s phenotypic heterogeneity of tral and ngrl promoter
fusions. We further provide evidence that NGR234 transcribes
genes other than the tral and ngrl genes heterogeneously, suggest-
ing that additional signaling molecules are involved in the regula-
tion of NGR234’s phenotypic heterogeneity.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacterial strains and
plasmids used in this study are listed in Table 1. NGR234, if not otherwise
stated, was cultivated at 30°C in TY medium (0.5% tryptone, 0.3% yeast
extract, and 5 mM CaCl,) supplemented with rifampin (25 pg/ml). Esch-
erichia coli strains were cultured at 37°C in LB medium (1% NaCl, 1%
tryptone, 0.5% yeast extract) with the appropriate antibiotics. NGR234
carrying pBBRIMCS-5 was cultivated in the presence of gentamicin (30
pg/ml); NGR234 carrying pPBBRIMCS-2 was cultivated in the presence of
kanamycin (25 pg/ml). E. coli cultures were supplemented with ampicillin
(75 to 100 pg/ml), gentamicin (10 pg/ml), or kanamycin (25 pg/ml),
depending on the difterent vectors.

Molecular methods. Cloning of the various promoter fusions was
performed according to standard techniques (25). Primers used are listed
in Table 2. Promoter fusions and genes that were synthesized are listed in

Oligonucleotide Sequence (5'-3")" Size (bp) Promoter region used for PCR
Pngrl_Xbal_for GTGGATcTagaATCTGAGCGCGA 23 Al synthase ngrl
Pngrl_EcoRI_rev CATCgaattcGTTTTTGCGCGATGC 25

Prom_b10240_fw aaaatctaga AACCAGGGGATCAATCGTTT 31 PNGR234b virB cluster
Prom_b10240_rv 2aaagaattcGGAGAAAGTCCCCGCGAG 28

PdlhR_Xbal_for GTCCTtctagaGGCGATTACTGCATG 26 QQ gene dihR
PdlhR_EcoRI_rev CATGGCAAGGAgaattcGGGAACCT 25

PgsdR1_Xbal_for CGCGAAACCtctagaCAGGATCAAC 25 QQ gene gsdR1
PgsdR1_BamHI_rev CTGCATggatccTGATGCGCTC 22

“ Lowercase and underlined letters indicate restriction sites.
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Table S1 in the supplemental material and were purchased from Eurofins
MWG GmbH (Ebersberg, Germany). Plasmid transformation in E. coli
was done by following standard heat shock protocols (25). NGR234 was
manipulated using diparental conjugation by following standard proto-
cols (16, 25). For the live/dead staining, we incubated the cells for 10 min
with 5 pM propidium iodide at room temperature and verified the num-
ber of red fluorescing cells.

Single-cell fluorescence microscopic analyses in laboratory cul-
tures. For the analyses of phenotypic heterogeneity on the single-cell level,
cultures generally were grown in 20 ml TY medium supplemented with
gentamicin (30 pg/ml) in 100-ml flasks under aerobic conditions at 30°C
on a rotary shaker (200 rpm). Cultures were inoculated to a starting op-
tical density at 600 nm (ODy,) of 0.1. One-ml samples were drawn at the
indicated time points and prepared for microscopic analysis. Throughout
the experiments, the optical densities of the different cultures were re-
corded. For the chemical complementation, 50 pM 3-oxo0-Cg-HSL (Sig-
ma-Aldrich, Heidelberg, Germany) was added to the growing cultures
after 24 h, and cells were analyzed after 48 h. The phase-contrast and
fluorescence images were recorded using a Zeiss AxioCam microscope
with an MRm camera mounted on the fluorescence microscope (Zeiss
Axio Imager.M2; Carl Zeiss AG, Oberkochen, Germany) equipped with
25X, 40X, 63X, and 100X lenses. For fluorescence imaging, the micro-
scope was equipped with filter BP546/12 (red), the emission filter 605/75
(red), and a Zeiss Illuminator HXP 120 C. Phase-contrast and fluores-
cence images were obtained from the same area and matched using Axio-
Vision (release 4.8). The fluorescence phenotypes of single cells were re-
corded by evaluating, in general, a minimum of 500 to 700 cells per
biological sample. For each time point, at least three independent samples
were analyzed by using the image analysis program Image] (version 1.48k;
National Institutes of Health, USA [http://imagej.nih.gov/ij]) and by
manually inspecting the obtained images.

To further verify the obtained fluorescence data and to get full quan-
titative fluorescence intensities, phase-contrast images of selected Pngrl
experiments have been segmented. PrgrI cells were analyzed by using the
MSER software (26). Absolute intensities of individual cells were obtained
by integrating the fluorescence signals within the cell segmentation
boundaries. Images of control cells were used to determine the level of
autofluorescence allowing a classification of cells into positive or negative
fluorescence signals.

Mathematic modeling. To test the obtained data for homogeneity/
heterogeneity, we independently fitted one gamma distribution at se-
lected time points using maximum-likelihood estimation and a finite
mixed model with two gamma distributions, describing the mixture of
two homogeneous subpopulations. Our basic modeling assumption was
that gene expression in a homogeneous population would be well de-
scribed by a gamma distribution but not in a heterogeneous population
(27, 28). For the mixture model, an adapted version of the expectation-
maximization (EM) algorithm published by Benaglia et al. (29) has been
used.

Rhizosphere colonization experiments. Rhizosphere colonization
tests were accomplished with Arabidopsis thaliana (ecotype Columbia-0).
A. thaliana is not a host for NGR234. For root colonization experiments,
A. thaliana seeds were surface sterilized for 20 min in 2% (wt/vol) NaCIO
and finally washed 5 times with sterile H,Oy;4;,. Water was completely
removed, and the bacterial suspension (ODg, 0.7) was added to cover
the seed. After 5 min, seeds were placed under sterile conditions on a
square plate. After stratification for 2 days at 8°C in the dark, seedlings
were grown under long-day conditions (16 h of light at 80 pE) at 22°C for
4 days on plates with half-strength Murashige-Skoog media (30) and 1.5%
(wt/vol) sucrose solidified with 0.4% (wt/vol) gelrite. Colocalizations of
A. thaliana and NGR234 bacterial strains were visualized with a Leica SP5
confocal laser scanning microscope (Leica, Wetzlar, Germany) or a Zeiss
Axio Imager 2 fluorescence microscope (Zeiss, Jena, Germany). Red flu-
orescent protein (RFP) fluorescence was detected at an excitation wave-
length of 543 nm and an emission wavelength of 570 to 600 nm.
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Plant root exudates. For experiments in which we used Vigna unguic-
ulata exudates, beans were surface sterilized for 20 min in 0.12% (wt/vol)
NaClO and washed 5 times in sterile H,Oy,4;s. To detect contaminated
seeds, infected with surviving bacteria, sterilized beans were placed on
0.5X TY agar (lacking CaCl,) and germinated for 2 days at 30°C in the
dark. Subsequently, beans showing no contaminations were transferred
into 190 ml sterile plastic pots (Greiner Bio-one, Frickenhausen, Ger-
many) filled with 30 ml sterile glass beads (diameter, 2.85 to 3.45 mm; Carl
Roth GmbH, Karlsruhe, Germany) and 5 ml sterile 0.25X Hoagland so-
lution (31). After 8 days of growth, the Hoagland solution was sterile
filtered and used as the aqueous extract. Additionally, the roots of up to 8
V. unguiculata plants were cut off, transferred into 15 ml methanol, and
incubated on a rotary shaker for 4 days for the extraction of methanolic
root extracts.

RESULTS

Promoter gene construction, evaluation of phenotypic hetero-
geneity, and image analyses. To test if NGR234 shows a hetero-
geneous behavior with respect to the expression of QS-, QQ-, and
secretion-dependent genes on a single-cell level, we constructed a
series of promoter fusions employing the red fluorescent protein
(DsRed2; designated rfp in fusion constructs) (32). Since this pro-
tein had already been used successfully in laboratory and rhizo-
sphere studies with Rhizobium (33) and in other prokaryotic sys-
tems (34), we chose DsRed2 as a marker protein. The generated
plasmids were verified by sequencing and are listed together with
the bacterial strains in Table 1. All constructs were inserted into
the broad-host-range vector pBBRIMCS-2 for experiments
with the NGR234 deletion mutants or pPBBRIMCS-5 for experi-
ments with the NGR234 wild-type strain (24) and mobilized via
conjugation into NGR234. NGR234 grew in TY medium at 30°C
with doubling times of 3 to 4 h and reached its stationary growth
phase after 28 to 32 h. Aliquots of the cultures were transferred on
glass slides, and phase-contrast as well as fluorescence images were
taken.

For the initial setup of our system, we used the promoter of the
constitutively expressed NGR234 rpoD gene, encoding the
sigma70 transcription factor, to verify the level of expression by
image analysis. Since rpoD belongs to the genes that are most
strongly expressed in NGR234, we chose this gene as a positive
control. As expected, cells carrying the PrpoD::rfp fusion did not
show significant levels of phenotypic heterogeneity during expo-
nential and stationary growth (Fig. 1A). Only cultures that were
freshly inoculated (5 h) showed low levels of heterogeneity
(<5%), which we interpreted as cells that contained high levels of
not-fully-matured RFP (32). REP is known to require significant
maturation times (32). Although virtually all cells expressed the
RFP protein, a more detailed image analysis suggested that ap-
proximately 5.7% % 2.3% of the cells showed a less intense fluo-
rescence (Fig. 1B). Further, we verified that the cell counts were
not affected by large numbers of dead cells. We estimated the
number ofliving versus dead cells by employing propidium iodide
staining of an NGR234 wild-type culture. It appeared that in ex-
ponential- and stationary-growth-phase cultures with an age of
up to 72 h, less than 2% of dead cells were observed (data not
shown).

tral and ngrl gene expression in cultures is heterogeneous on
a single-cell level. Since recent publications reported on the het-
erogeneous expression of Al synthase genes in different organisms
(7, 8, 10, 11), we were interested in learning if NGR234 shows
phenotypic heterogeneity with respect to its own Al synthase
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FIG 1 Analysis of gene expression of individual NGR234 cells carrying a PrpoD::rfp promoter fusion in the vector pBBRIMCS-5. (A) Percentage of cells
expressing the marker genes versus nonexpressing cells. Bacteria were grown in 20-ml batch cultures in TY medium. Gray bars, percentage of cells for which no
fluorescence was observed; red bars, percentage of cells showing red fluorescence. Samples were taken after 5, 24, and 48 h (gray arrows). Data are mean values
from at least 500 cells for each time point and from three independent biological samples. Bars indicate the simple standard deviations. The upper line represents
the corresponding growth curve. (B) Microscopic images of NGR234 cells carrying the promoter fusions as described for panel A. Visualization was performed
using a Zeiss Axio Imager 2 fluorescence microscope (Zeiss, Jena, Germany). Images were obtained with a Zeiss LD Achroplan 100X/1.3-numeric-aperture oil
objective. Phase-contrast and fluorescence images were obtained from the same area and matched using AxioVision (release 4.8).

genes (tral and ngrl) during growth in complex medium under
laboratory conditions. Using Ptral::rfp and Pngrl:rfp promoter
fusions (Table 1), we assayed the number of cells expressing the
reporter gene versus those cells that showed no red fluorescence.
tral gene expression in the NGR234 parent strain was lowest dur-
ing the mid- to late-exponential-growth phase. Here, 69.6% =
10.3% of all cells showed no fluorescence (tral-OFF), while
30.4% =* 10.3% of the cells showed weak or strong fluorescence
(tral-ON). As expected during stationary growth phase, almost
74.1% = 9.1% ofall cells expressed the tral promoter fusion (Fig. 2A).
The relatively high expression of tral at 5 h after inoculation could be
explained by cells being transferred from the preculture that had al-
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ready entered stationary phase. Tests in which we inoculated cultures
with cells from the exponential growth phase confirmed this hypoth-
esis (data not shown). The levels of heterogeneity were similar for the
ngrl promoter fusion. In stationary growth phase, the majority
(84.4% == 2.5%) of cells was in an ngrI-ON mode, while during ex-
ponential growth phase the majority of cells (60.5% = 12.6%) was in
an ngrl-OFF mode (Fig. 2B).

To verify the data described above and the presence of two
stable subpopulations, we used mathematic modeling for the
Pngrl reporter fusion as outlined in Materials and Methods. When
we compared a homogeneous population to the mixture of two
homogeneous populations described by a finite mixture model
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FIG 2 Phenotypic heterogeneity of NGR234 cells carrying the Ptral::rfp tusion
(A) and the Pngrl::rfp fusion (B). The percentage of cells expressing the marker 0+ —
genes versus nonexpressing cells is shown. Bacteria were grown in 20-ml batch 5 24 43
time [h]

cultures in TY medium. Gray bars, percentage of cells for which no fluores-
cence was observed; red bars, percentage of cells showing red fluorescence.
Samples were taken after 5, 24, and 48 h (gray arrows). Data are mean values
from at least 500 cells for each time point and from three independent biolog-
ical samples. Bars indicate the simple standard deviations. The upper line
represents the corresponding growth curve.

with two gamma distributions, we were able to verify the presence
of two distinct subpopulations for the Pugrl reporter strain at the
24-h value but not at the 48-h value. This finding fits well with the
observation made above (Fig. 2) and clearly suggests that distinct
subpopulations have been formed.

Phenotypic heterogeneity is not restricted to Al synthase
genes in NGR234. Since the Al synthase genes tral and ngrl were
expressed heterogeneously in laboratory cultures on a single-cell
level, we wanted to know if other genes, such as QQ and secretion-
related genes, likewise were heterogeneous in their expression
profiles. For this purpose we first chose two QQ genes, dlhR and
gsdR1. Both genes encode lactonases in NGR234, and we have
previously shown that they are involved in Al degradation (21).
RNA-seq data and previous studies in our laboratory suggested
that these genes are expressed independently of the presence of Als
(21,44). Interestingly, the expression levels of both QQ genes were
highly heterogeneous in fresh and 48-h-old cultures on a single-
cell level. Phenotypic heterogeneity was lowest in exponentially
growing cultures (Fig. 3). Under these conditions, less than 10% of
the cells were in an ON mode. This was similar for both dlhR and
qsdR1 of the reporter strain.

Second, we conducted tests employing secretion-related pro-
moter fusions. Experiments with NGR234 cells harboring
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FIG 3 Fluorescence and heterogeneity analyses of the two QQ genes dlkR and
gsdR1 during growth in laboratory cultures. NGR234 cells carrying the PdlhR::
rfp (A) and PgsdR 1::rfp (B) reporter constructs. Data indicate the percentage of
cells expressing the marker genes versus nonexpressing cells. Bacteria were
grown in 20-ml batch cultures in TY medium. Samples were taken after 5, 24,
and 48 h. Gray bars, percentage of cells for which no fluorescence was ob-
served; red bars, percentage of cells showing red fluorescence. Data are mean
values from at least 500 cells for each time point and from three independent
biological samples. Bars indicate the simple standard deviations.

pBBRIMCS-5 with the inserted PgspD::rfp fusion suggested that
this gene also is heterogeneously expressed during growth in lab-
oratory cultures. gspD is the first gene of the gsp (general secretion
pathway, type II) gene cluster in NGR234, and previous studies
indicated that this gene is regulated in a QS-dependent manner
(44). For the gspD promoter fusion, the highest levels of pheno-
typic heterogeneity were observed during the exponential growth
phase. After 24 h of growth in TY medium, 26.6% =+ 2.4% of cells
showed rfp expression, and 73.4% =+ 2.4% of all cells were in a
gspD-OFF mode. However, during stationary growth phase (48
h), the majority of cells (97.6% = 0.6%) expressed the rfp gene at
high levels.

Further tests using a virB (PvirBurfp) promoter fusion pro-
duced a similar result. The genome of NGR234 encodes two pos-
sible conjugative pili (type 4 secretion system [T4SS]); one is lo-
cated on the symbiotic plasmid pNGR234a and is regulated within
the tral/R regulon. The second one is on the megaplasmid
pNGR234b. To test whether the pNGR234b-borne T4SS pilus is
hetero- or homogeneously expressed on a single-cell level, we
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FIG 4 Relative fluorescence of NGR234 carrying Ptral::rfp and the Pngrl::rfp constructs during growth in TY medium in batch cultures. (A) NGR234 after 48 h
of incubation without supplements and in the wild-type background; (B) wild-type NGR234 cells carrying the same constructs but treated with 0.05 pM
3-0x0-Cy-HSL; (C) NGR234 wild type treated with 50 WM 3-o0x0-Cy-HSL; and (D) NGR234-Atral and NGR234-Angrl mutants carrying the Piral::rfp and the
Pugrlz:rfp constructs. Gray bars, percentage of cells for which no fluorescence was observed; red bars, percentage of cells showing red fluorescence. Data are mean
values from at least 500 cells for each time point and from three independent biological samples. Bars indicate the simple standard deviations.

chose the promoter region in front of the first gene (NGR_b10240,
hypothetical protein) of the T4SS operon. NGR_b10240 and the
T4SS cluster most likely are regulated in an Al-independent man-
ner and are transcribed from a single promoter located in the 5
direction of NGR_b10240 (44). During growth in TY medium,
almost equal amounts of cells were in a virB-ON and a virB-OFF
mode in the exponential growth phase. However, in stationary
growth phase, almost all cells were in a virB-ON mode.

Together, these results indicated that heterogeneous gene ex-
pression on the single-cell level not only is restricted to the tral and
ngrl genes but also is of relevance for genes linked to other regu-
latory circuits in NGR234. The data further suggest that not-yet-
known growth-phase-dependent factors have a strong impact on
heterogeneous expression patterns in NGR234 populations in lab-
oratory cultures.

Dose-dependent influence of AHLs on Al synthases. Earlier
reports documented the influence of Als on the phenotypic het-
erogeneity of different bacteria (7, 8, 10). To verify that NGR234’s
phenotypic heterogeneity also depends to some extent on the
presence of different AHL concentrations, we added 3-oxo-Cg-
HSL to liquid laboratory cultures. 3-Oxo-Cgy-HSL was chosen be-
cause it is synthesized by NGR234 Tral (16). In cultures that were
supplemented with 0.05 wM 3-o0x0-C4-HSL, a 2-fold increase in
nonfluorescing cells was observed for the Ptral::rfp and Pngrlz:rfp
fusions. Since the standard deviations in both tests were rather
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high, the increase was not significant on a single-cell level (P <
0.05) (Fig. 4A and B). However, the addition of 50 p.M 3-0x0-Cg-
HSL clearly resulted in a significantly decreased heterogeneity
within the rhizobial population (Fig. 4C). Under these conditions,
93.1% = 5.9% of the cells expressed the Ptral::rfp promoter fu-
sion, and 98.4% = 1.0% of the ngrl-expressing cells were in the
ON mode. Controls treated with equal amounts of ethyl acetate,
which had been used as a solvent for the AHLs, showed the same
levels of phenotypic heterogeneity as those observed for non-
treated cells (data not shown). For reasons of control, we repeated
this experiment but dissolved the AHLs in dimethyl sulfoxide
(DMSO). In these tests, only minor differences with respect to the
heterogeneity were observed. After 48 h of growth with 3-oxo0-Cs-
HSL in DMSO, 97.9% = 1.2% of the cells expressed the Ptral::rfp
promoter fusion and 99.6% * 0.2% of the cells were in an
ngrl-ON mode. Consequently, the data obtained in these control
tests indicated that the observed phenotypes were a result of the
added AHLs and not caused by the utilized solvent.

Interestingly, tests in which we assayed the phenotypic hetero-
geneity in the background of NGR234-Atral and NGR234-Angrl
mutants suggested that the complete absence of the respective Al
signal strongly affected phenotypic heterogeneity. In 48-h cul-
tures, the Ptral::rfp fusion in the background of the NGR234-
Atral mutant did not show significant levels of heterogeneity. In
fact, 99.8% = 0.2% of the counted cells were in a tral-ON mode,
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FIG 5 Ptral:rfp and Pngrl:rfp gene expression of NGR234 cells in proximity
of A. thaliana root hairs. (A) NGR234 carrying the Ptral::rfp fusion and (B)
NGR234 carrying the Pngrl::rfp fusion. The images show representative 3-day-
old sections of root hairs. The developing seedling was treated with approxi-
mately 2 X 10° cells/ml 24 h prior to the analysis. The images on the left show
light microscopic pictures, and images on the right give an overlay of the
fluorescence and the light microscopy image. The phase-contrast and fluores-
cence images were recorded using a Zeiss AxioCam microscope with an MRm
camera mounted on the fluorescence microscope (Zeiss Axio Imager M2).
Images were recorded at X 100 magnification. Cells that were not growing in
proximity of the A. thaliana roots showed normal levels of phenotypic heter-
ogeneity (see Fig. S2B in the supplemental material).

and only 0.2% = 0.2% did not express the Ptral::rfp fusion. Sim-
ilar data were obtained for the Pngrl::rfp fusion in the NGR234-
AngrI mutant background (Fig. 4D), where the lack of Al led to an
almost homogenous expression of the Pngrl::rfp fusion. In addi-
tional tests, we tried to chemically complement the NGR234-
Atral and the NGR234-Angrl mutants by adding 50 wM 3-oxo-
Cy-HSL. In these tests, we observed for the NGR234-Atral mutant
90.3% = 4.0% of cells in the tral-ON mode and 9.7% =* 4.0% in
the tral-OFF mode. In the case of the NGR234-Angrl mutant
strain, 92.0% * 1.4% of cells were in an ngrl-ON mode and
8.0% = 1.4% in an ngrl-OFF mode. As a further control, we used
the PdIhR:rfp reporter fusion. It was heterogeneously expressed,
and this phenotypic heterogeneity was not affected by the addition
of 50 M 3-0x0-Cg-HSL (see Fig. S1 in the supplemental mate-
rial). Together, data obtained for Al synthase promoter fusions
expressed in the NGR234 wild type as well as in NGR234 mutant
strains suggested that the concentration of the Al molecules has a
strong impact on the level of phenotypic heterogeneity on a single-
cell level.

Plant-released molecules affect phenotypic heterogeneity in
NGR234. Since NGR234 lives in the rhizosphere and grows in a close
symbiotic association with numerous legume host plants, we hypoth-
esized that plant signal molecules modulate NGR234’s phenotypic
heterogeneity. To test this hypothesis, we incubated NGR234 carry-
ing the Ptral and Pngrl reporter fusions together with A. thaliana,
which is a nonlegume; thus, it is not a host of NGR234. Interestingly,
image analyses of NGR234 cells that had been grown in the presence
of the developing seedlings indicated a very homogenous expression
of the Al synthases (Fig. 5). Almost all cells (>90%) attached to the A.
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thaliana roots, or cells within a distance of 1 to 2 wm were in an ON
mode (Fig. 5), suggesting that unidentified plant-derived molecules
influence tral and ngrl expression levels. Therefore, A. thalianawas an
ideal model, because we observed almost no red autofluorescence
that interfered with our promoter fusions (Fig. 5; also see Fig. S2A in
the supplemental material).

To further support our findings, we examined the influence of
plant root exudates on NGR234’s heterogeneity in laboratory cul-
tures. Therefore, we treated NGR234 cells with water-soluble root
exudates derived from V. unguiculata seedlings and analyzed the
expression of the Ptral::rfp and Pngrl::rfp promoter fusions in cul-
tures that reached the stationary growth phase (48 h). The legume
V. unguiculata is a natural host of NGR234 and was the subject of
many symbiotic interaction studies between plants and NGR234
(15). Interestingly, the addition of the exudates resulted in a sig-
nificantly reduced heterogeneity for both promoter fusions (Fig.
6). While in the absence of root exudates about 25.9% =+ 9.1% of
the cells carrying the Ptral::rfp fusion were in an OFF mode (Fig.
6A), the addition of root exudates decreased this value to less than
3%. Similarly, NGR234 carrying the Pngrl:rfp promoter fusion
showed less than 3% of OFF mode cells after incubation in the
presence of the root exudates as well (Fig. 6B).

The plant-derived molecule octopine affects phenotypic het-
erogeneity of Al synthase and QQ genes in NGR234. Unpub-
lished RNA-seq data from our laboratory using NGR234 cells in-
dicated a link between the rhizopine metabolism, which is an
octopine derivative synthesized by rhizobia, and QS. Thus, we
speculated that octopines could modulate phenotypic heteroge-
neity. Within this framework, it is noteworthy that octopine al-
ready has been linked to QS signal pathways in A. tumefaciens (35).
To test our hypothesis, we added 50 pM octopine (Chemos
GmbH, Regenstauf, Germany) to growing cultures of NGR234
carrying the PdlhR::rfp and PgsdR1I:rfp fusions. While in the ab-
sence of octopine almost equal cell numbers were in an ON versus
OFF mode, the addition of 50 wM octopine resulted in a strong
increase of the fraction of dlhR-OFF cells (81.2% = 8.2%), while
18.8% = 8.2% of all cells remained in a dIhR-ON mode (Fig. 7).
Further, the addition of 0.05 M octopine already resulted in an
altered ratio of cells in the ON versus OFF mode, albeit not as
obvious (data not shown). The effects observed for the PgsdRI
promoter fusion were similar but not as pronounced (Fig. 7). For
the Ptral and Pngrl promoter fusions, the added octopine had a
contrary effect on the observed phenotypic heterogeneity. The
addition of 50 pM octopine resulted in the observation of
97.7% = 1.2% tral-ON cells and at least 95.0% = 1.5% ngrl-ON
cells. In summary, these data support the concept that plant-re-
leased compounds can modulate the level of phenotypic hetero-
geneity in NGR234.

DISCUSSION

Bacterial phenotypic heterogeneity is an essential parameter for
the persistence and survival of bacterial populations in nature (12,
13). This phenomenon has been studied widely in a number of
model organisms, such as Bacillus subtilis (36, 37), E. coli (38—40),
L. monocytogenes (9), and V. harveyi (7, 8, 10, 41). In light of these
reports, we wanted to know if Gram-negative rhizobacteria also
show heterogeneity during the expression of Al-dependent and
Al-independent genes.

Therefore, we have investigated the phenotypic heterogeneity
of the broad-host-range and nitrogen-fixing symbiont NGR234.
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FIG 6 Fluorescence and heterogeneity analyses of NGR234 cells carrying Ptral::rfp and Pngrl:rfp treated with water-soluble root exudate. Bacteria were grown
in 20-ml batch cultures in TY medium. Samples were analyzed after 48 h, and root exudate of V. unguiculata seedlings, dissolved in Hoagland solution, was added
after 24 h. Gray bars, percentage of cells for which no fluorescence was observed; red bars, percentage of cells showing red fluorescence. Data are mean values from
at least 500 cells for each time point and three independent biological samples. Bars indicate the simple standard deviations.

We have chosen NGR234, because this microbe is unique in the
sense that its genome carries not only two distinct Al synthase
genes (17) but also a remarkable number of genes involved in the
quenching of the produced Al signaling molecules (21).

In the current study, we observed that NGR234 revealed dif-
ferent levels of phenotypic heterogeneity in the presence of vari-
ous Al concentrations and with respect to the expression of its Al
synthase genes tral and ngrl during growth in laboratory cultures
(Fig. 2 and 3). The heterogeneity of tral and ngrl was significantly
decreased when we added high concentrations of synthesized Al
(50 pM 3-0x0-Cg-HSL) or in the background of the two Al dele-
tion mutants (Fig. 4). Heterogeneity of both Al synthases was high
within the cell population in the background of the nontreated
NGR234 cells or if only small amounts (0.05 pM) of Al were
added. These findings support the notion that NGR234 can dis-
tinguish between very high and very low concentrations of specific
Al molecules, and it suggests that phenotypic heterogeneity is a
well-controlled process that depends on a more or less defined
concentration range of the AI molecules. In this respect, our data
are in line with earlier reports on the QS-dependent expression of
phenotypic heterogeneity in other microbes, such as V. harveyi (7,
8, 41) and L. monocytogenes (9). Possible candidate sensor pro-
teins or regulators in NGR234 that are involved in intracellular Al
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measurements are TraR, NgrR, and any of the other four identi-
fied individual LuxR proteins encoded by the bacterial genome.
Further data from this study indicated that not only the rral
and ngrl genes but also genes linked to the degradation of QS
signals (i.e., the QQ genes dlhR and gsdR1) and genes linked to the
buildup of secretion apparatuses (gspD and virB) are subject to
heterogeneous expression. Our recent RNA-seq data indicate that
the two QQ genes and the virB cluster encoded on pPNGR234b are
transcribed in an Al-independent manner and the gspD gene in an
Al-dependent manner (44). This observation is interesting, since
it implies that the heterogeneous regulation of genes is a more
common phenomenon in NGR234 and does not depend only on
the presence of Al This hypothesis is in part supported by obser-
vations made for Al-dependent gene expression in V. harveyi (8).
However, the observation that NGR_b10240, dlhR, and qsdR 1 ex-
pression is heterogeneous suggests a major difference from the V.
harveyi gene expression patterns of Al-independent gene regula-
tion. In V. harveyi, it is postulated that Al-independent genes ba-
sically are expressed in a homogeneous manner (8). Thus, our
findings suggest that factors other than Al-I control heterogeneity
in NGR234. In light of this hypothesis, we observed that the het-
erogeneous expression of the tral and ngrl genes was affected by
the presence of plant root exudates (Fig. 5 and 6). The addition of
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FIG 7 Fluorescence and heterogeneity analyses of the two QQ genes dIhR and gsdR1 and the Al synthase genes tral and ngrl in response to added octopine.
NGR234 cells carrying the different reporter constructs were treated with water (A) and with 50 wM octopine (B). Data indicate percentages of cells expressing
the marker genes versus nonexpressing cells. Bacteria were grown in 20-ml batch cultures in TY medium. Samples were analyzed after 48 h. Gray bars, percentage
of cells for which no fluorescence was observed; red bars, percentage of cells showing red fluorescence. Data are mean values from at least 500 cells for each time
point and from three independent biological samples. Bars indicate the simple standard deviations.

small amounts of either water-soluble or methanol-extracted root
exudates (data not shown) strongly altered the expression profile
of both the tral and the ngrl genes and induced highly homoge-
neous expression (Fig. 6). Virtually the same effect was observed
when NGR234 was grown in direct contact with developing seed-
lings of A. thaliana (Fig. 5). This finding implies that the plant is
able to control phenotypic heterogeneity by the release of natural
compounds that affect gene expression in a way that does not
allow heterogeneity. Since A. thaliana is not a host of NGR234, we
further speculate that this is a general effect independent from the
host plant and that it is a result of general compound releases of
developing roots.

Within this framework, we further provide evidence that octo-
pine plays a role as a modulator of phenotypic heterogeneity in
NGR234. Although legumes are not reported to produce opines
per se within the root nodules, several rhizobial isolates are known
to synthesize rhizopines, and it is generally accepted that these
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rhizopines are released to feed the free-living rhizobia in the rhizo-
sphere (42). Surprisingly, adding 50 pM plant-released octopine
resulted in homogenous tral, ngrl, and dIhR expression. This is a
novel finding that further supports the notion that plant-released
compounds have influence on phenotypic heterogeneity in
NGR234. Within this framework it is noteworthy that octopine is
well known for its regulatory role on conjugation genes in octo-
pine-mannityl opine-type Ti plasmids (35). Furthermore, it was
recently demonstrated that opines provide cooperative A. tume-
faciens cells within groups a fitness advantage over saprophytic
agrobacteria (43).

In summary, results from this study have different implica-
tions. First, the observation that NGR234 expresses several of its
Al-independent genes heterogeneously suggests that phenotypic
heterogeneity is a more general mechanism to control gene ex-
pression in this microbe. It also implies a more complex regula-
tory network and the involvement of other not-yet-identified sig-
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naling molecules. Second, the observation that plant-released
compounds reduce phenotypic heterogeneity indicates that plants
have evolved mechanisms to control bacterial gene expression on
a population level and override the Al signal. This mechanism
may be a key to successful rhizosphere colonization and, with
respect to the observed role of octopine, it suggests a broader role
of this molecule as a common good.
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ABSTRACT

Almost 30 years ago it was shown that plant-released flavonoids induce nodulation
(nod) genes in the alphaproteobacteria commonly called rhizobia. The corresponding Nod
proteins produce Nod factors also referred to as chito-lipo-oligosaccharides. Nod factors
are responsible for root hair curling as one of the primary responses during the onset of
root nodule development. This signal exchange is believed to be essential for the initiation
of the nitrogen fixation symbiosis in rhizobia affiliated with the alphaproteobacterial
phylum. Here we provide evidence that in the broad host range strain Sinorhizobium fredii
NGR234 the complete lack of autoinducer molecules results in an elevated copy number of
its symbiotic plasmid pNGR234a and an up to 40-fold increased transcription of all
symbiotic genes on this replicon. Thereby nod gene transcription is at levels high enough
to allow Nod factor production and root hair curling in the absence of plant-released
flavonoids. From an evolutionary point of view this feature appears to be common to
broad host range strains as it is linked to a highly conserved intergenic region of 803 bp
between the tral and repA genes of repABC type plasmids and the occurrence of two
novel, previously not identified, open reading frames, designated repX and repAO0. This
observation implies that quorum sensing regulation attenuates the response to plant-
released flavonoids and it suggests that on a single cell level, when quorum sensing signals
are not yet available, infection can be successful even in the absence of plant-released

flavonoids.
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INTRODUCTION

The rhizobium—legume symbiosis is considered to be one of the best-studied model
systems of mutualistic interactions between eukaryotic hosts and the alpha- and
betaproteobacteria that are commonly called ‘rhizobia’. The symbiosis is initiated by a signal
exchange between the legume plant and the microbe that ideally results in the production
of nitrogen-fixing plant root nodules'>. The infection depends in part on the release of plant-
produced specific nod gene-inducing flavonoids®>*®. These polyphenolic compounds are
perceived by bacterial sensors, i.e. NodD proteins that themselves induce expression of
genes responsible for the synthesis of lipo-chito-oligo-saccharidic Nod factors. The Nod
factors trigger the nodulation pathway in susceptible legumes. Then, the rhizobia enter the
root tissue through infection threads in the root hairs, find their way into the cortex,
multiply and colonize the intracellular spaces in root nodules®’. While most rhizobia and
closely related species are known to establish a symbiosis with a rather small number of
plant legume genera some rhizobia have evolved mechanisms that allow them to nodulate a
larger variety of legume plants. These strains have been designated ‘broad host range’
strains and they are promiscuous with respect to the selection of their host plantss.
Sinorhizobium fredii NGR234 (hereafter NGR234) is well known for its exceptional wide host
range. It nodulates more than 120 different genera of legumes and the non-legume
Parasponia andersonii®”®.

The NGR234 tripartite 6.9 Mbp genome encodes for two distinct quorum sensing (QS)
systems that regulate the expression of genes involved in the cell envelope biosynthesis,
motility, cofactor metabolism and secretion related genes in this bacterium®®. One of the
autoinducer (Al) synthases is designated tral and the second gene is designated ngrl. Tral
synthesizes an N-(3-oxooctanoyl-)L.-homoserine lactone (3-oxo-C8-HSL) and ngrl encodes for
a synthase most likely producing an N-(3-oxododecanoly-)L-homoserine lactone. Ngrl is
encoded on the bacterial chromosome together with its cognate receptor NgrR and Tral is
encoded on the 0.54 Mbp symbiotic replicon pNGR234alo‘12. pNGR234q is a repABC type
plasmid similar to the Agrobacterium tumefaciens Ti plasmid and many of the known

rhizobial symbiotic plasmid513'14.

These plasmids are exclusively found within the
alphaproteobacteria-clade. The NGR234 tral gene is part of a conserved cluster that shares a

high degree of synteny with the well-studied Ti plasmid of A. tumefaciens”'lz'”. This
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conserved cluster includes the repABC genes, the tral gene as well as other genes involved in
conjugative DNA transfer and plasmid replication.

Due to the obvious synteny between the repABC plasmids harbored in both
microorganisms and the known Al-dependent increase in copy number of the A. tumefaciens
Ti plasmid, we asked if the copy number control of pPNGR234a in NGR234 is regulated in a

similar way as it has been published for A. tumefaciens™*°.
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RESULTS AND DISCUSSION
Analysis of the tral-repA region indicates significant differences between A. tumefaciens

and known S. fredii broad host range strains.

The pNGR234a replicon belongs to the repABC-type plasmids. There is a high degree of
synteny with respect to the overall organization of the region encoding the tral and the
repABC genes with A. tumefaciens and many other repABC-type plasmids. Since it is well-
known that in A. tumefaciens the repABC copy number is increased in the presence of 3-oxo-
C8-HSL, we wondered, if in NGR234 a similar effect on the copy number could be observed
and if any of the above identified proteins would influence this regulatory circuit. To address
these questions, we analysed the copy number of the pNGR234a symbiotic plasmid using
gPCRs in the background of the parent strain and in the background of various recently
constructed Al synthase mutants'®. In addition, we constructed a traR and a traM mutant as
outlined in the material and methods section. The deletion mutants were all verified by PCR
analyses and sequencing of the complete genome using Miseq technology generating 4-5.5
million reads for each mutant.

Analogous to the observations made for A. tumefaciens, the copy number of pNGR234a
increased in response to the addition of micro molar concentrations of exogenous Al. While
the addition of 0.05 and 5 uM Al resulted in a 2.7-3.9 fold higher copy number of pNGR234aq,
the addition of 50 uM Al had no significant impact on the copy number of pPNGR234a in the
parent strain (Table 1). The supplementation with octopine, apigenin or DMSO resulted in a
1.7-3.8-fold increase in copy number. Octopine was used because it is known to increase
copy number of the Ti plasmid in A. tumefaciens'’. Apigenin was used as a nod gene
inducer'®. DMSO was included as a further control because it was used as a solvent for the Al
molecules.

The copy number of pPNGR234a appeared to be slightly increased in the background of a
mutant carrying a single deletion in tral. However, no significant increase in copy number
was observed for mutations in ngrl, traR and traM (Table 1)

Surprisingly, the complete absence of any Al resulted in an elevated copy number of
pNGR234a. In the background of a double deletion mutant NGR234-Atral-Angr! the copy
number of pPNGR234a was increased by a factor of 2.3-2.8 when no Al or apigenin were

added (Table 1). Further, adding Al molecules at either 0.05 uM, 5 uM or 50 uM
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concentration to cultures of NGR234-Atral-Angrl resulted in a dramatic increase in copy
number of up to 11.9-fold (Table 1).

Within this framework it is notably, that In A. tumefaciens the copy number of the Ti
plasmid is upregulated by the introduction of an additional regulator copy of TraR and by the
addition of external Al molecules®. These findings are in line with the results of this study,
where the addition of external Al leads to an increased copy number of about 3-fold. In
addition to the findings in A. tumefaciens, NGR234 shows an increased copy number in total
absence of any AHL-type autoinducer. This finding was unexpected and indicated that
possibly different or additional regulatory elements were involved in copy number control in
pNGR234a compared to the well-characterized A. tumefaciens systems. In A. tumefaciens
the TraR- and QS-dependent expression of the repABC genes has been studied extensively

141519 The repABC genes together with a small non-coding RNA (ncRNA)

over the last decade
(repE/inc-alpha) are responsible for the copy number control of the corresponding
symplasmid. Thereby, increased levels of Al or plant released Nopaline induce an elevated
transcription of the repABC genes resulting in a 5-8-fold increased copy number.
Furthermore, the increased copy number corresponds with a three to fourfold-increase in

15,16,20

tumorigenesis . In addition to the QS-dependent copy number control, phenolic

compounds released by the plants have influence on the copy number via the two

1921 It is notably, that in the A. tumefaciens 363 bp

component regulatory system VirA/VirG
region between tral and repA four distinct promoter sites, two tra boxes for binding of the

regulator TraR and binding sites for VirG and CtrA have been identified**>.

Two novel, previously not detected, ORFs within the tral-repA intergenic region.

In repABC type plasmids the copy number is controlled by repAZZ. Because of the above-
observed variations in copy number we asked, if in NGR234 the repA or flanking genes such
as tral would be different from those of other known repABC plasmids (Figure 1A). A more
detailed analysis of pNGR234a tral-repA intergenic region indicated that the region is twice
as large as observed for A. tumefaciens and most other rhizobial isolates (Figure 1A and
Table 2). We observed that in NGR234 and the two other broad host range strains HH103
and USDA257 an 803 bp long intergenic region separates tral and repA. In A. tumefaciens,

S. meliloti, and R. etli this intergenic region is usually not larger than 376 bp and only in
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R. rhizogenes NBRC13257 a 441 bp intergenic region was observed (Table 2). In NGR234,
USDA257 and HH103 this intergenic region codes for two hitherto not identified genes. We
have designated these genes repX and repA0 (Figure 1A). RepX probably codes for a 51 aa
protein and repAO0 for a 143 aa protein. The analysis of both sequences with PROMALS3D
(http://prodata.swmed.edu/promals3d/promals3d.php) revealed for the longer variant of
repX two B-sheet-regions and one a-helix-region and in case of repA0 two B-sheets and four
a-helices secondary structure regions. No known conserved domains could be detected in
both peptide sequences with the conserved domain search provided by NCBI
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Although both genes have not
been reported in other rhizobial species a detailed analysis of the intergenic region of
A. tumefaciens and others indicated that repX is present in some of the closely related
species but often in a shortened version. RepAO0 could not be identified in other strains
(Figure 1B). Notably, the expression of repA0 on a self replicable plasmid resulted in a 3.3.-
4.1-fold increased copy number of pNGR234a. Overexpression of repX had no influence on

the pNGR234a copy number.

RNA-seq data identify possible regulatory elements involved in copy number control of

pNGR234a.

To further verify that the lack of Al and the increase in copy number of pNGR234a would
have a global effect on the transcription of pPNGR234a we used RNA-seq in the background
of the NGR234-Atral-Angrl double deletion mutant and compared the data to the parent
strain. Transcriptomes of cells that were grown to early stationary growth phase were
analysed. We choose this time point, since our previous data indicated that during the onset
of stationary growth phase many QS-dependent processes were turned on. For the
experiments cells were grown for 48 h to a final ODggg not greater than 9.1 prior to total RNA
extraction (Table S1). For all samples cDNA libraries were constructed and sequenced as
described in material and methods. For each of the treatments three independent biological
experiments were performed and examined by RNA-seq. Protocols for data analyses were
employed as previously published'®. Alignments were established and for each sample a
min. of 0.5-2.2 million cDNA reads could be uniquely mapped to the NGR234 genome

resulting in 3.9-5.2 million uniquely mapped reads per treatment (Table S1).
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In the further analysis of RNA-seq data we considered genes with a fold-change of > 2.0
and an adjusted p-value of < 0.05 as statistically significant and differentially expressed
between two distinct. Only those values that complied with both requirements were used
for subsequent analyses.

The data obtained using RNA-seq surprisingly indicated, that in the double deletion
mutant NGR234-Atral-/Angrl many more genes are differentially regulated than in any of
the previously reported single Al synthase deletion mutants compared to the parent strain.
Altogether more than 1,261 genes were differentially regulated in the double mutant. This
equals almost 20 % of all predicted genes. Of these, the majority was upregulated (75 %) and
regulated through sense transcripts (68 % of all regulated genes). Given the large differences
in size of the three replicons, we observed a rather unequal distribution of the regulated
genes over the three replicons (pNGR243a — 32.43 %; pNGR243b — 21.33 %; cNGR234 —
46.24 %). Additionally, our data indicated that of the 418 previously predicted genes on
PNGR234a 408 (98 %) were upregulated. For 357 of the 408 genes the sense and anti-sense
transcripts were increased. However, sense transcripts dominated. In contrast, on
PNGR234b 269 genes were regulated (11.5 %) and only two of these genes were
simultaneously regulated via sense and antisense transcripts. Similarly, on the chromosome
583 genes (16.05 %) were regulated and 15 genes were simultaneously regulated via sense
and antisense transcripts. Within this framework, the most surprising observation was that
virtually all the pNGR234a encoded genes were transcribed at significantly higher levels.
Thereby, the average of the pNGR234a genes was increased by a factor of 7. However, the
repABC showed a 23-43-fold increased level of transcription (Figure 2 and Table 3). It is
further noteworthy that the transcription of the two predicted ncRNAs (NGR_a00030, an
antisense RNA regulator of the RepB translation and NGR_a00040, a negative antisense RNA
regulator of RepC) flanking repB and repC was also strongly upregulated in the double

deletion mutant. NGR_a00030 is most likely a homologue of the repE/incA gene®.

Reporter gene studies, gRT-PCR and immune blotting confirm the elevated transcription of

nod, nop, repA and NGR_a00860 gene expression.

Further tests with reporter strains using the Escherichia coli lacZ gene fused to the

nodABC promoter and the nopB promoter confirmed the elevated expression of these genes



The copy humber of S. fredii NGR234’s symbiotic plasmid is regulated by autoinducers -51 -

(Table 4). The expression was most pronounced after 120 hours of growth. For the PnodABC
reporter fusion, we observed an eight-fold increased transcription in the double deletion
mutant in the absence of apigenin vs. the parent strain (Table 4). In the presence of
apigenin, the transcription in the mutant was 3.7-fold higher compared to the induced wild
type. Similar expression levels were observed for the PnopB reporter fusion where we
observed a 20-fold higher level of lacZ expression in NGR234-Atral-Angrl compared to the
untreated parent strain; and in the presence of apigenin the mutant produced 333-fold
more [-galactosidase compared to the wild type (Table 4). Altogether these data implied
that in the absence of any Al an increased level of transcription of the pNGR234a genes can
be observed and that this increased transcription is in part be linked to an increased copy
number. Further gRT-PCR test results confirmed largely the above made findings (Table S3
and S4). Thereby, we assayed the transcription of genes NGR_a00860 and NGR_a00010.
Additionally, we analysed the extracellular protein profile of the NGR234 wild type
and NGR234-Atral-Angrl with respect to the production of selected Nop proteins. Nop
proteins are secreted through the T3SS-I, which is encoded on pNGR234a. Their expression
is under the control of a nod-dependent promoterl. Nop proteins in the supernatants were
detected using a cocktail of highly specific antibodies as previously described®. These
immunoblot analyses further indicated that Nops are produced and secreted in the mutant
strain at higher levels compared to the parent strain (Figure 3). Consistent with the R-
galactosidase data the highest expression was detected in the mutant strain after 120 hours
and in the presence of apigenin. No Nops were detected in the cultures that were not
treated with apigenin. Altogether these tests support the above made findings with respect
to the increased transcription of all the pNGR234g-harboured genes in

NGR234-Atral-/Angrl in the presence and in the absence of added apigenin or Al.

NGR234- Atral-Angrl induces root hair curling in the absence of plant-released

flavonoids.

While it is well-known that in A. tumefaciens an elevated copy number of the Ti plasmid is
associated with an increased level of tumorgenesis'> we asked if in NGR234 an increased
copy number of the symplasmid would have a plant phenotype, as well. An early response to

plant released flavonoids is the activation of the nod gene transcription, which leads to the
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production of Nod factors. The release of these factors induces, through a Nod factor
specific signal cascade, the curling of the root hairs, which initiates the symbiosis processzs.
Up to know it was thought that the symbiosis process can only be initiated by the activation
of nod gene transcription induced through flavonoids or related plant-released

%27 n the light of the observations made above, we asked if the elevated

molecules
transcription of all genes on pNGR234a in NGR234-Atral-/Angrl would be sufficient to allow
production of Nod factors.

Therefore, we extracted Nod factors from culture supernatants of the wt and the double
deletion mutant grown with and without apigenin. These tests indicated that Nod factors
produced from non-induced NGR234-Atral-/Angrl cells were sufficient to induce root hair
curling on germinating Vigna unguculata roots (Figure 4A). In contrast, when we tested Nod
factor extracts of non-induced wt cells, no root hair curling was observed after a 24 h time
period (Figure 4B). A further test implied that mutant cells treated with 1 UM apigenin
induced root hair curling already after 4 hours, like the induced wild type (Figure 4C and 4D).

Altogether these data imply that in NGR234 the absence of Al molecules causes an
increased copy number of pPNGR234a and an elevated transcription of virtually all symbiotic
genes. Whether the copy number alone is responsible for the observed elevated expression
needs to be exploited in future work. The findings made in this work suggest that NGR234
and probably other broad host range strains are capable to induce root hair curing in the
absence of plant flavonoids. Since it was assumed that plant flavonoids are specific signals,
the observation here that NGR234 induces root hair curling in the absence of such specific
signal suggests that this may be part of its broad host range strategy and that it does not
necessarily need specific-flavonoids. From a microbiological point of view it is likely that
single cells infect the root tissue and not high density populations. Thus under these
condition Al molecules will only be present at very low levels if at all. Therefore it might be
advantageous for NGR234 to activate its nod gene transcription in the absence of Al
molecules to be able to infect plant roots even though the matching flavonoid signal is

absent.
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MATERIAL AND METHODS

Bacterial strains and growth conditions.

Sinorhizobium fredii NGR234 was routinely grown at 30°C in liquid TY medium (0.5 %
tryptone, 0.25 % yeast extract, 10 mM CacCl,, pH 7.0) or YEM medium (55 mM mannitol, 0.1
% yeast extract, 3 mM K;HPO,4, 0.8 mM MgSO,4, 1.7 mM NaCl, 0.013 mM CacCl,, 0.14 mM

FeCls) at 160 rpm and supplemented with rifampicin (25 pg/ml).

Construction of NGR234 deletion mutants.

Molecular cloning steps were in general done as outlined in the reference®® and mutant
strains NGR234-AtraR and NGR234-AtraM were constructed as previously described”. For
the construction of a deletion mutant in the traR gene a 650 bp PCR fragment containing the
249 bp upstream region of traR and the 399 bp downstream fragment flanking the traR gene
was cloned in the suicide vector pNPTS138-R6KT>. For the deletion mutant in the traM
gene, a flanking region of 485 bp upstream and 744 bp downstream were amplified, ligated
and cloned into pNPTS138-R6KT. For this purpose the different PCR fragments were
amplified from genomic DNA of NGR234 using primers as indicated in Table S3. The resulting
constructs (pNPTS138-R6KT:: AtraR and pNPTS138-R6KT::AtraM) were transformed into
NGR234 by conjugation. Single recombinant clones carrying this construct were selected on
TY medium containing kanamycin and rifampicin. To obtain double recombinant mutants,
bacteria were cultured overnight in liquid TY medium lacking the antibiotics and plated on
TY medium in the presence of 10 % sucrose the next day. In our deletion mutants the entire
genes were deleted starting from the ATG to the last codon of the gene. The correctness of

the mutants was verified by PCR and sequencing.

Preparation of transcriptome samples.

The different NGR234 cultures used in this study are summarized in Table 1. Prior to
cultivation of large 200 ml cultures, precultures were established from cryocultures in 5 ml
TY medium and cultivated at 30°C and 200 rpm. For the transcriptome analyses of early
stationary growth phase cultures 200 ml TY medium were inoculated with freshly grown
precultures of NGR234 wild type as well as the mutant strains and cultivated for
approximately 48 h at 30°C and 200 rpm as batch cultures (Table 1; samples No. 1-6;

treatment A-C). After reaching an ODgg of 3.1-3.3 cultures were separated into fractions of
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50 ml, which were then transferred into falcon tubes containing 10 ml ethanol/phenol
(95:5). Samples were mixed well, directly frozen in liquid nitrogen and stored at -70°C until
further use. For transcriptome analyses of early exponential growth phase cultures 200 ml
TY medium were inoculated with a freshly grown preculture of NGR234 wild type and
cultivated at 30°C, 200 rpm till they reached an ODggg of 0.1 (Table 1; samples No. 7-12;
treatment D-F). Cultures were then divided into two separate fractions of 100 ml of which
one was supplemented with either 0.05 uM or 50 uM of 3-oxo-C8-HSL (stock solution of 3-
ox0-C8-HSL was prepared in ethyl acetate) and the other culture fraction (control) was
treated with an equal aliquot of ethyl acetate. Cultures were allowed to grow for three

additional hours, then harvested into falcon tubes and treated as outlined above.

RNA extraction, library construction, sequencing and bioinformatical analysis of
transcriptome samples.

For all NGR234 wild type and mutant strains RNA-seq libraries were constructed from
independent biological duplicates of RNA samples. Six samples were harvested at the early
exponential phase and six samples were obtained from stationary growth phase cultures
(Table 1, Figure S1). Total RNA was extracted using the hot-phenol method described
previously‘”. The residual genomic DNA was removed from the total isolated RNA by DNase |
treatment. The cDNA libraries for sequencing were constructed by vertis Biotechnology AG,
Germany (http://www.vertis-biotech.com/) as described by32. The transcripts were not
fragmented in order to get mainly sequencing reads of the 5'-end of the transcripts. The
obtained cDNA libraries were sequenced using a HiSeq 2500 machine (Illumina) in single-
read mode and running 100 cycles. For the twelve analyzed samples we sequenced between
3.86 and 9.16 mio. cDNA reads. The bioinformatical analysis was done as described in*>. To
assure a high sequence quality, the lllumina reads in FASTQ format were trimmed with a cut-
off phred score of 20 by the program fastq_quality_trimmer from FASTX toolkit version
0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/). The alignment of reads, coverage
calculation, gene wise read quantification and differential gene expression was performed
with READemption34 which was relying on ‘segemehl’ version X* and DESeq version V.
Visual inspection of the coverages was done using the Integrated Genome Browser (IGB).
The reference sequences and gene annotations for NGR234 were retrieved from the NCBI

database (accession no: pNGR234ag, NC_000914.2; pNGR234h, NC_012586.1; cNGR234,
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NC_012587.1) and in part manually re-annotated. Genes with a fold-change of > 2.0 and an
adjusted p-value (p-value was corrected by FDR (false discovery rate) based on Benjamini-
Hochberg procedure) < 0.05 were considered as differentially expressed. The raw, de-
multiplexed reads as well as coverage files have been deposited in the National Center for
Biotechnology Information's Gene Expression Omnibus under the accession number

GSE54381 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=gse54381).

Quantitative real time PCR (qRT-PCR) and quantitative PCR (qPCR)

QRT-PCR experiments were carried out to verify selected QS-regulated genes. Total RNA
was extracted from stationary grown cultures according to Rivas et al.*® and the residual
genomic DNA was removed by DNase | treatment according to the manufactures
instructions (DNase |, RNase-free, Thermo Scientific, WI, USA). The SuperScript® VILO™ cDNA
synthesis kit (Invitrogen™, life technologies, TX, USA) was used to generate cDNA using 1.9
ug RNA. Gene-specific primers used for gqRT-PCR are shown in TableS3. The qRT-PCR
reactions were set up according to manufactures protocol using the SYBR® Select Mater Mix
for CFX (Applied biosystems by life technologies, TX, USA) and performed by the CFX96
Touch™ Real-Time PCR Detection System (Bio-Rad Laboratories, Munich, Germany).
Standard curves of 10-fold serial dilutions of cDNA were generated for each gene to evaluate
the primer efficiency and for data analysis. The efficiency, slope and correlation coefficient
were determined by the CFX Manager™ software (Release 3.1, Bio-Rad Laboratories,
Munich, Germany). All gRT-PCR reactions were run in triplicate and repeated at least three
times in separate experiments under the same conditions. To normalize variability in
expression levels, rpoD and recA were used as the internal control genes. Data were

A8 method) and the above stated

analyzed based on the normalized gene expression (2-
software. To verify the copy number of the symplasmid, gDNA was extracted after 48 h
growth of the corresponding S. fredii NGR234 culture with the peqGOLD Bacterial DNA Kit
(PEQLAB Biotechnologie GmbH, Erlangen, Germany). The gPCR reactions were set up
according to manufactures protocol using the SYBR® Select Mater Mix for CFX (Applied

h™ Real-Time

biosystems® by life technologies, TX, USA) and performed by the CFX96 Touc
PCR Detection System (Bio-Rad Laboratories, Munich, Germany). Standard curves of 10-fold
serial dilutions of DNA were generated for each gene to evaluate the primer efficiency and

for data analysis. The efficiency, slope and correlation coefficient were determined by the
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CFX Manager™ software (Release 3.1, Bio-Rad Laboratories, Munich, Germany). All gPCR
reactions were run in triplicate and repeated at least three times in separate experiments
under the same conditions. To normalize variability in expression levels, NGR_c03800 and

recA were used as the internal control genes.

SDS-Page and western blot analysis.

Extracellular proteins from rhizobia were obtained following the procedure described
earlier’”. NGR234 and NGR234-Atral-Angrl double deletion mutant were grown in 5 ml YEM
broth for 3 days at 30°C. Five hundred uL of 3-day old cultures were transferred into 250 ml
flasks containing 50 mL liquid YEM medium in either the presence or absence of 1 uM
apigenin. Cultures were harvested at 24 h, 72 h, and 120 h of growth and subjected to
centrifugation at 12,000 g for 15 min. To the resulting supernatant, three volumes of ice-cold
acetone was added and placed at -20° C for 16 h. Precipitated proteins were recovered by
centrifugation as before, briefly air-dried and resuspended in SDS sample buffer (125 mM
Tris-HCI buffer pH 6.8, 4% sodium dodecyl sulfate (w/v), 20% glycerol (v/v), 0.03 mM
bromophenol blue and 5% (v/v) 2-mercaptoethanol). Protein aliquots were resolved by 15%
SDS-PAGE using the Hoefer SE260 minigel electrophoresis apparatus (GE Healthcare,
Piscataway, NJ) and resolved proteins were visualized by silver stain.

Immunoblot blot analysis was performed using a cocktail of antibodies raised against the
individual Nop protein at a final dilution of 1:10,000. Immunoreactive proteins were
detected with an enhanced chemiluminescent substrate (Super Signal West Pico kit; Pierce

Biotechnology, Rockford, IL) according to the manufacturer’s recommendations.

Nodulation assays.

Nodulation assays accomplished with NGR234-Atral, NGR234-Angrl and NGR234-
Angrl/Atral and with Vigna unguiculata, Vigna radiata and Tephrosia vogelii were done as
previously described®. Experiments were repeated two times with five plants per treatment
in each experiment. Plants were harvested 30 days after inoculation. Nodules formed on the
roots were counted and the shoot fresh weight was recorded. Plants grown in the absence

of rhizobia were used as a control.
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Root hair curling assay.

For the root hair curling assay, supernatants of 48 h old 500 ml cultures grown in TY
medium of either uninduced or induced (1 uM apigenin) populations of NGR234 or NGR234-
Atral-/Angrl were collected. The unpurified Nod factors were extracted with 0.4 volumes of

n-butanol according to Lopez et al.®

. The butanol layer was collected, the butanol removed
by rotary evaporation and the residue was resolved in H,Opq4is; to a final volume of 1/100 of
the starting culture.

Vigna unguiculata seedlings were sterilized in 0.12 % NaClO for 15 min. Afterwards, they
were washed three times in sterile H,Opigist and air dried, before they were transferred to
0.5-fold TY agar plate (0.25 % tryptone, 0.125 % yeast extract, pH 7.0) and incubated at 30 °C
for 24 h in the dark for germination. Sterile germinated seedlings were transferred to glass
containers filled supplemented with glass beads and Hoagland medium?®. The seedlings
were grown for additional 48 h under the following conditions: day/night; 24/19 °C; 16/8 h;
60 % relative humidity. The small plants were transferred into a small plastic container and
coated with 500 pl Hoagland medium and 500 pl supernatant extract of the NGR234
cultures. After 24 h incubation in the dark, the root hairs were analysed using a Zeiss

AxioCam microsope with an MRm camera mounted on the microscope (Zeiss Axio

Imager.M2). Images were recorded with a 40x magnification.
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FIGURES
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Figure 1. Genomic organization and analyses of repX and repA0. A) Genomic
organization of the tral and repABC genes including the noncoding RNAs (NGR_a00030/40)
and the two ORFs repX and repAQ0 in the intergenic region between tral and repA. B) Amino
Acid ClustalW Alginments of repX and repAO0 of S. fredii NGR234 and related strains. C) End
point RT-PCR of repA0 and repX on cDNA generated of RNA from the wild type and NGR234-
Atral-Angrl. Samples are shown on a 0.8 % agarose gel with a 1 kb A marker (Thermo
Scientific, Braunschweig, Germany). Primer pairs used for the amplification: 1, parA_int_fw
and parA_int_rev; 2, RT _repA_fw and RT _repA_ rev; 3, parA_int_fw and RT_repA_ rev; 4,

repX_int_fw and repX_int_rev.
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Figure 2. Circular representation of the RNA-seqg-based transcriptome symplasmid data
set of NGR234-Atral-/\ngrl versus the wild type with a zoom into the replication related
zone around the ori. The upper part of this picture represents the mapped transcripts on
the genomic section around the origin of replication in induced (1 uM apigenin) and in
uninduced NGR234-Atral-Angrl and wild type cells. The image was composed using the
integrated genome browser software version 8.4.4. The circular diagram was calculated with
the circus software 0.64". Fold change cut-off: log, 8/-3 (circle size by values). The circle
described from the outside to the innermost circle: Outer circle indicates coordinates of the

pPNGR234a in kbp. The second and third circles indicate the ORFs on the leading (green) and
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the lagging (blue) strand. The circles in light green indicate log; 8; 7; 6; 5; 4; 3; 2, the white
circles in-between the coloured once represent log, 1/-1 and the light red circles indicate
log, -2; -3 for the sense transcripts. The next circles represent the same log, values for the
antisense transcripts. The dots scattered over the light green, light red and white circles
represent the transcripts of NGR234-Atral-/Angrl in comparison to the wild type strain (red)
and the wild type strain induced with 1 uM apigenin in comparison to the wild type strain

(purple).
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Figure 3. Extracellular protein profile and immunoblot analysis of Sinorhizobium fredii
NGR234 and NGR234-Atral-Angrl double deletion mutant. Extracellular proteins isolated
from cells grown in the absence (odd number lanes) or presence (even numbered lanes) of 1
UM apigenin were resolved by 15% SDS-PAGE and silver stained (A) or transferred to
nitrocellulose membrane (B) for immunological analysis with a cocktail of antibodies raised
against the individual Nop proteins. Lanes 1-4 contains protein samples harvested from 24 h,
lanes 5-8 from 72 h, and lanes 9-12 from120 h of growth. The size of the molecular weight

markers in kDa and the identity of the immunoreactive proteins are also shown.
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Figure 4. Root hair curling assay with apigenin induced NGR234-Atral-Angrl and
uninduced NGR234 and NGR234-Atral-Angrl. A) Root hair after 24 h induction with
extracts from an uninduced culture of NGR234-Atral-Angrl. B) Root hair after 24 h
induction with extracts from an uninduced culture of NGR234. C) Positive control, root hair
curling with extracts of an NGR234-Atral-/Angrl culture induced with 1 uM apigenin. D)
Positive control, root hair curling with extracts of an NGR234 culture induced with 1 uM

apigenin. E) Control sample before the induction with NGR234-extracts.
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TABLES

Table 1. Copy number of pNGR234a estimated using qPCR and using primers for the
ORFs NGR234_a00010 and NGR234_a01270. Results are mean values of three technical
replicates and of three independent biological samples. The primer efficiencies were 90.1 %
for the NGR234_a00010 primers and 90.5 % for the NGR234 _a01270 primers. Copy number
was calculated based on control qPCRs for chromosomal genes (NGR234_c03800 and

NGR234 ¢c16470) and in the background of the wildtype strain.

Tr:;:?‘:r;/nta Target gene Copy number TreS;:rar::{\ e Target gene Copy number
0 =0 8 0.
NGRS o iot0 10 sos | NOBHAA  \Glono 2 s0s
NGR234 NGR_a01270 3.1 04 NGR234-A A NGR_a01270 46 0.8
0.05 uM Al NGR_a00010 2.7 0.0 0.05 pM Al NGR_a00010 3.0 *0.5
NGR234 NGR_a01270 3.8 +04 NGR234-A A NGR_a01270 6.8 1.6
0.5 %o DMSO NGR_a00010 2.8 +0.3 0.5 %0 DMSO NGR_a00010 54 +£1.3
NGR234 NGR_a01270 39 $03 NGR234-A A\ NGR_a01270 29 0.2
5puM Al NGR_a00010 33 0.3 5pM Al NGR_a00010 23 102
NGR234 0.05 % NGR_a01270 35 $0.2 NGR234-A A NGR_a01270 26 0.5
DMSO NGR_a00010 29 0.2 0.05 % DMSO NGR_a00010 19 04
NGR234 NGR_a01270 1.5 0.3 NGR234-A A NGR_a01270 119 1.0
50 pM Al NGR_a00010 1.3 +0.3 50 pM Al NGR_a00010 93 0.9
NGR234 NGR_a01270 3.0 +0.5 NGR234-A A NGR_a01270 54 £13
0.5 % DMSO NGR_a00010 24 +0.3 0.5 % DMSO NGR_a00010 46 1.1
NGR234 NGR_a01270 20 0.1 NGR234-A /A NGR_a01270 34 *0.3
1 uM apigenin NGR_a00010 1.7 *0.1 1 uM apigenin  NGR_a00010 27 %02
NGR234 NGR_a01270 22 £0.1 NGR234 NGR_a01270 11 0.1
50 pM octopine NGR_a00010 23 +0.2 pBiit':f; > NGR_a00010 09 +0.1
NGR234 NGR_a01270 09 0.0 NGR234 NGR_a01270 41 03
pBBR1MCS-
pPBBRIMCS-2 NGR_a00010 0.8 $0.0 2::repA0 NGR_a00010 33 $03
NGR_a01270 1.6 0.2 NGR_a01270 20 0.2
NGR234-Angrl NGR234-Atral

NGR_a00010 14 0.1 NGR_a00010 16 0.2
NGR234-Angr! NGR_a01270 3.2 $0.2 NGR234-Atral NGR_a01270 3.7 %03
cngrl NGR_a00010 20 0.1 ctral NGR_a00010 2.7 0.3
NGR234- NGR_a01270 1.6 0.1 NGR234-AtraR NGR_a01270 1.2 0.1
AtraM NGR_a00010 1.2 0.1 NGR_a00010 1.2 0.1

a) NGR234-A A, NGR234-Atral-Angrl; Al, autoinducer N-(3-oxooctanoyl-)L-homoserine lactone; cngrl,

complementation construct of Angrl; ctral, complementation construct of Atral
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Table 2. DNA sequence analysis of the intergenic region separating tral and repA in
various rhizobial and agrobacterial species carrying repABC-like plasmids and with a

conserved organization of the tral-repABC DNA region as previously described.

Strain tral-repA Strain tral-repA
(bp) (bp)
Sinorhizobium A. tumefaciens pTiBo542 365
S. fredii NGR234 803 A. tumefaciens LBA4213 (Ach5) 342
S. fredii USDA257 803 A. tumefaciens str. C58 363/723
S. fredii HH103 803 R. rhizogenes A4 315
S. fredii GR4 (in nchi meliloti) 383 R. rhizogenes NBRC13257 441
S. fredii GR64 442/382 R. rhizogenes YR147 393
S. terangae WSM1721 354 A. rhizogenes ATCC 15384 388
S. arboris LMG1419 354 A. rhizogenes plasmid pRi1724 316
S. americanum CCGM7 382 A. rhizogenes plasmid pRi2659 316
S. melilloti GVPV12 442 Agrobacterium sp. ATCC 31749 377
S. meliloti Rm41 291 Agrobacterium sp. Cherry 2E 2-2 358
S. meliloti 4H41 382 Agrobacterium vitis S4 pTiS4 361
A. albertimagni AOL15 316
Rhizobium sp. and others
Rhizobium sp. OK665 366 Rhizobium etli
Rhizobium sp. OR191 688 R. etli bv. mimosae Mim1 162
Rhizobium sp. YR295 376 R. etli bv. mimosae |IE4771 337
Rhizobium sp. YR519 365 R. etli CFN 42 (p42d) 374
Rhizobium sp. CF258 376 R. etli CFN 42 (p42a) 373
Rhizobium sp. CFO80 351
Rhizobium sp. BR816 383 Ensifer
Rhizobium sp. CCGE 502 372 Ensifer sp. USDA 6670 295
Rhizobium sp. STM6155 373 Ensifer adhaerens OV14 2683
N. galegae HAMBI 1141 337
A. doebereinrae UFLA1-100 577 Rhizobium tropici
M. tianhanense CGMCC 1.2546 531 R. tropici CIAT 899 376
B. japonicum USDA 135 531 R. tropici USDA 9039 376
B. japonicum USDA 123 494 R. tropici USDA 9039 393
R. leucaenae USDA 9039 376 R. tropici PRF 81 389
R. lusitanum P1-7 388 R. tropici CF286 376
R. giardinii bv. giardinii H152T 210 R. tropici YR635 393
R. selenitireducens BAA-1503 388
R. loessense CGMCC 1.3401 356 Rhizobium leguminosarum
R. mesoamericanum STM 3625 388 R. leguminosarum bwv. trifolii CC287f 360
R. mongolense USDA1844 304/374 R. leguminosarum bv. trifolii CC283b 1652
R. hainannese CCBAU 57015 379 R. leguminosarum bv. trifolii CB782 375
R. sullae WSM1592 372 R. leguminosarum bv. trifolii TA1 364
R. larrymoorei ATCC 51759 367 R. leguminosarum bv. trifolii WSM1325 364
R. rubi NBRC13261 366 R. leguminosarum bv. viciae 128C53 376
R. giardinii bv. giardinii H152T 210 R. leguminosarum bv. viciae Vc2 376
R. leguminosarum bv. viciae UPM1131 376
Agrobacterium R. leguminosarum bv. viciae UPM1137 376
A. tumefaciens GW 4 377 R. leguminosarum bv. viciae 3841 (pRL7) 387
A. tumefaciens A4 388 R. leguminosarum bv. viciae 248 376
A. tumefaciens 5A 490 R. leguminosarum bv. viciae WSM1455 364
A. tumefaciens CCNWGS0286 367 R. leguminosarum bv. viciae GB30 364
A. tumefaciens F2 239 R. leguminosarum bv. viciae Ps8 364
A. tumefaciens LBA4404 365 R. leguminosarum bv. phaseoli 4292 434
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Table 3. RNA-seq results for the replication machinery of NGR234-Atral-Angrl

compared to the wild type strain.

Fold
Start End Strand  Orientation Locus_tag Gene Protein function
Change
101 1324 + sense NGR_a00010 repA replication protein RepA 23.97
101 1324 + anti-sense NGR_a00010 repA replication protein RepA 2.07
1381 2361 + sense NGR_a00020 repB replication protein RepB 33.57
1381 2361 + anti-sense NGR_a00020 repB replication protein RepB 2.90
antisense regulator of
2363 2409 - anti-sense NGR_a00030 ncRNA 29.47
RepB translation
antisense regulator of
2363 2409 - sense NGR_a00030 ncRNA 18.19
RepB translation
negative antisense
2450 2518 - anti-sense NGR_a00040 ncRNA regulator of RepC 42.37
translation
replication initiation
2516 3730 + sense NGR_a00050 repC 43.85
protein RepC
replication initiation
2516 3730 + anti-sense NGR_a00050 repC 3.15

protein RepC
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Table 4. B-galactosidase activities of NGR234 and NGR234-Atral-/Angrl carrying either

a nodABC or a nopB promoter fusion. Data are mean values of 3 measurements. Promoter

genes are given in brackets.

Rhizobium (construct) 24 hours 48 hours 72 hours 96 hours 120 hours
NGR234 (nodABC
79.32+9.9 55.45+2.41 11.75+1.87 13.08 £ 0.59 5.97 £ 0.64

promoter)
NGR234 (nodABC 1597.05 + 1518.06 + 907.16 = 785.80 + 528.24 +
promoter) + apigenin 170.32 101.32 212.13 25.78 232.87
NGR234 (nopB promoter) 146.12 +0.77 54.98 £8.49 11.46 £0.75 9.87 £ 0.04 2.50+0.20
NGR234 (nodB promoter) + 1238.19 % 1086.54 +

86.98 +55.71 84.7512.21 5.23+0.0
apigenin 60.35 51.51
ngriA/tralA (nodABC

147.07 £2.00 92.18+2.02 53.21+05.00 71.02+0.67 47.35+0.45
promoter)
ngrlA/tralA (nodABC 2430.34 3090.85 2299.20 £ 2026.67 £ 195291 +
promoter) + apigenin 253.73 35.53 1.74 16.51 0.41
ngrlA/tralA (nopB 125.97 +
119.69+0.41 65.22 +5.52 62.2 +3.06 52.12+0.91

promoter) 16.48
ngriA/tralA (nodB 670.58 + 2684.47 2023.53 + 1835.47 + 1733.38 +
promoter) + apigenin 199.42 6.83 29.54 8.95 19.18
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SUPPLEMENTAL MATERIAL

Table S1. Overall transcriptome statistics for the analyzed NGR234 and NGR234-Atral-

Angrl.
No. of reads No. of uniquely
Sample NGR234 ODgyo after 48 h
Treatment® generated mapped reads

# genotype growth . .

X10 X10
1 wt 9.10 none 1.36 0.55
2 wt 8.96 none 2.48 1.57
3 wt 8.46 none 2.95 1.75
4 wt 7.76 apigenine (1 uM) 3.45 2.21
5 wt 8.10 apigenine (1 uM) 2.36 1.47
6 wt 6.84 apigenine (1 uM) 2.35 1.42
7 Atral-Angrl 4.12 none 3.57 1.72
8 Atral-Angrl 4.69 none 3.44 1.92
9 Atral-Angrl 4.21 none 2.66 1.39
10 Atral-Angrl 3.47 apigenine (1 uM) 2.96 1.20
11 Atral-Angrl 3.24 apigenine (1 uM) 3.39 1.62
12 Atral-Angrl 3.12 apigenine (1 uM) 3.31 1.72
13 wt 5.92 none 2.35 1.32
14 wt 7.92 none 3.77 2.15
15 wt 6.72 none 2.55 1.56

a) Controls for apigenin samples were supplemented with an equal amount of KOH
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Table S2. Primers used in this study.

Oligonucelotide Sequence 5’-3" Size Target

(bp) region/description
parA_int_fw CAACCGCAGCAACTCAGAAC 20 amplification of parts of
parA_int_rev ATTCTCGCCGACTGACAAGG 20 parA
RT_a00010_fw GCAGCAGTTCCCACCGAATG 20 amplification of parts of
RT_a00010_rev GCACGTAGTTCCTGGCTTCC 20 repA and gRT-PCR for

RNA-seq verification

repX_int_fw ATGAATTTCTCCGTCGTTGTTG 22 amplification of repX
repX_int_rev CTACAAGACGCAAGGGGGCCTTC 23
RT_recA_fw CGGCTCGTAGAGGACAAATCG 21 reference gene 1 gRT-
RT_recA_rev CAATGATGCGCCCTTTCGG 19 PCR
RT_rpoD_fw ACATCACCAATGTCGGCGGTGAAG 24 reference gene 2 gRT-
RT_rpoD_rev TGCAGCTTGCGGAGCTTCTTGTAG 24 PCR
RT_c24920_fw GCCCGCACAAGAGGCAATTCTAGA 24 gRT-PCR for RNA-seq
RT_c24920_rev GCGATCCAGGAACATGGCGTTCA 23 verification
RT_a00860_fw CCCGGTTTACTCGAGCTGTC 20 gRT-PCR for RNA-seq
RT_a00860_rev GCTGCTCCTCCGTAACTGTG 20 verification
RT_c09750_fw CAATTCGAAAGTGATCTTCGGGCAGCA 27 gRT-PCR for RNA-seq
RT_c09750_rev GAGCCACATCGACTCGGCGTAT 22 verification
RT_a00550_fw AGGTACTCTCACGAGTGCAGTTGG 24 gRT-PCR for RNA-seq
RT_a00550_rev CTGTACGCGTTCATCCGCCG 20 verification
RT_a00440_fw ACCGCCTTGCTGCACTTCAGCAAT 24 gRT-PCR for RNA-seq
RT_a00440_rev CGTCCATTTCCATGCCGTCGACAA 24 verification
RT_c17900_fw ATGAACACGCTCGCCTATCTCATCC 25 gRT-PCR for RNA-seq
RT_c17900_rev TCAATGCCTGTCCGGCTTGCCAT 23 verification
RT_c09120_fw ACCAAACTGTCGCTCGCGCACAA 23 gRT-PCR for RNA-seq
RT_c09120_rev CAGGTAAAGGGCGATGTCGAAGCT 24 verification
TraR_up_fw 2aatctagaCTCTCCTATCTTCTTGACCG 29 amplification of traR
TraR_up_rev 2aaggatccTGTGGCGCTACAATCACTG 28 upstream flank
TraR_do_fw 2aaggatccTGTAGCGGCTAGACCGATACAATG 33 amplification of traR
TraR_do_rev 2aatctagaGTTCTAGTTGTCATCGTCGAAAGGC 34 downstream flank
TraM_up_fw 2aaggatccCGCTCGATTTTACCCTGCAGTAG 32 amplification of traM
TraM_up_rev 2aatctagaCCGCTTCTCCCTGATTTGATTTCC 33 upstream flank
TraM_do_fw aaatctagaGACAACTAGAACTCAGACCAGG 31 amplification of traM
TraM_do_rev 2aaggatccGCGGTCAAGAAGATAGGAG 28 downstream flank

a) Restriction sites are underlined

Table S3: gPCR verification of transcriptome

NGR234-Atral-Angrl

downregulation

and NGR234. Green

Target RNA-seq results gPCR results
NGR_c24920 9.0 ¢ 1.8 ¢
NGR_a00860 24.4 .11
NGR_c09750 710 1.1
NGR_a00010 24 391

number,

upregulation; red

results of comparison between

number,
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Table S4: ¢PCR verification of transcriptome results of comparison between
NGR234-Atral-/Angrl treated with 50 uM apigenin and untreated NGR234-Atral-Angrl.

Green number: upregulation; red number: downregulation

Target RNA-seq results qPCR results
NGR_a00550 28.0 1M 68.9 T
NGR_a00440 3531 811
NGR_c17900 14.0 U 114 J

NGR_c09120 216 M 39.6 ™
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6 Discussion

Cell-cell communication of bacteria became an interesting research focus since its first
description in 1970 in Vibrio fischeri (Nealson et al. 1970). Since then, many different QS
networks and signals have been described in Gram-negative and Gram-positive bacteria. The
main QS-dependent regulated features are virulence, biofilm formation and the production
of antibiotics (Bassler 1999). In plant-associated bacteria, QS additionally controls the
plasmid transfer (e.g. in Agrobacterium tumefaciens), the symbiosome development/root
nodulation process (e.g. Rhizobium etli and Rhizobium leguminosarum), EPSII production
(e.g. Sinorhizobium meliloti and Pseudomonas stewartii) or motility (e.g. S. meliloti) (Pierson
et al. 1998; Sanchez-Contreras et al. 2007). To get a deeper understanding of the QS
controlled features in NGR234, RNA sequencing analyses from two Al synthase deletion
mutants NGR234-Atral and NGR234-Angrl were performed and obtained data were
compared to the wild type RNA sequencing data. These results represent population wide
changes in the transcript levels. Additionally, the Al systems were analyzed on a single cell
level with the help of rfp-promoter fusions. Single cell analyses showed a heterogeneous
transcription behavior of the two Al synthases as well as QQ genes. Further data show that
this heterogeneity is influenced by the available Al concentration and added plant exudates,

which also has an impact on the copy number of the symbiotic plasmid in NGR234.

6.1 Population wide QS-dependent gene regulation

Due to the above made observations, we wondered if and to which extend QS could
affect gene regulation in NGR234. To address this question, we initiated RNA sequencing
analyses in the background of the wild type and NGR234- Atral and NGR234-Angrl.

In general, 4.9 % of all predicted genes in NGR234-Atral and 7.3 % of the predicted
genes in NGR234-Angrl were significantly altered in their expression profile compared to
the wild type strain (Krysciak et al. 2014). These data correspond quite well to QS dependent
transcription data of other organisms. One of the best studied organisms with respect to QS
is Pseudomonas aeruginosa (Smith, Iglewski 2003). A set of microarray RNA analyses of this
strain are available, wherein the regulated genes range from 0.5 to 11.1 % of all predicted
genes. The diverging percentages are based on slightly different experiment setups chosen

in each experiment (Bijtenhoorn et al. 2011; Chugani et al. 2012; Dotsch et al. 2012; Hentzer
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et al. 2003; Schuster et al. 2003; Wagner et al. 2003). In Yersinia pestis, 335 genes were QS-
dependently regulated, which is 8 % of the genome that consist of 4221 open reading frames
(ORFs; LaRock et al. 2013; Parkhill et al. 2001). In contrast to the previously mentioned
transcriptome studies, the amount of regulated genes in NGR234 is slightly higher than the
QS-linked regulated genes in S. meliloti. In this organism 55 to 170 genes were linked to the
QS circuit, which is 0.8 to 2.7 % of the counted ORFs (Chen et al. 2003; Gao et al. 2005;
Hoang et al. 2004). Both strains are closely related (Jarvis et al. 1992), although S. meliloti
only codes for a single quorum sensing system, which probably explains their difference in

regulated genes (Gao et al. 2005).

6.1.1 Challenging NGR234 with high Al concentrations in early exponential growth phase

When induced with high concentrations of Al (50 uM N-(3-oxooctanoyl-)-L-homoserine
lactone; 3-ox0-Cg-HSL) in the early exponential growth phase, surprisingly only four genes
were found to be differently regulated. All four genes belong to the moc operon and were
down-regulated. This operon encodes genes that are responsible for the degradation of
rhizopine (Krysciak et al. 2014). Rhizopines are sugar- and amino acid-derivatives and are
produced by bacteroids in plant nodules. After their production they are transported to the
outside of the plant root to promote growth of non-differentiated bacteria inside and
outside the plant. The increase in rhizopine concentration around the plant root leads to a
growth advantage of cells of the same species over competitor cells of a different species
(Kohler et al. 2010; Murphy et al. 1987; Rossbach et al. 1995; Saint et al. 1993). In S. meliloti
the QS-dependent transcription of the moc operon was previously described, as well as the
octopine-threshold-dependent activation of traR expression in A. tumefaciens (Fuqua et al.
1995; Fuqua, Winans 1996; Gao et al. 2005; Oger et al. 1998). In this context, the repression
of moc expression in the presence of high Al concentrations fits in and represents the link
between QS and rhizopine metabolism in NGR234. This connection has already been
hypothesized by He and colleagues (He et al. 2003b). Differentially regulated genes in the
culture that was treated with moderate Al concentration (50 nM 3-oxo-Cg-HSL) were located
all over the genome of NGR234 and not specifically located in one operon (Krysciak et al.

2014).
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6.1.2 Analysis of RNA sequencing data in the background of the deletion mutants
NGR234-Atral and NGR234-Angrl

A comparison of the data obtained from transcriptome analyses of NGR234-Atral and
NGR234-Angrl with regard to the wild type identified 130 genes differently regulated in
NGR234-Atral and 280 genes exclusively regulated in the NGR234-Angrl deletion mutant.
Additionally, a common set of 186 genes was differently expressed in both Al deletion
mutants. The majority (65 — 70 %) of these genes were located on the chromosome in both
deletion mutants. The differently expressed genes could be classified into seven functional
categories based on the KEGG database (http://www.genome.jp/kegg/pathway.html). The
genes were mainly linked to motility, regulators, general metabolism, cell wall and
succinoglycan biosynthesis (cell envelope), transporters (mainly ABC) and hypothetical genes

(Figure 4; Krysciak et al. 2014).
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Figure 4: Differently expressed genes (%) in the background of the two autoinducer deletion mutants. A)
NGR234-Atral compared to the wild type and B) in the background of NGR234-/Angrl compared to
the wild type. The classification was based on the KEGG database (http://www.genome.jp/
kegg/pathway.html; Krysciak et al. 2014).
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The differently regulated genes of the general metabolism in the two deletion mutants
go well together with findings in other rhizobial species. In NGR234 genes linked to energy
production, sugar uptake or respiration were significantly regulated (Krysciak et al. 2014). In
other strains, QS could be linked to growth, nodulation efficiency and nodule development
(Chen et al. 2003; Daniels et al. 2002; Gao et al. 2005; Gray et al. 1996; He et al. 2003; Hoang
et al. 2004; Marketon, Gonzalez 2002).

Over 50 regulated genes were linked to flagellum biosynthesis as well as genes for a type
IV attachment pilus located on the chromosome and chemotaxis related genes. These genes
were up-regulated in both investigated deletion mutants (Krysciak et al. 2014). The findings
correlate with analyses in S. meliloti, where the flagellar genes are regulated in a QS-
dependent manner (Gao et al. 2012; Hoang et al. 2008), suggesting a pivotal role of the
flagellar systems during root colonization but not during the main infection process. This
hypothesis is supported by recently performed RNA sequencing analyses of NGR234
bacteroids, where the flagellar system is found to be down-regulated inside the root nodules
(Li et al. 2013). The observations for the type IV pilus were in line with the description of an
altered surface motility phenotype of an S. meliloti sinl mutant and with observations of QS-
dependent type IV pilus expression in P. aeruginosa (Barken et al. 2008; Gao et al. 2005).

NGR234 carries several clusters for the biosynthesis of exopolysaccharides (Schmeisser
et al. 2009a). Four classes of these envelope-associated molecules are especially important
for the development of a Rhizobium-legume symbiosis, namely cyclic B-(1,2)-glucans, outer
membrane lipopolysaccharides (LPSs), external capsular polysaccharides (KPSs) and
extracellular polysaccharides (EPSs) (Skorupska et al. 2006). The largest exopolysaccharide
cluster of NGR234 harbors 31 genes, is located on pNGR234b and encodes for the synthesis
of low-molecular-weight-exopolysaccharides (Chen et al. 1988; Streit et al. 2004). The
majority of exo genes within this cluster are down-regulated in both deletion mutants.
Interestingly, an rpoS-like noncoding RNA (ncRNA) encoded within the exo-cluster was
strongly up-regulated on the antisense transcriptional level. The exact target is not described
so far, but the strong regulation in both deletion mutants leads to the hypothesis that this
ncRNA interacts with EPS biosynthesis and further suppresses the transcription of the
indicated exo genes in the absence of Al molecules. It is worth mentioning that this
particular ncRNA can only be found in other closely related broad host range strains like S.

fredii USDA257 and HH103, but not in the closely related narrow host range strain S. meliloti
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1021. In a final conclusion, it could be summarized that the regulatory mechanisms of the
EPS synthesis are slightly different in broad host range strains compared to narrow host
range strains, being probably one of the reasons for the difference in host ranges (Krysciak et
al. 2014). In general, S. meliloti seems to be the best studies rhizobial strain with respect to
the biosynthesis and regulation of EPS. In this strain EPS synthesis is controlled by the QS
system, ExpR/Sinl, underlining the results of NGR234 (Glenn et al. 2007; Hoang et al. 2004,
Skorupska et al. 2006).

The cofactor biosynthesis genes bioADBFZ and their regulator bioS as well as genes for
the PQQ biosynthesis are all up-regulated in NGR234-Angrl but not in NGR234-Atral
(Krysciak et al. 2014). The bioS gene is unique to the sinorhizobia and in S. meliloti it is
involved in the regulation of biotin-dependent processes and the survival under biotin
starvation (Heinz et al. 1999; Streit, Phillips 1997). In an earlier report, a link between bioS
regulation and the QS system in S. meliloti has already been hypothesized (Streit, Entcheva
2003). Additionally to the bio gene regulation, the PQQ synthesis genes were up-regulated in
NGR234-Angrl, which is a first finding of a link between PQQ biosynthesis and QS systems in
rhizobia (Krysciak et al. 2014). So far, a link between quinolone synthesis and QS was only
shown for P. aeruginosa, whereby in this strain the quinolone signal itself represents a third
cell-to-cell communication system. It is linked to the other two Al-systems by regulatory
crosstalk (Dubern, Diggle 2008; Lee, Zhang 2015; Pesci et al. 1999). These findings could
probably give a first hint on the involvement of PQQ in QS of NGR234.

NGR234 encodes a large number of secretion-related genes that were already described
in detail (Schmeisser et al. 2009a). The T3SS-1 of NGR234 is not regulated in the deletion
mutant strains, but T3SS-Il is partially down-regulated in NGR234-Angrl and NGR234-Atral
(Krysciak et al. 2014). T3SSs are described to be involved in the translocation of effector
proteins directly into the cytoplasm of their eukaryotic host and are therefore important for
bacterial virulence (Coburn et al. 2007). In NGR234 T3SS-I was found to be one of the key
determinants of host range and regulated by the NodD1-SyrM1-NodD2-Tstl-cascade. This is
consistent with its independent regulation and now verified by the RNA sequencing data
from the QS systems (Ausmees et al. 2004; Freiberg et al. 1997; Kobayashi et al. 2004; Marie
et al. 2004; Viprey et al. 1998). The function of the second T3SS is not clear since deletion

mutants did not lead to a symbiotic phenotype (Schmeisser et al. 2009). Finally, the
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transcriptomic data did not allow a clear identification of the function of the T3SS-1I; but the

data indicated that its expression is regulated in a QS-dependent manner.

6.2 Single cell analysis of autoinducer-dependent and -independent

gene expression

With respect to the above-made findings on a population wide level, we asked if similar
patterns would be seen, when the expression of Al-dependent and -independent regulated
genes is analyzed on a single cell level (Grote et al. 2014). Thereby, strong phenotypic
heterogeneity with regard to the transcription of the selected genes was observed. The
phenomenon of phenotypic heterogeneity attracts more and more attention as an essential
parameter for the survival of bacterial populations in rapidly changing environments (see
chapter 2.3 and Grote et al. 2015). First descriptions on phenotypic heterogeneity with
reference to Al-systems were reported for V. fischeri and V. harveyi (Anetzberger et al. 2009;
Anetzberger et al. 2012b; Perez, Hagen 2010). In V. fischeri, for example, the individual cells
differ widely in the onset and intensity of bioluminescence that is directly linked to quorum
sensing as described in chapter 2.3.1 (Perez, Hagen 2010). Like in V. fischeri not all cells are
bioluminescing in a laboratory culture of V. harveyi (chapter 2.3.1 and Anetzberger et al.
2009; Anetzberger et al. 2012b).

Comparable to these two organisms, both Al synthase genes of NGR234 are subject to a
heterogeneous expression in laboratory cultures. The maximum count of 74.1 % + 9.1 %
(Ptral::rfp) and 84.4 % £ 2.5 % (Pngrl::rfp) of the cells in an ON mode were detected during
stationary growth phase (see figure 2 in chapter 4). The heterogeneity of both Al synthase
genes was significantly decreased either by the addition of high Al concentrations (3-oxo-Cg-
HSL; 50 uM) or by the deletion of the corresponding Al synthase in the strain. This led to
93.1 % + 5.9 % of tral-ON cells and 98.4 % + 1.0 % of ngr/-ON cells in case of the Al addition
and 99.8 % + 0.2 % tral-ON and 99.7 % * 0.2 % of ngrl-ON cells in case of the corresponding
deletion mutant NGR234-Atral and NGR234-Angrl. When low amounts of Al (0.05 uM)
were added, the heterogeneity between the cells was not significantly influenced (see figure
4 in chapter 4). These findings support the assumption that NGR234 can distinguish between
high and low concentrations of Al molecules. Further, it suggests that the phenotypic
heterogeneity of the Al synthases is a well-controlled mechanism that depends on a

stringent Al-concentration range. Candidate regulators for these processes are TraR, NgrR,
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ExpR or any other LuxR solo encoded on the genome of NGR234. All mentioned genes
possess an Al binding site within their protein sequence and are therefore able to bind Al
molecules. This could lead to an Al dependent regulatory circuit influencing the phenotypic
heterogeneity in NGR234 (Grote et al. 2014).

Additional experiments with promoter fusions of further Al-dependent and -independent
genes gave evidence for a heterogeneous expression of the QQ genes d/hR and gsdR, and
genes linked to secretion apparatuses gspD and virB (Grote et al. 2014). In this context, it is
worth knowing that on the basis of the RNA sequencing analyses described in chapter 6.1,
dIhR, gsdR1 and virB were observed to be transcribed in an Al-independent manner, while
gspD is transcribed Al-dependently (Krysciak et al. 2014). The results for the Al-dependent
heterogeneous transcription described here go well together with the already mentioned
descriptions made for the Al-dependent heterogeneous transcription of genes in V. harveyi
(chapter 4 and Anetzberger et al. 2012b). In contrast to the Al-independent heterogeneous
behavior of some genes in NGR234, no Al-independent genes are transcribed
heterogeneously in V. harveyi. In this organism the phenotypic heterogeneity is restricted to
genes that depend on Al signals (Anetzberger et al. 2012b). This leads to the assumption that
additional factors beside the Al molecules control phenotypic heterogeneity in NGR234.

Further, the addition of water- or methanol-soluble plant root exudates of
V. unguiculata, a host of NGR234, and the proximity to roots of vital A. thaliana, which is not
a host plant of NGR234, decreased the heterogeneity of both Al synthase genes leading to
virtually only fluorescing cells in the population in case of both Al synthase promoter fusions
(Figures 5 and 6 in chapter 4). These findings support the hypothesis that plants are able to
control phenotypic heterogeneity of NGR234. Thereby, it probably doesn’t seem to play a
role whether the plant is a potential symbiotic host for NGR234 or not. General signals,
released by a wide variety of plants could be the key to the homogenization of NGR234’s
metabolism, at least of the Al synthase genes. This hypothesis should probably be verified by
testing more exudates of different plants (Grote et al. 2014).

One of these plant-associated molecules could be octoptine. During the RNA sequencing
analyses described in chapters 3 and 6.1, the moc cluster of NGR234 was differently
regulated after induction with 50 uM Al. The moc cluster codes for genes involved in the
catabolism of rhizopines and are therefore thought to be the corresponding genes to those

in A. tumefaciens for the catabolism of octopine. Although plants are not able to synthesize
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octopine per se in the plant roots, it is generally accepted that bacteriodic rhizobia are able
to synthesize rhizopines to feed other free living rhizobia and thereby providing a growth
advantage, so that rhizobia can outcompete rivaling bacteria, like the mechanism in
A. tumefaciens (Murphy et al. 1988). Octopine itself was formerly linked to the QS pathway
of A. tumefaciens (Oger et al. 1998) and it was recently demonstrated that opines provide
cooperative A. tumefaciens cells within a group a fitness advantage over saprophytic cells
(Platt et al. 2012). Since the symbiotic plasmid as well as the QS pathways of A. tumefaciens
and NGR234 are closely related, the general influence of octopine on the QS system of
NGR234 makes sense.

In summary, results of this study suggest a heterogeneous transcription of Al synthase
genes as well as of genes linked to or not linked to Al molecules of nearly all investigated
genes. This suggestion implies that phenotypic heterogeneity is a more general mechanism
of gene regulation in NGR234, based on very complex regulatory mechanisms and the
involvement of not-yet-identified signal molecules. A second observation of plant signals
controlling the heterogeneity of NGR234 leads to the conclusion that plants probably
evolved a mechanism to control bacterial gene expression and are able to override bacterial

QS signals. This mechanism may be a key to successful symbiosis (Grote et al. 2014).

6.3 The copy number of the symbiotic plasmid controls the

phenotypic heterogeneity in S. fredii NGR234

To get a hint for the molecular mechanism of phenotypic heterogeneity in NGR234, RNA
sequencing from a double deletion mutant NGR234-Atral-Angrl as well as qPCR on
genomic DNA from different NGR234 strains under differing culture conditions were
performed.

RNA sequencing analyses of NGR234-Atral-Angrl were processed in triplicates and
transcription results were compared to the wild type. In the analysis of the data, genes with
a fold-change of > 2.0 and an adjusted p-value of < 0.5 were regarded as statistically
significant and included in further evaluation. Altogether, more than 1,261 genes were
differently regulated in NGR234-Atral-/Angrl, which is nearly 20 % of all predicted genes
(Grote et al. unpublished). This was astonishing, since in the single deletion mutants less
genes were regulated, i.e. 316 genes in NGR234-Atral and 466 genes in NGR234-Angrl

Krysciak et al. 2014). The majority of the regulated genes (75 %) was upregulated. The
(Kry jority g g preg
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distribution of genes over the three replicons was unusual taken the size of each replicon
into account (pNGR234a — 32.43 %; pNGR234b — 21.33 %; cNGR234 — 46.24 %). This was a
striking observation, because these data state that 98 % of all predicted genes on the
symbiotic plasmid are upregulated. Since this would mean that nearly every single gene on
the symbiotic plasmid is regulated in dependence on quorum sensing, we wondered if there
was another mechanism behind this observation.

First, we tested, which transcriptional effects are triggered by the addition of apigenin, as
a nod inducing flavonoid (Begum et al. 2001) and thereby a substance that is thought to take
influence on the transcription of genes encoded on the symbiotic plasmid. Therefore, RNA
sequencing analyses with cultures supplemented with apigenin were performed. As
expected most apigenin-induced genes were located on the symbiotic plasmid, but these
genes were less genes than in NGR234-Atral-Angrl. In total 213 genes were differently
regulated in the induced wild type culture. Further, tests with an apigenin-induced NGR234-
Atral-/Angrl showed additionally 743 differently regulated genes in comparison to the
uninduced double mutant (Grote et al. unpublished).

Second, the upregulation of parts of the genes encoded on the symbiotic plasmid should
be verified. Thereby, promoter fusion studies with promoters of the nodABC gene cluster
and the nopB gene showed an elevated expression level, measured through a lacZ fusion
protein activity. This confirmed the elevated transcription rate of the symbiotic plasmid at
least of these fusion genes. Additional tests for getting the extracellular protein profile of the
nodulation outer proteins (Nops) of NGR234 and NGR234-Atral-Angrl verified that nop
gene products are excreted in a higher amount in NGR234-Atral-/Angrl compared to the
wild type after induction with apigenin (Grote et al. unpublished and Table 4 and Figure 3 in
chapter 5).

Third, a closer look into the transcriptomic data unraveled the repABC genes encoded on
the symbiotic plasmid among the strongest regulated genes in NGR234-Atral-/Angrl. These
genes showed a 23-43-fold upregulation, while the average increase in transcription was
7-fold. In addition to the repABC genes, two noncoding RNAs in the intergenic region
between repB and repC were upregulated. In general the repABC operon is responsible for
plasmids replication in many rhizobial isolates, whereby RepA/B are necessary for the active
segregation/partitioning of the plasmid and RepC is responsible or the replication itself

(Mazur, Koper 2012). Furthermore, transcripts were also mapped to the upstream region of
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repA. A more detailed analysis of reads mapping to the intergenic region between tral and
repA identified two small open reading frames (ORFs) that weren’t described previously.
Although the synteny of the region around the origin of replication of pNGR234a to the one
of A. tumefaciens’ Ti plasmid is very high, some differences were detected. In an analysis of
intergenic regions of many rhizobial isolates, most isolates, like A. tumefaciens, only have an
intergenic region of around 360 bp between tral and repA. In contrast to this NGR234, S.
fredii HH103 and S. fredii USDA257 have an intergenic region that is 803 bp in length. These
data could explain why the two identified ORFs are not or only in parts present in the other
strains summarized in Table 2 in chapter 5 (Grote et al. unpublished). The two ORFs were
named repX and repAO0 and probably code for a 51 aa respectively 143 aa protein, if
translated into a protein sequence (Grote et al. unpublished). Further investigations have to
prove whether the ORFs are transcribed into proteins or whether they are regulatory RNAs.
To test whether the upregulation of the repABC genes as well as the newly identified
ORFs have an influence on the copy number of the symbiotic plasmid, RT-PCRs on the
genomic DNA were performed. These tests showed a 2-3 fold increased copy number of the
symbiotic plasmid in NGR234-Atral-/Angrl compared to the wild type. The addition of
moderate concentrations of Al (0.05 uM and 5 uM) to cultures of the double deletion
mutant led to a further increase in copy number to 3-4.6-fold. The addition of 50 uM Al to
the culture medium finally led to an increase of up to 9-11 copies of symbiotic plasmid on
average per cell compared to the uninduced wild type. While the moderate Al additions had
equal effects on the wild type, the high concentration had no effect on the copy number of
the symbiotic plasmid in NGR234. These results imply that some regulatory mechanisms in
NGR234-Atral-Angrl are different from those in NGR234 (Grote et al. unpublished).
Different reasons for the upregulation of the copy number per cell in NGR234-Atral-
Angrl exist. In general, the distribution of macromolecules between each daughter cell can
vary significantly during cell cycling. In this context, polyploidy of prokaryotic cells is, for
example, often triggered by host-bacteria interactions. The nitrogen fixing bacteroids of
S. meliloti comprise multiple genomic copies to higher the nitrogen fixation functions (Jahn
et al. 2015). The variable copy number of the chromosome of B. subtilis is crucial for the
sporulation process and is regulated through QS (Chai et al. 2011; Jahn et al. 2015). In
addition to the chromosomal copy number variation, the number of plasmids per cell is even

more variable, which is often determined by the replication system (Jahn et al. 2015). It is
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already known that in A. tumefaciens the copy number of the Ti plasmid was increased after
the addition of the corresponding autoinducer molecule and depends on the regulation of
the QS related regulator TraR (Pappas, Winans 2003). Additionally, the increased copy
number could be linked to an increased tumorigenesis (Li, Farrand 2000b; Pappas 2008;
Pappas, Winans 2003).

The findings of A. tumefaciens are in part comparable to the results observed for NGR234.
In NGR234, the copy number of the symbiotic plasmid is increased by the addition of Al like
in A. tumefaciens. Additionally, the copy number is increased by the total lack of Al (in
NGR234-Atral-Angrl). In contrast to A. tumefaciens, the nodulation efficiency is not
influenced by the increased copy number, since NGR234-Atral-/Angrl does not show a
differing nodulation phenotype (Grote et al. unpublished).

In another closely related strain, R. legquminosarum bv. viciae, the plasmid regulation
genes are co-regulated with the plasmid transfer/QS system genes like the regulation
network in A. tumefaciens. This could give first hints for the regulatory mechanism of
plasmid copy number control in NGR234. In R. leguminosarum, repA was found to be
transcribed from two different start sites, from which only one needs the activity of TraR,
resulting in a shorter and a longer version of repA mRNA (McAnulla et al. 2007). With end
point RT-PCR on cDNA from NGR234 and NGR234-Atral-/Angrl we showed that repX and
repA0 are only transcribed in NGR234-Atral-/Angrl but not in the wild type strain. In
addition, repAO0 is transcribed independently from repA. This opposes the hypothesis, that
NGR234 possesses a repA with to different lengths according to the situation in
R. leguminosarum bv. viciae. Instead, NGR234 transcribes an additional ORF in dependence
to the environmental conditions (Grote et al. unpublished). Further tests with an additional
copy of the repAO in a pPBBR1MCS-2 vector inserted into NGR234 proved a direct impact on
the copy number of the symbiotic plasmid. Under these circumstances the copy number of
the symbiotic plasmid increases up to 3-4 copies per cell (Grote et al. unpublished).

In summary, the described results in this chapter give a first hint on the regulatory
mechanisms of the copy number of the symbiotic plasmid in NGR234. Furthermore, they
give a first direction to the regulation of phenotypic heterogeneity. The copy number in the
single Al deletion mutants increases up to 2-fold. At the same time, the phenotypic
heterogeneity that is observed in the wild type strain is decreased and all cells turn into the

ON-mode (Grote et al. 2014). From these findings it can be hypothesized that NGR234 has
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mechanisms for regulating phenotypic heterogeneity of cells in a population. Some of these
mechanisms are most likely directly related to the Al level of the surrounding environment.
Furthermore, the strict regulation can easily be disturbed by taking influence on the quorum
sensing system or the available types of Al molecules, e.g. by deleting Al synthase genes or
adding Al molecules to the medium.

Besides the effects on phenotypic heterogeneity, a biological significance could be linked
to this phenomenon. In a root hair curling assay, extracted culture supernatant of NGR234-
Atral-Angrl was able to induce root hair curling of V. unguiculata after 24 h induction
although the nod genes were not specifically induced by a plant excreted flavonoid.
Extracted supernatants of the wild type did not lead to a root hair curling phenotype when
cultivated under the same uninduced conditions. This induction has no influence on the final
nodule number, but could probably help NGR234 to be faster in nodulating host plants than
other strains and it would eventually overcome host restriction. This could be an additional
explanation for the broad host range of NGR234, being able to start the nodulation process
without flavonoid, by elevating the number of symbiotic plasmids per cell (Grote et al.

unpublished).
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Phenotypic Heterogeneity, a Phenomenon That May Explain Why
Quorum Sensing Does Not Always Result in Truly Homogenous
Cell Behavior
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Phenotypic heterogeneity describes the occurrence of “nonconformist” cells within an isogenic population. The noncon-
formists show an expression profile partially different from that of the remainder of the population. Phenotypic heteroge-
neity affects many aspects of the different bacterial lifestyles, and it is assumed that it increases bacterial fitness and the
chances for survival of the whole population or smaller subpopulations in unfavorable environments. Well-known exam-
ples for phenotypic heterogeneity have been associated with antibiotic resistance and frequently occurring persister cells.
Other examples include heterogeneous behavior within biofilms, DNA uptake and bacterial competence, motility (i.e., the
synthesis of additional flagella), onset of spore formation, lysis of phages within a small subpopulation, and others. Inter-
estingly, phenotypic heterogeneity was recently also observed with respect to quorum-sensing (QS)-dependent processes,
and the expression of autoinducer (AI) synthase genes and other QS-dependent genes was found to be highly heteroge-
neous at a single-cell level. This phenomenon was observed in several Gram-negative bacteria affiliated with the genera
Vibrio, Dinoroseobacter, Pseudomonas, Sinorhizobium, and Mesorhizobium. A similar observation was made for the Gram-posi-
tive bacterium Listeria monocytogenes. Since AI molecules have historically been thought to be the keys to homogeneous behav-

ior within isogenic populations, the observation of heterogeneous expression is quite intriguing and adds a new level of com-
plexity to the QS-dependent regulatory networks. All together, the many examples of phenotypic heterogeneity imply that we
may have to partially revise the concept of homogeneous and coordinated gene expression in isogenic bacterial populations.

Bacteria have evolved multiple strategies to cope with rapid
and frequent changes in their environment. These survival
strategies may include spore formation, increased production
of polysaccharides, biofilm formation or escape from biofilms
(i.e., switching from a motile into a sessile form and vice versa),
altered motility, change of metabolic capabilities, response to
antibiotics, and many more. In general, these switches are ini-
tiated by environmental or bacterially produced signals that are
perceived by a diverse array of regulators and delegated into the
corresponding regulatory networks. This presumably results in
altered transcription levels of different genes or operons, which
eventually causes a change in the phenotype and a response to
the environmental stimulus. Within this context, it is generally
assumed that the majority of a population will undergo this
switch within a short time period and that the population will
show a mostly homogeneous expression profile. During the last
decade, it became, however, evident that a certain fraction of
cells in an isogenic population behaves differently from the
others, even though the environment may not have changed
significantly. The term “phenotypic heterogeneity” thereby de-
scribes usually “nongenetic” variations that are observed be-
tween individual cells in a genetically homogeneous (i.e., iso-
genic) population (1). Within this context, the term “bistability”
describes the situation in which the population has bifurcated into
coexisting cell types (2).

It has been postulated that the ecological advantage of pro-
ducing nonconformists is linked to a spreading-the-risk strat-
egy (3—-6). Thereby, switching is a statistical event as a result of
noise and can additionally be an evolved event on the basis of a
genetically encoded regulatory mechanism or a result of small
genetic variations as part of an evolutionary process (7-9). It is
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further assumed that stochastic switching can be favored over
sensing-dependent switching if the environment changes in-
frequently (10).

In this minireview, we highlight recent findings with respect
to phenotypic heterogeneity. We place special emphasis on
quorum-sensing (QS)-dependent phenotypic heterogeneity.
For a broader overview on the topic of phenotypic heterogene-
ity, we provide in Table 1 a wide range of published examples
observed in Gram-positive and Gram-negative bacteria. Fur-
thermore, Fig. 1 gives a first glance at heterogeneous gene
expression observed under a microscope for a plant symbiont,
a human pathogen, and an aquatic bacterium in isogenic lab-
oratory cultures. The increasing number of published exam-
ples implies that phenotypic heterogeneity is a broadly ob-
served phenomenon within the bacterial world. It should be
considered an important component in many regulatory net-
works.
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TABLE 1 Recent examples of nongenetically determined phenotypic heterogeneity and bistability in bacteria

Minireview

Phenotypic heterogeneity and/or bistability trait(s)

Microorganism(s)

Reference(s)

Presence of persister cells, resistance to antibiotics and heavy metals

Staphylococcus sp., E. coli, S. Typhimurium,
P. aeruginosa, and others

37-39, 41 and references herein

SOS response” E. coli, C. glutamicum 54, 89
Response to peptide antibiotics B. subtilis 90
Prophage induction C. gl icum, S. oneidensis, S. pnet 54-56

Quorum sensing, presence of autoinducer synthesis genes

V. campbellii, V. fischeri, L. monocytogenes,
D. shibae, P. syringae, P. putida, S. fredii,
S. meliloti

13, 19, 23-25, 29, 30, 32-34, 91

Arabinose utilization E. coli 63, 64
Polyhydroxybutyrate utilization S. meliloti 92
Secretion of related genes S. fredii 30
Quorum quenching genes S. fredii 30
Motility, secondary-flagellum formation S. putrefaciens, S. Typhimurium 68,93
Biofilm escape, motility after putisolvin production P. putida 33
Genomic island excision/transfer M. loti, Pseudomonas knackmussii 28,94, 95
Bacterial competence, DNA uptake B. subtilis, S. mutans 71-74
Sporulation B. subtilis 9, 96, 97
Colony heterogeneity S. aureus 7
Increased lag phase E. coli 8
Surface pilus formation S. pneumoniae 98
Myo-inositol utilization S. enterica 99
Biofilm formation S. enterica, B. subtilis 100, 101
Antibiotic production Streptomyces coelicolor 102

“The SOS response is in part linked to the formation of persister cells (see reference 39 and references therein).

BACTERIAL QS: A SYSTEM THOUGHT TO COORDINATE For this, cells produce, release, and detect small diffusible mole-
CELLS INSTEAD OF PRODUCING HETEROGENEOUS CELL cules named autoinducers (AI). While Gram-negative bacteria
BEHAVIOR release molecules like the homoserine lactones (HSLs), alpha-hy-
The term “quorum sensing” (QS) describes the intra- and inter- ~ droxy-ketones, quinolone-like compounds, and others, Gram-
specific cell-cell communication to sense population densities.  positive bacteria produce and release autoinducing peptides.

FIG 1 Phenotypic heterogeneous expression of various reporter gene fusions in plant-associated Sinorhizobium fredii NGR234, the human pathogen Stenotroph-
omonas maltophilia K279a, and the aquatic Janthinobacterium sp. strain HH102. Images are overlays of light and fluorescence microscopic pictures. Arrows
indicate nonfluorescing cells. All strains carry low-copy-number plasmids with a promoter fused to a fluorescence protein. (A) S. fredii NGR234 carrying
Pngrl::dsRed2, a promoter fusion of the chromosomally encoded Al synthase gene in this organism (for further details, see reference 30); (B) S. fredii NGR234
carrying Ptral::mVenus, a promoter fusion of the second AI synthase gene of the organism in panel A; (C) S. maltophilia K279a carrying Pbla2::mCerulean, a
promoter fusion of the beta lactamase 2 gene; (D) Janthinobacterium sp. HH102 carrying PvioA::mCherry, a promoter fusion of the vioA gene, the first gene of the
violacein biosynthesis operon; (E) S. fredii NGR234 carrying Ptral::gfp and Pngrl::dsRed2 promoter fusions on the same plasmid. All images were extracted from
unpublished work from our laboratory.
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FIG 2 Two regulatory models that explain Al-dependent gene expression. (A)
Classical textbook model of QS-dependent gene expression in Vibrio and other
genera. Until recently, Al molecules were thought to be responsible for well-
coordinated gene expression resulting in homogenous cell behavior. After
reaching a certain threshold of Al concentration (dotted gray line) within a
growing culture, all cells of the population turn on cell density-dependent
genes like the lux genes in Vibrio and virtually all cells luminesce with the same
signal intensity. (B) Only recently have independent research teams discovered
a partly heterogeneous expression of QS-dependent genes in V. fischeri and V.
campbellii. Not only did phenotypic heterogeneity in Vibrio result in the ob-
servation of on or off cells, cells also differed in the signal intensities through-
out isogenic populations (13, 19, 24).

When a certain Al threshold concentration is reached, it is com-
monly accepted that the whole population collectively activates
gene expression of QS-controlled genes in a well-coordinated
manner (11, 12) (Fig. 2A). While this has been the classical view
for many years, there is now growing evidence that QS-depen-
dent responses of microorganism are not always homogenous
(Fig. 2B).

One of the first examples of a heterogeneous QS response has
been reported for the model organism Vibrio fischeri and its QS-
dependent bioluminescence (13). V. fischeri is a Gram-negative
marine bacterium that frequently colonizes the light organs of fish
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and squid species (14, 15). Cell-cell communication in this micro-
organism has been studied very extensively over the last 4 decades,
and it is perhaps one of the best-understood systems with respect
to QS (16). V. fischeri encodes a single LuxI synthase that is in-
volved in the synthesis of a 3-ox0-C4-HSL. Together with luxI, six
genes are found in the same operon (luxICDABEG). Upstream of
the lux operon, the corresponding regulator (i.e., [uxR) is found
(17). All together, these genes are involved in the biosynthesis of a
luciferase protein, and their well-coordinated expression finally
results in the observed bioluminescence through the reversible
oxidation of a bacterially produced long-chain aldehyde and a
reduced flavin mononucleotide. The expression of the V. fischeri
lux operon is controlled through QS. At low cell densities, the lux
genes are only weakly transcribed, whereas at high cell densities,
the lux genes are transcribed at high levels. Light emission is ob-
served only when a threshold concentration is reached, and until
recently, it was assumed that virtually all cells would activate the
lux operon’s transcription, resulting in a cell density-dependent
bioluminescence in isogenic populations (18) (Fig. 2A).

Interestingly, Perez and Hagan (13) provided evidence that
individual cells differ widely in the onset of their bioluminescence
and in their light intensities. Within their study, they convincingly
demonstrated that on a time scale of 150 to 250 min, the biolumi-
nescence of V. fischeri depends to a large extent on the exogenously
added AL However, the authors also described a large degree of
cell-to-cell variability in their study. Obviously, many cells lumi-
nesced at very modest levels, while a small fraction of cells emitted
much more brightly. The cells also responded on different time
scales to the added Al Based on these observations, the authors of
that study postulate that the AI controls the overall behavior of the
population but is less active at the single-cell level (13) (Fig. 2B).

One of the first studies reporting phenotypic heterogeneity in
the QS-dependent regulatory network within the genus Vibrio was
published by Anetzberger and colleagues for Vibrio harveyi (re-
cently reclassified as Vibrio campbellii) (19). In V. campbellii, ex-
pression of the lux operon is regulated through the concentration
of the AL, which is an N-(3-hydroxy-butanol)-L-homoserine lac-
tone (20). The bioluminescence in V. campbellii is heterogeneous,
similar to the above-made observation for V. fischeri and in con-
trast to the general belief that a high Al concentration leads to
synchronized gene expression in virtually all cells of genetically
identical populations. Anetzberger and colleagues observed that
despite high cell densities, only 69% of the cells produce biolumi-
nescence. Additionally, the strength of the bioluminescence varies
throughout the glowing cells. In the background of a [uxO mutant,
all cells luminesce (19) (Fig. 3A). LuxO is known to collect all
information of the three Al-specific sensor kinases in V. campbellii
and thereby to regulate the synthesis of four small RNAs that are
involved in destabilizing the [uxR transcript. LuxR acts as a master
regulator in the QS-responsive network (21-23). Further studies
implied that other Al-dependent genes are heterogeneously ex-
pressed in V. campbellii as well. Among these are the luxC, vscP,
and vhp genes. Al-independent genes appear to be mostly homo-
geneously expressed in V. campbellii, in contrast to the heteroge-
neous expression of Al-dependent genes (24).

Another interesting aspect of Al-linked heterogeneity was re-
cently identified in the alphaproteobacterium Dinoroseobacter shi-
bae (25). D. shibae is a member of the Roseobacter clade, which is
highly abundant in marine habitats (26). Surprisingly, heteroge-
neous cell morphology in D. shibae is controlled in a QS-depen-
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FIG 3 QS-dependent phenotypic heterogeneity observed in the two model organisms Vibrio harveyi and Sinorhizobium fredii. (A, top) The wild type of V. harveyi
shows phenotypic heterogeneity with respect to Al-controlled lux gene expression. (Middle) If the regulator [uxO is deleted, all cells turn on. (Bottom) When
externally added Al is present, all cells turn on. (B, top) The wild type of S. fredii shows phenotypic heterogeneity with respect to the Al synthase gene tral.
(Middle) After deletion of the Al synthase, all cells turn on. (Bottom) Once externally added Al is present, all cells turn on. For further details, see references 23,
24, and 30.
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dent manner. The D. shibae cell shape is highly variable, as it
ranges from variously sized ovoid rods to long filaments, and this
goes in parallel with a high copy number of chromosomes. Cells
divide either by binary fission or by budding from the cell poles. D.
shibae encodes in its genome three Al synthases and luxI homo-
logues, which produce Al molecules ranging from C,,- to C,4-
HSL. Unexpectedly, the deletion of only one of the three lux genes
resulted in highly homogeneous cell morphologies. The deletion
of the luxI1 gene abolished the synthesis of any Al molecule by this
strain. Further, the authors of this study convincingly demon-
strated that the phenotype of a luxIT mutant could be restored by
the addition of the corresponding C,4-HSL at saturating concen-
trations. Additional transcriptome analyses in the background of
this deletion mutant further supported the hypothesis of the AI-
dependent morphological cell variability (25).

Within this framework, the QS-dependent DNA transfer and
excision of a symbiotic island of Mesorhizobium loti has been ob-
served. M. loti is a nitrogen-fixing alphaproteobacterium that is
able to establish a symbiosis with legume plants. Its symbiotic
genes (i.e., nod, nif, and fix) are found on a symbiotic island that
has been designated ICEM/Sym"™™* (27). ICEM/Sym""* is excised
and transferred in an Al concentration-dependent manner, dur-
ing which the occurrence of excision events varies between single
cells within an isogenic culture. In a laboratory culture of M. loti,
the excision frequency of the symbiotic island was only 1% in the
stationary growth phase compared to 40 to 70% in the exponential
growth phase. The introduction of additional copies of traR, the
regulator of the Al system, and the deletion of gseM, an antiacti-
vator of the M. loti Al system, led to an upregulation of the sym-
bioticisland excision to almost 100%. Additionally, the deletion of
gseC, a modulator of gseM’s transcription, resulted in a reduced
excision frequency in individual cells and an increase in the level of
the synthesized Al molecules (28).

The Al systems in Pseudomonas syringae and Xanthomonas
campesiris are heterogeneously expressed over a long time period
of growth in laboratory cultures. The heterogeneity is not influ-
enced by the addition of external AT, which leads to the conclusion
that the heterogeneity of the Al systems of these two strains is not
regulated in response to the Al concentration. The authors pro-
vided evidence that even the addition of 20 to 35 uM Al or diffus-
ible signaling factor to the culture media did not significantly re-
duce the fraction of non-QS-responsive cells present in the
population. In fact, they observed that in both organisms, the
number of uninduced cells ranged from 18 to 25% (29). This is
intriguing, since in the majority of all other studied organisms, the
expression frequency at the single-cell level was affected by the
concentration of the available Al

In a recent report from our lab, we provided evidence that
plant-released molecules can override Al signals that are involved
in the regulation of phenotypic heterogeneity. For these studies,
the alphaproteobacterium Sinorhizobium fredii NGR234 was cho-
sen as a model organism. This organism is a plant symbiont that is
able to fix nitrogen in the root nodules of many legumes. In batch
cultures, the two Al systems, Tral/R and Ngrl/R, are heteroge-
neously expressed (Fig. 1A and B) (30). Further work from our
laboratory thereby implies that some cells turn on the tral gene
and others the ngrl gene; however, only a few cells turn on both
genes at the same time (Fig. 1E).

In contrast to the heterogeneous behavior of P. syringae and X.
campestris, the heterogeneous behavior of the two S. fredii Al sys-
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tems can be quenched by either the external addition of 50 uM AI
or the deletion of the corresponding Al synthase gene (30). The
upregulation of the Al systems in the background of the Al syn-
thase deletion mutants was in part verified by population-wide
transcriptome data (31). Not only the AI themselves but also the
addition of crude plant root exudates or octopine as a plant-re-
leased molecule caused a more homogenous expression of the Al
systems (30). Part of this study was confirmed by tests with the
close relative Sinorhizobium meliloti using a sinl reporter gene fu-
sion (32). Further investigations in S. fredii NGR234 indicated
that quorum quenching genes and a type IV pilus gene cluster
showed phenotypic heterogeneity that was independent of the in-
fluence of cell-cell communication signals (30).

Within this context, a recently published study on single-cell
analyses of Pseudomonas putida strain IsoF implied that QS in-
duces the production of the biosurfactant putisolvin, which trig-
gers asocial motility of induced cells out of microcolonies. The
biosurfactant synthesis is turned on by the stochastic switch of the
Al system of P. putida. These observations lead to the assumption
that in early growth stages, the QS signals are not released but
rather directly bind to the Al receptors of the producing cell, re-
sulting in an individually regulated gene expression. This in turn
causes individual-based behavior in younger biofilms and not, as
assumed for QS regulatory networks, to a group-based behavior.
Removing cells with the highest Al concentration exerted a nega-
tive feedback on the left-behind cells (33).

Finally, it is noteworthy that heterogeneity with respect to QS is
not restricted to Gram-negative bacteria. In the Gram-positive
bacterium Listeria monocytogenes, a similar QS-dependent pheno-
typic heterogeneity could be observed (34). L. monocytogenes is a
facultative intracellular food-borne pathogen that can cause se-
vere infections in humans and animals. It is widely spread in the
environment but often occurs in processed food samples (35). In
this bacterium, the autoinducer is a peptide encoded by the agrD
gene. agrD is found together with the agrB, -C, and -A genes in an
operon. agrC encodes a two-component histidine kinase, AgrA a
response regulator, and AgrB a protein that is involved in the
processing of the precursor peptide agrD into a mature autoin-
ducing peptide. Fusing the agr promoter region with a green flu-
orescent protein (GFP), Garmyn and colleagues provided evi-
dence that the agr system is in general highly heterogeneously
expressed in L. monocytogenes (34). They employed five different
strains in their study, in which heterogeneity was observed with
respect to the expression of a fused reporter for the agr genes.
Therefore, the authors concluded that the agr system is in general
subject to heterogeneous regulation. However, in different iso-
lates, the percentages of “on” Agr cells significantly differed and
ranged from 15 to 73%. It appeared that the overall ratio of off to
on cells was strain dependent. The growth conditions, i.e., liquid
culture or growth in biofilm flow cells, had a significant impact on
the degree of heterogeneity as well. In fact, biofilm lifestyle ap-
peared to increase the observed heterogeneity of L. monocytogenes
cells.

All together, these many examples of QS-dependent pheno-
typic heterogeneity may demand a careful reviewing of the classi-
cal model of QS-dependent cell-cell communication in which vir-
tually all cells are believed to be in either the on or the off mode
(Fig. 2A). Thereby, the model might need only a better definition
for the level of homogeneity, which is thought to occur in QS-
dependent regulons (Fig. 2B).
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PERSISTER CELLS AS A CLASSICAL MODEL FOR
PHENOTYPIC HETEROGENEITY

A well-studied system with respect to phenotypic heterogeneity is
the phenomenon of persister cells. This phenomenon was already
observed in the mid-40s of the last century, when Bigger described
the occurrence of Streptococcus pyogenes persister cells in an expo-
nentially growing culture that had been treated with penicillin
(36). In these experiments, a small fraction of a homogeneous
population entered a distinct physiological state in which they
were not killed by antibiotic treatment. Usually, these were less
than 0.1% of the whole population. Much research has been fo-
cused on the exploration of the molecular keys linked to the per-
sister phenomenon (37—41). Bertram and colleagues recently pro-
vided evidence that toxin-antitoxin (TA) systems play a key role in
the regulatory network of persisters (42, 43). These systems con-
sist of a toxin, which is normally a stable protein that interferes
with vital cellular functions, and a cognate antitoxin, an unstable
protein or RNA molecule, which regulates the toxin level. The
most prominent example of a TA system controlling persistence is
the Escherichia coli hipAB TA system. The newest results imply an
inactivation of the Glu-tRNA synthase by the toxin HipA, which
leads to an activation of RelA-mediated (p)pp(G)pp synthesis.
The increased (p)pp(G)pp levels indirectly result in multidrug
tolerance (44). The inactivation of HipA is mediated through the
binding to HipB, which additionally leads to a conformational
change of HipA (45). Essential to the regulatory effect of the hipAB
system is a threshold concentration of HipA. When the threshold
is exceeded, cells turn into persisters. This on and off switch is
driven by the proteolysis of the antitoxin, by stochastic fluctua-
tion, or by any change in the growth rate (39). Recently, the hipAB
system of Shewanella oneidensis was characterized, and a ternary
HipAB-DNA complex different from the one from E. coli was
observed (46). Since persister cells are highly problematic with
respect to antibiotic treatments of infectious diseases, much em-
phasis has been placed on the development of drugs that suppress
the development and survival of persister cells (47-53).

PHENOTYPIC HETEROGENEOUS GENE EXPRESSION IS A
WIDELY OBSERVED PHENOMENON

Phenotypic heterogeneity has been observed in a wide array of
Gram-negative and Gram-positive bacteria. To give a better over-
view, we have assembled many published examples of phenotypic
heterogeneity in Table 1. In the following section, we address a few
selected phenomena that are subject to phenotypic heterogeneous
regulation and have recently been uncovered.

SPONTANEOUS PROPHAGE INDUCTION AS A DRIVER OF
PHENOTYPIC HETEROGENEITY

Recent studies with Corynebacterium glutamicum, Shewanella
oneidensis, Salmonella sp., and Streptococcus pneumoniae indicated
that lysis of a small number of cells by spontaneous prophage
induction is beneficial to the remainder of the population and
increases the overall fitness of the population with respect to sur-
vival and biofilm formation (54-57). In the Gram-positive, bio-
technologically important microorganism C. glutamicum ATCC
13032, a spontaneously induced SOS response is partly responsi-
ble for the induction of prophages (54). The authors of that study
observed a positive correlation between the spontaneous activa-
tion of the SOS response and the spontaneous induction of the
prophage CGP. Interestingly, not every cell that turns on the SOS
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response induces prophage excision at the same time. An exceeded
threshold of a certain, yet unknown, SOS response regulator is
probably responsible for prophage induction in this bacterium
(54).

S. pneumoniae is a potent biofilm producer that colonizes the
upper respiratory tracts of humans and is the cause of many in-
fections (58, 59). The majority of genomes of pneumococcal iso-
lates showed a high prevalence of lysogenic bacteriophages (60,
61). Carrolo et al. convincingly demonstrated that biofilms
formed by phage-infected bacteria are characterized by a higher-
than-normal biomass and cell viability. Their data suggest that the
DNA release of individual cells that are lysed after phage induction
results in more-robust biofilms (55).

Likewise, the biofilm of S. oneidensis MR-1 is stabilized by ex-
ternal DNA (eDNA) that is released by individual cells after phage
lysis. S. oneidensis MR-1 encodes three prophages in its genome,
which are activated through UV radiation and other stresses, like
ionizing radiation (62). Spontaneous phage lysis produces signif-
icant amounts of free eDNA, which plays a major role during
surface attachment and development of three-dimensional bio-
film structures, with which the different prophages contribute to
different stages of biofilm formation (56).

METABOLIC ACTIVITIES ARE NOT ALWAYS UNIFORM IN
BATCH CULTURES

Yet another recent example for heterogeneous expression of genes
linked to metabolic traits concerns the arabinose utilization sys-
tem in E. coli (63, 64). With quantitative time-lapse microscopy
and by challenging E. coli cells with very low concentrations of
arabinose, a time delay in the response of single cells to arabinose
was discovered. This delay corresponded directly to the arabinose
concentration. In this study, cells were trapped in microfluidic
devices, and the authors showed that heterogeneity was linked to
the uptake of externally supplied arabinose. The established sto-
chastic model allowed the conclusion that the heterogeneous tim-
ing of gene induction was related to a broad distribution of uptake
proteins expressed by the cell at the time of arabinose addition.
Further, they showed that the off switching triggered by the sud-
den removal of arabinose is quite homogeneous and fast. The
rather quick off switch was independent of internal arabinose deg-
radation. Within this context, it is noteworthy that the usual noise
generated is a result not only of regulation of the level of mRNA
production but also of the level of enzyme activity per se. There-
fore, fluctuations during the expression and folding of cataboli-
cally active enzymes can propagate and cause significant growth
fluctuations in E. coli when it is grown on lactulose (65).

SOME CELLS MOVE DIFFERENTLY THAN OTHERS

Chemotaxis and motility have, as well, been reported to be subject
to phenotypic heterogeneity, and it was suggested that the behav-
ior of cells exhibited larger temporal variations at time scales rang-
ing from seconds to minutes (66, 67). Within this context, Buben-
dorfer and colleagues recently reported on the secondary
Shewanella putrefaciens CN-32 flagellar system, which is induced
under planktonic conditions within a distinct subpopulation.
This results in the formation of at least one lateral flagellum in
addition to the primary polar flagellum and is advantageous to the
cell with respect to bacterial spreading. Cells that express the sec-
ondary filaments were more fit with respect to spreading on soft-
agar plates and through medium-filled channels despite having
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lower swimming speeds than their mono-flagellated counterparts.
Ttis likely that the second flagellum is advantageous for directional
movement and ultimately leads to a more efficient chemotaxis

(68).

BACTERIAL COMPETENCE IS HETEROGENEOUS WITHIN
ISOGENIC POPULATIONS

Bacterial competence is yet another process for which bistability
and phenotypic heterogeneity can be observed. Natural compe-
tence is a complex process controlled by a regulatory network that
ultimately allows the uptake of exogenous DNA from the environ-
ment. For detailed reviews, see references 69 and 70. Bacillus sub-
tilis, Streptococcus prneumoniae, and Streptococcus mutans have
been used as model organisms to characterize heterogeneity dur-
ing this process. In all three bacterial strains, only a small fraction
of the cells within an isogenic population will eventually be com-
petent (71-74). For B. subtilis, a certain threshold concentration
of ComkK, the key competence-associated transcription factor, is
responsible for an autostimulatory process that finally leads to
genetic competence (74, 75).

Competence in S. pneumoniae is triggered by the secreted pep-
tide pheromone competence-stimulating peptide (CSP), encoded
by comC. CSP is bound by the receptor ComD, which forms a
two-component signal transduction system with ComE and
thereby responds to the external CSP concentration. Additionally,
ComeE activates the transcription of comAB and comCDE, induc-
ing a positive-feedback loop that drives the cell toward the com-
petent state. Cells that are not in the competent state are attacked
and lysed by competent cells (reference 76 and references herein).
This phenomenon is responsible for the observed heterogeneity.

Competence in S. mutans is regulated in a similar way. The
competence-induced population of S. mutans segregates into au-
tolysing cells and cells that become competent due to an imbal-
ance in the CipB/Cipl ratio. Besides these two cell fractions, a third
fraction of cells that is not competent and carries low levels of
ComeE is observed (72, 73). The newest research results provide
evidence that small peptides also play a key role in the competence
regulation of S. mutans (77).

MEASURING PHENOTYPIC HETEROGENEITY AT A SINGLE-
CELL LEVEL

Demonstrating the development of single cells within a popula-
tion and thereby monitoring the fate of individual cells and their
heterogeneous behavior over time are essential parameters for as-
sessing the impact of phenotypic heterogeneity. Well-established
methods for measuring phenotypic heterogeneity are time-lapse
fluorescence microscopy and flow cytometric analyses or a com-
bination of both. Additionally, the development of microfluidic
devices and cell traps has been very helpful for data evaluation and
single-cell tracking (72, 78-81).

With the exception of the studies on Vibrio in which naturally
occurring bioluminescence was recorded, the majority of pub-
lished studies have made use of fluorescence proteins (i.e., variants
of the GFP) for the detection of gene expression at a single-cell
level (Table 1). Mainly because of the high signal intensity needed
for the detection of single cells for many of these studies, low-,
medium-, or high-copy-number vectors were used. Therefore, the
use of reporter genes in self-replicable plasmids might in part be
problematic with respect to the regulation and expression of the
target genes through the corresponding regulators, usually en-
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coded on the bacterial chromosome in a single copy. This could be
a problem especially when single-copy regulators are involved and
their binding sites within the targeted promoter are outcompeted
by the binding sites on the high-copy-number plasmids. Further,
the maturation time of the fluorescing proteins employed will
most likely have an impact on the outcome of the study (82, 83).

Besides the use of fluorescence proteins, the use of the fluoresc-
ing dyes Syto 9, propidium iodide, and 3,3"-diethyloxacarbocya-
nine iodide [DiOC2(3)] proved to be useful for the identification
of subpopulations with reduced viability and membrane potential
within C. glutamicum populations (84). Other studies employed
in situ reverse transcription-PCRs at a single-cell level in combi-
nation with a single-cell beta-galactosidase assay to monitor het-
erogeneous expression of the lac operon in Salmonella enterica
serovar Typhimurium (85). The detection of single mRNA mole-
cules in individual cells might also be useful for analysis of pheno-
typic heterogeneity (86).

Within this context, culture conditions will also have a major
impact on the outcome of any study, especially since it is well
known that laboratory cultures cannot be considered truly ade-
quate models for natural systems; besides, high variations of en-
vironmental parameters are known to occur with often-stable
subpopulations in batch cultures. In particular, oxygen limita-
tions and gradients of oxygen might affect the outcomes of the
studies. This will be true for many of the GFP-based studies, as
oxygenation of a tyrosine at position 67 is a rate-limiting step in its
fluorescence (87). Further, is should be kept in mind that the
bioluminescence of Vibrio also depends on oxygen availability due
to the catalytic mechanism employed by the luciferase (88).

IS PHENOTYPIC HETEROGENEITY ALWAYS ONLY
PHENOTYPIC?

With respect to the observation of phenotypic heterogeneity in a
wide range of bacteria (Table 1), the question of how phenotypic
the observed heterogeneity is may arise. It is likely that the ob-
served phenomenon is in fact often related to genotypic changes
caused by single nucleotide polymorphisms (SNPs) that poten-
tially lead to a different phenotypic outcome for a certain subpop-
ulation. One such example has been reported for the growth of
Staphylococcus aureus on a laboratory medium with a high Mg*™
content (7). The parent strain divides into three subpopulations
when growing on these plates: an orange center region (O) and a
white (W) and a yellowish (Y) surrounding region. The transcrip-
tional changes in the W strain match a point mutation in the
RsbW anti-sigma factor. This leads to a loss of function of the
kinase active residue, which in turn results in a nonfunctional o®
complex. A ¢® deletion mutant shows the same QS hyperactiva-
tion phenotype as the W substrain, which leads to a growth ad-
vantage over the parent strain. Additionally, the Y strain revealed
mutations in the GraRS and WalKR two-component systems
causing a higher-than-normal resistance capacity against vanco-
mycin and the bacteriocin Bsa (7). Yet another example of
genomic mutations leading to phenotypic heterogeneity has re-
cently been described for E. coli cultures that had been repeatedly
treated with ampicillin. Sequencing of antibiotic-tolerant strains
identified various mutations leading to stable subpopulations
with altered growth behavior (8). These are only a very few and
very recent examples of phenotypic heterogeneity that is caused by
genetic changes instead of a stochastic or regulatory switch, and it
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is likely that others that uncover phenotypic as genotypic hetero-
geneity will follow.

Independently from the mechanisms through which pheno-
typic heterogeneity arises within a population, the many examples
that have been published over the last 5 years indicate the wide
occurrence and general importance of phenotypic heterogeneity
for coordinated bacterial behavior. All together, these examples
have significantly advanced our knowledge of the molecular keys
involved in generating phenotypic heterogeneity within isogenic
and homogeneous cultures. Because of the frequent occurrence of
phenotypic heterogeneity, we may need to ask if truly homoge-
nous and isogenic cultures exist at all. Within this framework, it is
perhaps safe to speculate that phenotypic heterogeneity is a very
common phenomenon that occurs in virtually any bacterial cul-
ture even though it is believed to be homogeneous, as this was the
case for the QS-dependent processes.
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