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Abstract

N-acyl homoserine lactones (AHLS) act as quorum sensing signals that regukate cell
density dependent behaviours in many graygative bacteria, in particular those
important for plarmicrobe interactions. AHLs can also be recognised by plants, and
this ma influence their interactions with bacteri@his thesistested whether the
exposure to AHLs affects the noddtgming, nitrogerfixing symbiosis between
legume hosts and rhizobia. It used the legukhegicago truncatulaand its symbiont,
Sinorhizobiummeliloti, as this model symbiosis has been well characterised on a
molecular and cellular basis. In addition, previous studies have characterised the

identities and roles of AHLs frori8. melilotiduring nodulation.

First, protocols were established to grdv. truncatula plants under conditions
conducive to symbiosis and, at the same time, to minimise growth of bacteria growing
in and on roots. This was important as bacteria can destroy AHLs and could thus
interfere with externally applied AHL$4. truncatubh was found to harbour culturable
bacteria that were derived from the inside of the seed coat and were recalcitrant to
surface sterilisation. A protocol using an antibiotic treatment of the seeds to minimise
bacterial growth, and an axenic system growihgtruncatulaseedlings on large agar

plates was chosen for subsequent experiment.

M. truncatulaseedlings were exposed to a range of synthetic AHLs derived either from
its specific symbiont,S. melilotj or from the potential pathogen®seudomonas
aerugirosa and Agrobacterium vitis Increased numbers of nodules formed on root
systems treated with ti& melilotispecific AHL, 3oxo-Ci4,-homoserine lactone (HSL),

while the other AHLs did not result in significant changesnbdule numbers. The
increase imodule numbers was dependent on AHL concentrations and was repeatedly
observed at concentrations ofrl and above. No evidence for altered nodule invasion

by the rhizobia was found-&oC;-sHSL 6 pri meddé Medi cago pl a
with rhizobia, irdicating that the increase in nodule numbers occurs at early stages and
as a direct effect on the plant and not on the rhizobia. Increased nodule numbers
following 3-oxo-C;14-HSL lactone treatment weret under control of autoregulation of
nodulation and wre still observed in the autoregulation mutaotin4(super numeric
nodules4. However, increases in nodule numbers x8-C,,-HSL were not found in

the ethylenansensitivesickle mutant. Gene expression analysis further suggested that

vii



this AHL affecs the expression of ethylenelated genes during nodulation. It was
concluded that plant perception of tBe melilotispecific 3o0xo-Cy14-HSL influences
nodule numbers inM. truncatula via an ethylenelependent, but autoregulation

independent mechanism.

A comparison oM. truncatulawith M. sativa(alfalfa), Trifolium repengwhite clover)

and Lotus japonicus(Lotus) showed that the observed effects of AHLs on nodule
numbers, at least at the concentration chosen, were sped¥ficttoncatulg despiteM.
sativanodulating with the same symbiont. M truncatulg the effects of AHLs were
specific for an increase in nodule numbers, but not lateral root numbers or root length.
This result suggests a very specific effect of AHLs on nodulation, possibly via
modulation of ethyleneontrolled infection, but not on general root developmental

processes.

During the investigation of protocols to eliminate bacterial contamination, it was
discovered that nodulation phenotypes in response to AHL exposure stronglget&pen
on the presence of plaassociated bacteria. Therefore, the composition and possible
role of the M. truncatulaassociated microbiome was further investigated. High
throughput sequencing showed that the antibiotic treatment significantly reduced the
presence and composition of the microbiome. Interestingly, applicatiorord-G14-

HSL also significantly altered the microbiome, but this effect was very specific for
bacteria belonging to the genBantoea Only in the absence, but not in the preserice o
the majority of the plant microbiome, dM. truncatulashow increased nodulation in
response to-8x0-Ci4-HSL, and this was associated with increased expression of early
nodulation genes. These results suggest that the bacterial commumitgdafago
affects nodulation responses towards AHLSs, particularly towards-awod;4,-HSL,

likely by interfering with AHL stability, perception or plant responses.

In summary, this thesis showed that plant perception of AHLs alters symgpesigic
phenotypes, su@gting that AHLs are not only important to regulate bacterial
behaviours during nodulation, but also that the plant has evolved mechanisms to
respond to specific AHLs from its symbiont, likely by reducing ethylene signalling or

synthesis to enhance the noen of nodules.
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Chapter 1 General Introduction

1.1 Introduction

Higher plants are characterised for being immobile, or rooted organisms. As a
consequence they have to adapt to an ever changing environment, not only to survive
but also tathrive. Some of the adaptive mechanisms that plants exhibit are mutualistic
microbe interactions such asycorrhizaand bacterial symbiotic associations. These
positive interactions allow microorganisms to provide nutrients to the plants and allow
the plants to provide protection and a niche for these microorganisms to thrive. A well
known example of a mutualistic symbiosis is the interaction between legumes and soill
bacteria generally calledrhizobiad. Rhizobia fix atmospheric nitrogen {Ninto an
accesible form to the plant, in a process known as biological nitrogen fixation (BNF).
N is one of the macronutrients midgghly required to increase crop yield. It has been
estimated that annual BNF providapproximately50 to 70 million metric tonsof
nitrogen to agricultural systenfklerridgeet al.,2008).Unfortunately, excessive inputs

of N have caused environmental contamination due to eutrophication of waterways.
Costs involved in the production of N fertilisers have risen, which in turn have become
an expensive input for crop production. Therefore, legume nitrogen fixation constitutes

an important way to boost sustainable agricultural production.

Rhizobia, orchestrate the expression of many bacterial genes important for plant
microbe interactions, @luding the Rhizobiurtegume symbiosis, by a process called
guorum sensing (QS). Bacteria produce chemical molecules called autoinducers (Als).
In rhizobia, as in many gram negative bacteria, these autoinducers are acyl homoserine
lactones (AHLSs). They aets signalghat inducea cell to cell communication system in
order to modify gene expression in a populati@pendent manneFquaet al, 1996

Bassler and Losick, 2006)

This Chapter will present the current research in quorum sensing applipthrt
microbe interactions with emphasis on the Rhizoblagume symbiosis, particularly
looking at nodulation and the plant microbiome.



1.2 Quorum sensing cell to cell communication system

Bacteria have adapted mechanisms to maximize their efficiencyrtpete in time and
space, in order to ensure their multiplication and survival. Some of these mechanisms
include motility, synthesis of exoenzymes, exopolysaaes, surfactants, antibiotic
production biofilm formation, plasmid conjugal tnafer and virience determinant (e.g.
Swift et al, 1996: Klein et al, 2009. These activities are regulated by bacterial
communication through a phenomenon called quorum sensing (QS), which involves the
synthesis, exchange and perception of small diffusible moleclilesse molecules
regulate transcriptiomctivating specific receptoris order totrigger changes in gene
expression in gopulationdensitydependent mann€Fuquaet al, 1996 Bassler and
Losick, 2006; Choudhary and Schmi@annert, 2010)Thus, bacted are able to sense
their population density as well as other bacterial populations to survive in a constant

changing environment.

Neaslonet al., (1970) noticed that in bioluminescent bacteria, luciferase enzyme

synthesis was repressed at Ipopulationdensity and activated at highopulation

density. They referred to this phenomenon as autoinduction due to the bacterial cells

ability to regulate their luciferase gene expression by recognising their own self
synthesised signal. Later ddeaslon and Hastgs(1979)described for the first time a

cell to cell communication system in a bioluminescsyinbiotic marine bacterium

Vibrio fischeri,which produces light only at highopulationdensity. However, the term

guorum sensing was first mentioned by Fugual., (1994) who described it as the

Amini mum behavioral uni to i n whiAshthebacteri a
bacterial population grows so does the concentration of small diffusible molecules or

guorum sensing signals (QSSs), also referred todiffsisible pheromones or

autoinducers. In this sense bacteria are able to count their own numbers by synthetising

and detecting the extracellular concentration of QSSs (Bassler and Losick, 2006). When

a certain threshol d or géngexoressiomare triggeredimac he d, c

a coordinated multicellular behaviour (Figuré)1l



Altered
-> behavior
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Threshold or quorumn]

Time

Figure 1.1 Quorum sensing model. As the bacterial cell population increases over time
so does the quorum sensing signals (QSSs) concentratmfifidéd from Keller and
Surette (2006).

Many definitions and classifications of cell to cell communication systems in bacteria
have been discussed and proposed according to the type of QS and QS molecules as
well as their ecological and evolutionary roles (Wingeal.,2002;Henke and Bassler,

2004; Keller and Surette, 2006; Hense and Schuster, 2015). In this study, some of the

more commonly used concepts in the quorum sensing field will be defined as following:

1 Quorum sensing Cell to cell communication system that allows bactéoa
sense their environmetd monitor their own cellnumbeessn d t hei r nei ¢
cellsin order to change their behaviaara populatiordensitymannerFuquaet
al., 1994; Fuquaet al.,2001; Bassle 2002).
1 Quorum sensing signals Chemical molecules orcompounds produced by
bacteria that possess the following characteristics according to Wahzsr,
(2002):
- Thdr production occurs during specific stages of growth, under certain
physiologicalconditions, ofin response to changes in the environment.
- They accumulatentracellularly andextracellularlyand arerecognisedy a

specific receptor.



- Their accumulatiorgenerates a concerted response, once a critical threshold
concentration halseen rached.
- The cellular responsextendsbeyond physiologicachanges required to

metabolig or detoxify thecell to cell signal molecule

These criteria help to identify QSSs from other secondary metabolites. For instance,
toxic bacterial metabolites or nadolic residues that reach certain concentration may
trigger a united stress response in a population (Wigizal.,2002; Keller and Surette,
2006). In this case, toxic molecules cannot be considered quorum sensing compounds
since toxins are not recogeid by specific receptors and the bacterial cells only respond

to the toxic properties of the molecuje=s se(Winzeret al.,2002).

1.2.1 Conventional gquorum sensing systems: How do bacteria get socially
intimate?
Conventional quorum sensing systems can be classified in three different categories
according to the type of autoinducer and its detection. These are: modified oligopeptides
(in Gram positive bacteria), LuxIl/R type quorum sensing systems (typically in Gram
negative bacteria), and @mbination of the two (Figure 1).ZHenke and Bassler,
2004). In bacteria, gene annotations are in italic lowercase |(xky. and protein
annotations in capital letters (e.g. Luxl). In this study, QS system is usually refeaed
conventional quorum sensing while QS circuits are the different components inside a

defined QS system.

1.2.1.1 Modified oligopeptides

Quorum sensing in Gram positive bacteria regulates gene expression through secreted
modified oligopeptides as autoinducersa a phosphorylation/dephosphorylation
cascaddHenke and Bassler, 2004; Miller and Bassler, 2001). The peptide autoinducer
signal is synthetised from a peptide signal precursor. This peptide is secreted
extracellularly via an ATHinding cassette (ABCYydnsporter. When the extracellular
peptide concentration reaches a certain threshold, reflecting the cell population density,
it is detected by a two component signalling system histidine sensor kinases (Eig

middle column). Once this transmembrarensor kinase is autophosphorylated, it
transfers the phosphoryl group to the cognate response regulator protein. Thus, the
phosphorylated response regulator protein binds to specific target genes activating the

transcription of quorum sensing controlleahge (Miller and Bassler, 2001).
4



Gram-negative: Luxl/R

Gram-positive: oligopeptide

Hybrid

Serratia liguefaciens:
Pigment production, antibiotic production

Sinorhizobium meliloti.
Exopolysaccharide synthesis (symbiosis)

v W\
Maodified
AN
@ @ @ W\ oligopeptides ® A 10 ° A AL
o W o -
s @ @ AHL o @ o A A A A
'E T Processing T A
= and secretion H
@ O
° K A ¢ Wl 4
o
2 (T VAN ADP)@ - ANPZ e
= T synthase
(2] /
B i e -
Genes
0
AN 5
- LTy X
o o i H OH
3-0-C12-HSU/Lasl CSFIphrC o
Pseudomonas aeruginosa Bacillus subtilis 3-OH-C4-HSL/LuxM
o Vibrio harveyi
H *
o)K/N ADPITRQWGD o OH
@ L/f \“/\/ O@\ (Z
= o comX o
=2 C4-HSL/RhII -
= F aeruginosa B. subtilis HOmm—fomi CHy
® o o o HOw" o
5 H /
g o/w/”\n/w‘/v\/ S IS \ Al-2/LuxS
= J / . V. harveyi
-g o o0 YSTCDFIM  GVNACSSLF
< | C8-HSL/Tral S p HiC, O
Agrobacterium tumifaciens 7 S HO, o
0 / HO* N\
y INCDFLL YSTCYFIM &
)K/N HO
oS W AIP LIV
Staphylococcus aureus Al-2/Luxs o
CB-HSL/Luxl Salmonella typhimurium
Vibrio fischeri
F aeruginosa: B. subtilis: %4 hqrveyi: )
Elastase production, rhamnolipid Competence, sporulation Luminescence, type Il secretion
production (virulence factors) Vibrio cholerae-
V fischeri S. aureus: Virulence, biofilm production
w0 - nischert Virulence, biofilms
o Biocluminescence Vibrio anguillarum:
E Erwinia carotovora: Lactococcus lactis: Protease production
& | Exoenzyme production (virulence), Nisin production S. typhimurium:
T antibiotic production Lsr tranporter
o Streptococcus pneumoniae:
§, A. tumefaciens: Competence ** Photorhabdus luminescens:
o Conjugation of the Ti plasmid Antibiotic production

** Clostridium perfringens:
Toxin production

** Streptococcus pyogenes:
Hemolysin production

Figure 1.2 Conventional diffusible quorum sensing (QS) in bacteria. The Figure shows
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microorganisms, their autoinducer structures and the balravmmontrolled by them.
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Abbreviations: HPt, histidine phosphotransfer protein; RR, response regulator; sensor

histidine kinase; P, phosphate. Figure taken from Henke and B426(&).



1.2.1.2 LuxI/R type quorum sensing systems

V. fischeriwas the first bacterm in which quorum sensing was discovered. As a
consequence, its QS system, comprising Luxl and LuxR family proteins, became the
most extensively studied. THeuxl enzyme catalysesthe synthesis of specific acyl
homoserine lactones (AHLS). Synthetised Artblecules freely diffuse out of and into

the cell increasing their extra and intracellular concentration proportionally with
bacterial cell populationvithing a diffusionlimited environmentWhenextra e intra
cellular concentrations of AHLs reach an equilibri@na certain threshald AHL
molecules are recognised by the LuxR proteins, which subsequently bind different
promoter elements, activating downstream transcription of target genes and
consequetly enhancing RNA polymerase activity (Figute?, first column) (Fuquaet

al., 1994; Federle and Bassler 2003; Henke and Bassler, 2004)-fauxfy proteins

have two domains: an autoinducer binding domain, located in the amino terminal region
and a DNADbinding helixturn-helix (HTH) at the carboxyl terminal motif (Fugua and
Winans, 1994). The biological relevance of Q¥itisheriis explained below.

V. fischeriin its freeliving state inthe seawateis foundat low cell densities (less than

107 cel/ml) with no luminescenceF(iquaet al., 1996; Fuquaet al., 2001) However,

when itcolonises the light organs of the sepiolid sq&dprymna scolope¥/. fischeri
accumulates at high cell densities '%00* cell/ml) (Rubyet al., 1976). Under this

high population density, quorum sensing signals, specifically tA&lL, N-3-
oxohexanoyHSL is produced, diffuses and is perceived by the population expressing
the luminescencdux) genes (Eberharet al.,1981; Devineet al, 1989;Dunlap, 1995;
Fuquaet al., 1996; Ulitzur 1995. It is thought that tanight the squid needs to be
unseen in order to escape from predators and to (Ne#lson and Hastings, 1979)
While this appears to be an obvious advantage to the squid, this hypothesis will require
empirical testing in the futuret lis then thatthe light fromV. fisheri adjusted to the
natural moonlight, makes the perfect camouflage for the squid to hide from its prey in
the shallow waters of the ocean. Every morning the squid expels most of the bacteria
into the seawater and regrow new bacteria during the day and the cycle is repeated
every day Eberhardet al.,1981;Nealson and Hastings, 197Rubyet al.,1976; Ruby

et al.,1980; Rubyet al.,1992.

1.2.1.2.1 AHL structures and synthesis
Eberhardet al., (1981) identified the first AHL structure V. fischeri as N3-

oxohexanoyHSL (Figurel.3Aa). Many more AHL structures have been identified
6



different bacterial speciesnce then (Figur&.3Ab,c,d,e). Different techniques such as
high performance ligid chromatography (HPLC) purification, mass spectrometry and
nuclear magnetic resonance (NMR) thin layer chromatography (TL@)a
performance liquicchromatography (UPLC), ultdaigh-resolution masspectrometry,
and insitu biosensorbBave been used identify them $hawet al.,1997;Marketon and
Gonzélez, 2002; Marketaet al.,2002; Tepliski et al.,2003; Feketet al.,2007).

A) B)
a) ERGMT CSF (Bacillus sublilis)
a) Vibrio fischeriLux] H O *
4 \é b) ADPITRQWGD Com¥ (Bacillus sublilis)
~YY P
o 0 ¢) EMELSKFFRDFILQEEK P (Streplococcus

pnaumaniag)

b) Pseudomonas aeruginosa/’Lasl
d) ArPs (Stapfylococcus aureus)

H ©O
1 ¥ O 5 O
N 5 ‘\ g 5 5
\N\/\/\n/'\n/ T (8] ¥ / }{ / (\ J ‘K
YSTCOFIM owmacssLF INCDFLL YSTCYFIM
o © AlP-1 AlP-I AlP-1N AlP-IV
¢) Pseudomonas asruginosa/Rhll

g O
VYN\)I\O HO_ o, OH
(s / "@' Al-2 (Fibrio harveyi)

d) Agrobacterium tumefaciens/Tral
H QO HOw\ [ .CH

- .
R 9]
Ty Y

e) Sinorhizobivm melilot
O H
1
0 zl'l\\f‘N ‘_\_br_.-'“'H_n//'*x\_\_‘____.-'“'-.._w___.f“n,_\_h-___.-'hh.v.-"’"xh-___..---
Y, ."I
. 4 G O

Figure 1.3Some of th&)SSs chemicatructures from AJsram negative bacteria &)
0X0-Cs-HSL b) 3-0x0-C1-HSL ¢) CGi-HSL d) 30xo-Cg-HSL e) 3-Oxo-Cyi4-HL. B)
Gram positive bacteria CSEpbmpetence and sporulation fagt@omX: Competence
pheromone, CSP: Cold shock protein, AlRsitoinducing peptide€) V. harveyj
Furanosyl borate diestelhe asterisk above the tryptogm in ComX represents an
isoprenyl modificationFigure adaptettom Federle and Bassler (2003).

The basic AHL structure is composed of a homoserine lactone ring moiety and an acyl
side chain. Different AHLs are distinguished in length, degree of substitution and



saturation of their acydide chain (Figurd.3) (Fuquaet al.,2001). The hydrophobicity

of the molecule is a result of the hydrophilic homoserine lactone and the hydrophobic
side chain. AHLs, specifically, acgide chains, range from 4 to 18 carbons in length
(Fuguaet al.,2001; Neumannet al., 2013). Modifications in the oxidation state at the
C3 position on the acyl side cha{methyl, ketone, or hydroxyl groupahd the length

of the acyl side chain gives specificity to quorum sensing systems (Eu@la2001;
Patelet al.,2013). It has een demonstrated by structural studies of Lyge proteins
(AHL synthase) that their acyinding pocket fits precisely to a specific side chain
moiety (Gouldet al., 2004). Figurel.4 shows how the Luxl synthase catalyses the
amide bond formation betwees-adenosyl-methionine(SAM), the acylacyl carrier
protein (ACP) and the acyl SAM intermediate creating the acyl homoserine lactone
(Moréet al.,1996; Gonalez and Keshavan, 2006).

o 0 ACP ACP
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S /\j\/& al holo-acyl carrier protein
S

acyl-acyl carrier protein
yreey P acvlati +Ade ine
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Figure 1.4 AHL synthesis reaction. AHL synthasesmtalyse the acylomn of S
adenosylL-methioning(SAM) by an acylacyl carrier protein followed by lactonisation

of the methionine moiety. This generates the end product acyl homoserine lactone with
the byproducts holdCP and 5methylthioadenosinerigure adapted from Wson et

al., (2002).

1.2.1.2.2 Some examples of LuxI/R homologs

Luxl/R was thought to be unique . fischeri and V. harveyi(Fuquaet al., 2001)
Nonethelessanalogues of this quorum sensing system have been found in over 70
species of Gram negative bacteffidiller and Bassler, 2001), mostly in peobacteria
(Caseet al.,2008; Hense and Schuster, 2D15 other genera, the LuxIfike system
usually refers to homologues of tWefischeriregulatory systems. Thus, Luxl homologs
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are homologous to the Luxkgtein inV. fischeriand LuxR homologs are homologous
to the LuxR protein inV. fischeri (Fuquaet al., 2001). Some bacterial specidsmve
more than one Luxl homolognd in that casea specific AHL combination will be
produced. In consequenceach badrial species recogres their own set of AHL

molecules, differentiating their own members from the rest (Federle and Bassler, 2003).

In this conventional systemuxl and luxR genes are usually located closely in the
chromosome. However, sometimekigR gene is found by its own witholuxl gene.

This is known as anrphan (Fuqua, 2006; Subramoni and Venturi, 2009) or solo LuxR
homologs (Caset al., 2008; Patankarand Gonzéalez, 200®atelet al, 2013).Even
though the LuxR regulatory system is highly conserved in bacteria, substitutions in key
amino acids of the AHIbinding domain lead to AHL recognition impairment. This is
the case in the solo LuxR homolog OryR Xanthomonas oryzapv. oryzae (X00)

where OryR cannot bind to AHLs but rather to lomolecularweight plant molecule(s)
(Fuguaet al.,2001;Gonzélezet al.,2013) Caseet al.,(2008) revealed that out of 265
proteobacterial genomes analysed, 68 possess a LuxI/R system, of which 45 genomes
lack a complete LuxI/R system (containing a higher ratio LuxRs/LuxIs) and another 45
genomes contained LuxR solos. Fuqua (2086ygested that an orphan or solo LuxR
homolog, QscR (quorum sensing control repressor) fRBaudomonas aeruginosa
could responda monaspecies as well as multispecies signalling in order to integrate

information of mixed bacterial communities.

It is possible to find more than one QS circuit, Luxl/LuxR homologs, in one specie
This is the case ofPseudomonas aeruginosagrobacterum tumefaciensand
Sinorhizobium melilotiAs AHLs from these bacterigere assessed in this wotkeir

QS systems will be reviewed below.

Pseudomonaaeruginosas a gram negative soil bacteriumhich can cause plant and
animal disease. It possesses at least three QS citastsRhl and QscR (Fuqua, 2006).
Las/Rhl is composedf Luxl/LuxR homologs, Lasl/LasR and RhllI/RhIR, respectively.
Las and Rhl affect the expression of 160 to 650 geinekiding those involved in
virulence factors, biofilm formation, exoenzymes production, nutrient acquisition,
motility and signalling pathways molecules suchRsgudomonagjuinolone signal
(PQS) which is critical to its survival (Peset al.,1999; Wadeet al.,2005; Juhast al.,
2005).The Las and Rhkircuits function in tandem to ensusynchronougiming and

thussuccessful pathogenesis (Milland Bassler, 2001). Lasl catadgs30oxo-C;-HSL
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and Rhll G-HSL synthesigPearsoret al., 1994, 1995). Wan a sufficienpopulation
density andherefore,3-oxo-C,,-HSL concentrationhas been reached, LasR, a LuxR
homolog, in conjunction with-8xo-C;>-HSL controls the synthesis of virulence factors
and also the upregulation tife rhIR gene (Ochsner and Reiser, 1995). RhIR binds to
C4-HSL modulating a diverse range of target genes sucthase forsiderophores
production, involved in iron acquisition, and rhamphanolipid biosynthasd,others
involved invirulence, motility, biofiimformationand uptake of hydrophobic substrates
(Stintzi et al., 1998; Schusteet al.,2003, 2004). A negative regulator, QscR acts as a
repressor of the positive feedback lp@ownregulating genes in the Las, Rhl and
QscRsystem(Fuqua, 2006).

Agrobacteium vitis is awell-known plant pathogenwhich induces crown gall tumours

on grapevine. In order to form the tumours the oncogenic Ti plasmid (pTi), carrying
specific virulence genewif) must be trangfrred to the host cell nuclefisowe et al.,
2009).0nce a section of the Ti plasmid;DONA, is integrated into the plant genome,
not only the gall formation begins but also a host specific root necrosis in grapes and a
hypersensitivdike response (HR) on nemost plants like tobacco (Hao and Burr,
2006). These pathogenic behaviours are under the control of the caystRlocus.

Awsl synthesiss the longhain AHL molecules andvsRthe transcriptinal regulator,
binds to the AHIs. In addition, AviR and AvhR, two LuxR solos, are also involved in
the regulation of this pathogenesis response (Zletng., 2003; Haoet al., 2005).
Interestingly,Avsl and AvsR fromA. vitis share up to 71% and 38% of identity with
Sinl and SinR fromS. meliloti strain 1021, respectively (Hao and Burr, 200®).
addition, the solo LuxR homologéviR and AvhR are highly homologous to ExpR
and two orphan LuxR homologs (SMc00878 and SMc00878. aheliloti(Zhenget

al., 2003; Hacet al.,2005).

Sinorhizobium meliloti (formely Rhizobium meliloji is a soil alpha proteobacterium
gram negative nitrogefixing rhizobium which forms mutualistic symbiosis with
legume plants belonging to the germvsdicagq Melilotus and Trigonella (Glazebrook
and Walker, 189; Gurich and Gonzalez, 2009)o our knowledge, QS i8. meliloti
has notbeencompletely understood. This QS system is basically composede&in
circuit, consistingof SinR, a transcriptional regulator and an AHL synthase %ihich
catalyseghe production of long acyl side chain AHLs ranging fromp @ Cig-HSL. In
addition, there is a functional orphan LuxR homolog called Eap® the Tra system

with tral, traR andtraM as inA. vitis (Marketon et al.,2002; Marketonand Gonzalez
10



2002; Gonzalez andMarketon 2003; Charoenpanickt al., 2013). t has also been
reported that. melilotistrain1021 (Rm1021)possesse®mur additional orphan or solos
LuxR homologs encoded by the SMc04032, SMc00878, SMc00877, and SMc00658
loci (Galibertet al, 2001). Only two of them, SMc04032 (NesR) and SMc00878, have
a known function. NesR regulates the survival and nodulation efficiency by competition
in the rhizosphere and SMc00878 regulates the gene expression of the denitrification
pathway (Patankar ar@onzélez, 2009). Sanch€ontreraet al.,(2007) indicates that

two additional putative orphan LuxR homologs, SMc03015 and SMc03016 are also
found in Rm1021. However, the functionality of themmesremains unknown. Other
components to this QS circuit V& been suggested (Hoaeg al., 2004). Previously,
Marketon andGonzalez(2002), suggested th&. melilotihad an additional AHL
synthase Luxl homolog called Mel systarhich catalysethe production of short chain

AHLs. However, in subsequent studies this was not confirmed éGalq 2005).

The ExpR/Sin quorum sensing circuit i®quired for most of the freéving and

symbiotic cell functions, includinghe synthesis othe low molecularweight (LMW)

fractions ofexopolysaccharides succinoglyc@PSl)andgalactoglucanEPSII) which

play an essential symbiotic role in motility, chemotaaisl infection(Pellock et al.,

2002; Hoanget al., 2004, 2008; Glenret al., 2007; Gurich andGonzalez, 2009;
Nogaleset al, 2012), biofilm formation (Wanget al., 2004; Edwardset al, 2009;
Mclintoshet al.,2008), nodulation and nitrogen fixation (NF) (Lehal, 20QL; Zheng
et al., 2006), plasmid transfer (Marketon and Gonzélez, 2002) andl nransport
(Hoanget al.,2004) among others

The expression ahe sinl geneis under the regulation dhe SinR and ExpR proteins
(Marketon and Gonzalez, 2002). Aigh populationdensity, the production ofSinl
proteirs is upregulated to synthesikng side chain AHLs ats threshold of activation
ofsinf@ 1 nM AHL). As a result, the AHL cor
AHLs bind to the ExpR forming the AHEEXpR complex. This complesegulates a
total of 570 genes including the ormesponsibldor succinoglycan, galactoglucan and
flagellum production as well ahe Sin circuit Sinl/SinR(Charoenpaniclet al.,2013;
Gurich and Gonzalez, 2009; Hoarg al., 2004). sinl transcription is upregulated by
ExpR-AHL complex through sinR and expR, resulting ina positive feedback loop
(Marketonet al., 2003; Mclintostet al, 2009). When the threshold for reductiorsofR

is reachedd 4 0 simRN4)repressed, decreasing SinR protein through turnover and

dilution of SinR by cell division. In atition, posttranscriptional mechanisms such as
11



degradation of the AHL synthase transcripinl by RNAse E, a bacterial
endoribonuclease important for RNA metabolism, has been reporg&dneliloti As a
consequencesinl expression is inhibited (Figurd.5) (Mcintosh et al, 2009;
Baumgardtet al.,2014). At low AHL concentrations, TraM inactivates TraR until the
population density increases whieal encodes for the production ofaxo-Cg-HSL, 3
OH-Cg-HSL and G-HSL activating the response regulator TraR. The Tra system
regulates the plasmid transfer through formation of the mating pore and the conjugal
tube (Marketon an&Gonzalez 2002).Interestingly, Mcintosket al., (2009), points out

that positive and negat feedback loops i6. melilotiare not only affected by AHLs
concentration but also nvironmental conditions such plsosphate availability in the

rhizosphere.

Extracellular environment

/ Cytoplasm \

L)

G-HSL, 3
AHL-ExpR oxo-G-HSL,
a complex 3-OHG-HSL
Regulation of target genes e.g. Regulation #'as_mid transfer
@y  EPS production, motility, etc. (formationof matingpore and

conjugal tube)

\\©@ aoo/

Figure 1.5 Quorum sensing system dinorhizobiummeliloti. Sinl catalysesthe

production of long side chain AHLs (pentagons). Model based on Gonzalez and
Marqueton, 2003; Mclintosét al., 2009; Charoenpanictet al.,2013. Colourful boxes
represent genes that encode ExpR, SinR and Sinl proteins (circles).i+sgmbols
indicate activatiorand repression of the transcription, respectivVelg system is borne

on a plasmid. Therefeore, it is not present irsalinelilotistrains.
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Exopolysaccharide production and flagellum synthesis are essential for symbiosis (see
section1.3.1). Flagella and EPSII production are required for motilitysimmelilotj
which in turn, depends on the production of AHLS, particulardy-HSL and 3oxo-
Ci61-HSL (Gao et al, 2012). Exopolysaccharidesegulation in S. meliloti is
remarkably commx composed by numerous regulatory circuits that modulate the
bacterial response according to several environmstreds factorg¢Janczarek, 2011).
Gurich and Gonzéle2009) reported thathe inactivation of motility genes by
ExpR/Sin QScircuit at high population density is essential for nodule invasion
efficiency whenS. melilotiaccumulates in the rooOnce the invasion is stablished
ExpR/Sin is repressed (Gurich and Gonzélez, 2009). InterestingBy, nmelilotistrain
1021, expRis disrupted due t@ native insertion sequence (ISRm 2a)1which
impedes the synthesis of EPSHExperiments done in this strain, found that
spontaneousgxcisionof this insertion increases EPSII in response #-€ISL and 3
0X0-Cy6.-HSL confirming that Rm1021 is noaéble to produce EPSII due to this
insertion (Pellock et al. 2002; Marketon et al., 2003). However, Rm1021 is able to
produce EPSI, particularly the low molecular fraction of this polymer essential for
symbiosis, establishing a successful colonisationMin truncatula and producing

functional nodulesGonzalezt al.,1996.

As it has been reviewed, LuxI/R homologs play a crucial role in the regulation of many
genes important for competition and survival of gram negative bacteria. Luxl is the
populationdensity signalresponsible for synthesising the Ahiholecules (Fuquat al.,

1994). When the bacterial population increases in numbers, so does the AHL signal
concentration. ThusgeachAHL binds to the LuxR homolog protein, thmopulation
densitydependentranscriptional activator of the DNA (Fuqu al, 1996; Fuquaet

al., 2001). However, LuxI/R is not the ontpnventionalQS system present in bacteria.

Others includenodified peptides and hybrid QS systems.

1.2.1.3 Hybrid quorum sensing systems

The lastconventional QS system is a hybrid between the two conventional QS reviewed
above: modified oligopeptides found in gram positive bacteria and LuxI/R found in
gram negative bacteria (Henke and Bassler, 2004). Hybrid QS systems were originally
identified inV. harveyj which can produce and recognise two autoinducerd, &id

Al-2, simultaneously, which is known as coincidence detection (Basislar, 1993,
1994) . It has been suggested that <coinci

or trickery fom other bacteria (Schauder and Bassler, 2001; Henke and Bassler, 2004).
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Al-1 corresponds to an AHL and-2lto a furanosyl borate diester. When eitheilAlr

Al-2 reach a certain threshold, the signal transduction is activated viacdmgmnent

phosplorylation cascade (Figurg.2, third column). -Signabs parall e
systemallows bacteria to communicateith their own (speciespecific language) as

well as with others (nespecies specific language). The Als synthesised duxS has

alo been found in many gram positive and gram negative bacteria regulating inter

species communication. As a result, it has been proposed #2aisAd universal signal

(Suretteet al,, 1999; Pereirat al.,2008).

1.2.2 Quorum sensinginterspecies communicationme and the rest.

Different species of bacteria produce slightly different SQSFor example
Pseudomonasand symbiotic rhizobia produce slightly different versions AbiLs
differing in the fatty acyl side chaifrigurel.3). It seems that differefitacterial species

have subtlédialect® that might allow them to differentiate between signals from their
own species and signals from other speciésgs might be extremely helpful ascteria
usually live in complex environments composed of differertrobial communities.

Not surprisingly, it has been suggested that QS helps bacteria living in these complex
ecological environments, eg. rhizosphere and biofilms, to distinguish not only their own
but also other species (Fugetaal.,1996; Caset al.,2008).

With the discovery of AR not only inV. harveyibut also in a vast range of gram

negative and gram positive bacteria, it was proposed that QS communication existed

wide spread among species (Xavier and Bassler, 2003). It is also known tBat Al

regul ates many bacteri al Abehaviourso such as

antibiotic production and biofilm formation, among others (See the review Federle and

=1}

Bassl er, 2003) . | t appears that bacteri al
capacity t ct ah (260B)k suggestGleesa\esdroppingn other species
conversationsseems tdbe predominant among the Proteobactefiais sophisticated

social behavior may give bacteria an advantage to compete and survive in complex

diversified bacterial populations (Chandkdral.,2012).

As described beforeséction1.2.1.2.2), solo LuxR homologs response regulators and
not their cognates Luxl homologs, have been found in abundance in many bacteria
(Caseet al.,2008). That is also thease inS. melilotj which despite of not producing

Al-2, are able to recognise and internalise this molecule from other bacterial species
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using its Lsr system (Pereigd al., 2008). ThusS. melilotiability to eavesdrop other
speci es 0 c ohartharr parficipatingradiively ia the communication provides
an advantage during colonisation of a common niche interfering wih rggulated
behaviors such as virulence (Perestaal., 2008). Similar toS. melilotj P. aeruginosa
does not produce A2. However, it has been shown that-Als able to upregulate
overlapping subsets of virulence factor promoters (Detaal., 2003). Eavesdropping
on other neighbours might provide important informatioiRbozobiumleguminosarum
bv. vciae to delay growth through conjugal transfer of the symbiotic plasmid until a

quorum has been reachatlilkinson et al.,2002).

1.2.3 Quorum guenching: The war zone.

It has been reported that bacteria are able to disrupt other QS systems by reducing the
activity of the AHL receptor or synthesis cognate; affecting the stability and function of
the QS signal by removing, inactivating or modifying it (e.g. agonist toganist);
inhibiting the production of QS signals; produci@® mimic compounds or analogues;
producing anti activator proteins or negative transcriptional regulator homologs and by
negative regulation via small RNASRNAS) (Federle and Bassler, 20@)rzalez and
Keshavan, 2006; Kalia, 2013).

Removal of the autoinducer from the environment by importing it into the cell through
ABC transporters reduces the amount of the signal in the milieu (Federle and Bassler,
2003). In a caculture with S. melilotiand Erwinia carotovora(producing At2), S.
meliloti strain Rm1021 was able to removeZAfrom the extracellular medium (Pereira

et al., 2008). Perhaps, masking other species perception that they are in a low
population density would give them a better cleatec compete for limited energy and

nutrient resources.

Moreover, QS inactivation in bacteria is caused by enzymatic degradation of
autoinducers. The first such enzyme that was identified and purified was a lactonase
from Bacillus sp (Donget al.,2001).Lactonases hydrolyse the lactone ring of the AHL
structure, thereby inactivating the molecule. In addition, acylases hydrolyse the AHL
amide bond, releasing the homoserine lactone from the fatty acid side chaat &lin

2003). Apart from these enzymes two others have been reported decarboxylases, which

hydrolyse the lactone ring and deaminases, which cleave the acyl side chain (reviewed
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by Kalia, 2013. These enzymes and derivatives have been found in gram positive as

well as gram negative bacteria (Helman and Chernin, 2015).

Volatiles organic compounds from bacteria can also disrupt QS. It has been shown that
P. aeruginosaand P. fluorescensamong other bacteria, produce dimethyl sulfide,
which acts as a quorum quenchlecreasing both long and short chain AHLs (Chernin

et al., 2011). Streptomyces spproduces butyrolactones that act as AHL analogues
(Kinoshitaet al., 1997). In addition, cyclopeptides and diketopiperazines produced by
Pseudomonas smterfere with QSHoldenet al.,1999).

1.2.4 Interkingdom communication: What happenswhen bacteria interact with
organisms from anotherkingdom?

Prokaryoteeukaryote cross talk or interkingdom communication via quorum sensing

has been reported with members of fungi, animats@ants (Cuginet al.,2008; Joint

et al, 2007; Kalia, 2013). In this study only planbacteria interkingdom

communications will be discussed, as they form part of the scope of this work.

Bacteria can increase or reduce the performance of plantsusudid, in the worst
case, they can kill the plant, in the best, they can increase growth by providing extra
nutrients, hormones and improved soil structiBacteria are efficient coloréss and
infecting agents and one of the reasons for this sucedbgir use oAHL signals to
coordinate many of their behaviou&udies have shown that plants are not only able to
detect theAHL signals of bacteria, but that they can differentiate between signals from
pathogenic and symbiotic bacterfagoet al, 2003. Theirresponses to AHLs depend

on the concentration of the signd@bdoet al, 2003 von Radet al, 2008. In response

to AHL signals, Medicago truncatula plants have been shown to adjust the
accumulationof more than 150 proteins, including dederrelated proteins, metabolic
enzymes, and enzymes of the flavonoid pathwastiiesiuset al, 2003) In addition,

AHL signals appear to alter plant development by altering auxin levélgalmidopsis

(von Radet al., 2008. Joseph and Phillips (2003) leashown that QS breakdown
prodwcts from beneficial root colonizy bacteria increase stomatal conductance and
transpiration rate in beanBlfaseolus vulgari&.). AHL signals influenced root growth

in Arabidopsisas well as shoot growth in barley (von Retdal., 2008; Kleinet al.,
2009).
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Plants can interfere with bacterial QS via reduction of the AHL cognate receptor or
synthesis protein and inhibition of AHL molecules by degradation, sequestration and
mimicry (Truncadcet al.,2015). t has been showiat a number of plant species can
reacttoAHLc ompounds by producing and exuding
molecules that are perceived AklL compounds by the bacteriaterfering with their

QS circuits(Teplitski et al, 2000; recently reviewed by La Sarre and Federle, 2013;
Truncadoet al, 2015; Kohet al.,2013) QS mimic molecules from plant&n inhibit or
promote QSrelated gene expression in bactgfTaplitski et al., 2000) This finding
suggests that plants hawe mechanism to interfere r Aqguencho bacte
sensing The production of quorum sensimgmics was enhanced after perception of
purified quorumsensing signals by the plant, and differed in response to different
structures of quorum sensing sighéWathesiu®t al.,2003).Vandeputteet al, (2010),
demonstrated that catechin, a flavonoid from the medicinalCtoeebretum albiflorum
negatively affectedas andrhl gene expression iR. aeruginosé?AO1 via interfering

with the perception of £HSL by RhIR resulting in reductions of growth, pyocyanin
production and biofilm formation. Further studies demonstrated that naringenin, a
flavonone, inhibited the virulence Bf aeruginosadecreasing the expressionlas and

rhl genes and resulting in reductions 6bx-C;-HSL and G-HSL and a defective
RhI-C4,-HSL complex (Vandeputteet al., 2011). In E. coli, naringenin, kaempferol,
qguercetin and apigenin wefeund to inhibit biofilm formationThese flavonoids also
inhibit biofilm formation and bioluminescence iN. harveyi Also, naringening
supresses virulenca the later (Vikram et al, 2010). Interestingly, flavonoids have
been linked with legume symbiosis as crucial players to stablish nodulation (reviewed
by Hassan ah Mathesius, 2012). Rajamamit al., (2008), who discovered that
riboflavin and its degradation product lumichrome from the alghtamydomonas
activated LasR response regulatorAReeudomonas aerugingswhich suggests that
both compounds act as intergdom QS signal mimics. Another example is given by
Keshavanet al., (2005), suggesting thafledicago sativahindersS. meliloti QS by
impeding the folding of ExpR.

Gonzélezet al, (2013), reported that a subfamily of LuxR solo OryRXahthomonas
oryzaepv. oryzae(Xoo) is able to recognise low molecular weight plant compounds
from rice. However, many of the plant signals interfering with AHL synthesis or

perception remain unknown.

17



1.3 The Legume-Rhizobia Symbiosis

Legume plants belonging to tk@baceaéamily are the second most important crops in
agriculture after cereals cropso@te&) like maize, rice and wheaSrykal et al.,
2019. They are a good source of protein, oil and dietary fibre for humans and animals
as well as nitrogen, as an amendmenstol (Cook, 1999). One of the reasons for their
high protein content is the symbiotic nitrogen fixation with their rhizobia partners. This
process consists in the conversion of atmospheric nitroggnirftd ammonia (NhH),
which plants are able to utilisén exchange, plants provide carbon in form of organic
acids as a source of energy to rhizobia. The model annual pasture Ibgpdivago
truncatula(Gaertn) (barrel medic or barrel medick or barrel cloveonstitutes a great
opportunity to study rhizobilegume interactions due to its features including its small
diploid sequenced genome, easy of genetic transformatiorfegédiation, high seed
production and short generation time (Cook, 1999). Moreover, in Austklia
truncatula is an important foage crop species cultivated in a lay farming mode
(PuckridgeandFrench 1983.

1.3.1 Nodulation

The invasion of plant roots by rhizobia is a process that consists of several synchronised
steps including the initial signal exchange, initiation of infection, infection thread
development, formation of nodule primordia and development of the noduleodiXe
atmospheric nitrogen (Gage, 2004; Joeikesl., 2007).

The initial signal exchange starts with the release of signal chemicals called flavonoids
and betaines that are secreted by host roots into the surrounding rhizosphere in order to
attract compible rhizobia (Gage, 2004). Flavonoids are phenylpropanoid metabolites
which act as chemoattractants, regulators of the nodulatiod ¢enes in rhizobia
(Peterset al, 1986; Redmonet al, 198&). Once rhizobia recognise their partner and
reach its rot surface, they attach to the roots. Flavonoids bind to rhizobial NodD
proteins, which are transcriptional regulators of the LysR family, to indodegene
transcription Gyoérgypalet al., 1988. In rhizobia, upregulation afiod genes leads to

the inducion of the synthesis and export of lipochitin oligosaccharides (LCOs) or Nod
factors (Figurel.6A). Nod factors consist of B-1,4linked N-acetytD-glucosamine

residueswhich are speciespecific. Bacteria are able to synthetise more than one Nod
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factor molecule. Nod factors trigger early nodulation changes in the host such as root
hair deformation, membrane depolarization, intracellular calcium oscillations and
initiation of cell division in the root cortex which initiates nodule development
(Ehrhardtet al., 1996; Felleet al., 1998 Cardenaset al., 1999; for review se&age,
2004).

Even though flavonoids usually upregulat®d genes in rhizobia, it has been
demonstrated that some flavonoids can also downregulate their expresSianetfiloti
(Zuanazziet al.,1998). This might be a mechanism by which plants maintain low levels
of Nod factorsto avoid the elicitation of plant defense responses to ensure optimal
nodulation Zuanazziet al., 1998). Even though Nod factor can be perceived by the
plant at extremely low concentrations (1 to 10 pEhrhardtet al., 1996; Oldroydet

al., 2001), local accumulation of Nod factors on the root hairs it is thought to reach high
concentrations (1 to 10 nM) over time activating calcium flux (Shaw and Lo0g).20

It has been reported that bradyoxetin, an extracellular quogsponsive signal
molecule produced at higlpopulation density by Bradyrhizobium japonicum
USDA110, indirectly repressetdgenes in sdyean cultivar Lambert (Loh and Stacey,
2003; Jitackornand Sadowsky2008). However, this repression was dependent on the

environment and the plant cultivar (Jitacksand Sadowsky2008).

A) Initial signal exchage B) Cortical cell division C) Root hair curling
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Figure 1.6 Initial signal exchange betweeévWledicago truncatulaand Sinorhizobium
meliloti. A) Flavonoids produced hyledicagoupregulatenod genes irS. meliloti As a
result, Nod factors are produced which in turn, are perceived by the plant through a Nod

factor receptor NItNFP). B) Attachment of the rhizobia to susceptible root hairs and
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cortical cell division occurring in unison. C) Colonised curled root HGICRH).
Modified figure from Jonest al, (2007).

The formation of bacterially infected nodules requires a coordinated root development
program where two processes occur simultaneoustt hair infection and cortical cell
division. The infection of susceptible hair roots starts with rhizobia attaching to young
developing root hairs at the root tip zone. At the beginning, they attach loosely via a
Cd* dependent step using a proteifiezh rhicadesin. Later, they attach tightly through
cellulose fibrils synthetised by the rhizobia (Hirsch, 1992). Nod factors secreted by
rhizobia are perceived by receptors on the susceptible rooinidaicing membrane
depolarization, Cd influx at theroot tip and oscillations in cytosolic calcium (a
spiking) (Ehrhardet al.,1992; 1996). IM. truncatulathe Nod factor receptor is called
Medicago truncatulaNod Factor PerceptiorMtNFP) (Figure 6A). In response to Nod
factor perception and signahhsduction, early nodulation gen&NQODS9 are induced

in epidermal actively growing root hairs (Jourrgttal., 1994, 2001). However, the
importance of Nod factor signalling continues as the invasion extends to the cortex and
may also be important wheratteria are released into differentiating the nodule cells
(DenHerderet al, 2007; Hadri and Bisseling, 1998).

The infected root hairs deform in several unusual shapes. I8.tmeelilotiand M.
truncatulas y mbi osi s, they exhibit a typical 60Shepart
the root hair, its growth is arrested on one gklgure 1.6C; 1.7)This deformation can

be influenced by plant hormones such as ethylene to regulate the frequency of
productve infections, thus, acting as a negative regulator on nodulation (Olet@yd

2001). The root hair curls, trapping the rhizobia inside, followed by progressive
invagination of the root hair cell membrane which forms a tubular structure that grows
downthe root hair to the cortical cells. This structure is known as the infection thread.
Rhizobia keep growing and dividing inside the infection thread (Gage, 2004). While
this is happening in the root hairs, cortical cééginto divide (Figurel.6B). It has

been found that rhizobia unable to produce Nod factors and exopolysaccharides (EPS)
are impaired to form infection threads successfullysglinget al., 2003; Joneset al.,

2007. Even though the precise functional role of EPS in symbiosis remaitsaunc
(Kawaharadaet al.,, 2015),EPS inMedicagosymbiosis were shown to be important for
early stages of plant infection, including the attachment of bacteria to the root surface,
root hair curling, proper infection thread initiation and extension, battéischarge

from infection threads, bacteroid development, suppression of plant defence responses
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and successful nodulatiokgwaharadat al, 2015;Fraysseet al, 2003; Pelloclket al.,
2000; Skorupskeet al., 2006). However, effective invasions can also occur when
synthetic Nod factors and exopolysaccharides are supplied in additiSn rreeliloti
strains (Kleinet al.,1988).

a Infection thread initiation
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Figure 1.7 Developmental stages of root hair infection $n meliloti a) Infection
threadsinitiation. b) Infection threads extension.c) Infection threads penetration.
Modified figure from Jonest al.,(2007).

Cortical cell division initiates nodule formation. There are two main types of nodule
structures and nodule differentiation grams, depending on the location of the initial

cortical cell divisions. The model legurive truncatulaproduces indeterminate nodules
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as well as other temperate legumes includiegicago sativaPisumsativum Vicia

faba and Trifolium repens Indeterminge nodules originate frorpericycle and inner
cortical cell divisions and areharacterised by having an elongated shape and have a
persistent meristem at the distal end, which generates new nodule cells that are infected
by the rhizobia inside. Indeterminate nodules show a clear gradient of meristematic,
infection and fixation zorge The division of the pericycle and inner cortical cells
initiates a the nodule primordium. Middle cortical cell divisions create the nodule
meristem (Figurel.8) (Hirsch, 1992; Gage, 2004). On the other hand, determinate
nodules found mostly in tropicd&gumesbut also in temperate legumés.g. Lotus
japonicus,Glycine max, Phaseolus vulgarisriginate fromouter cortical cell divisions
andtend to have a round shape and lack of the persistent meristem. Therefore, bacterial
cells inside the nodule migty, differentiate and senesce synchronically without the
developmental gradient found in indeterminate nodules (Hirsch, 4@92Spronsen
Mergaertet al, 2006). As this study was done mostlyMn truncatulg indeterminate

nodulation will be reviewed.

Middle cortex

Figure 1.8Indeterminate nodule structure A) Representation of an emerging nodule and
the root tissues that giwise to different nodule zoneB) Longitudinal section of 10
day-old alfalfa nodule, showing bacteroids (GFP label&dmelilot) in the different

zones of the nodule: meristem, infection zone and fixation zone. At the right it is
possible to see the root cross section. Plant tissue is seen counterstained with Propidium
iodide (red). Modified figure from Gagg004).

While inner corticalcells are dividing, outer cortical cells become polarized and

cytoplasmic bridges are formed. The infection threads leave the root hair cells to enter
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to the outer cortical cells where they grow through the cytoplasmic bridges towards to
the inner corticlcells. When rhizobia reach the inner cortical cells, they are internalised
by endocytosis. The unit composed by an individual rhizobia and the surrounding
endocytic membrane is called symbiosome (Brewin, 2004). Inside the symbiosome,
rhizobia differentite into their nitrogen fixing form called bacteroids (Jome¢sal.,
2007). Bacteroids are able to fix nitrogen from the atmosphé¢sevia nitrogenase
activity. This enzyme reduces, Mito ammoniaNHs) so plants can use it as a nitrogen

source.

1.3.2 Control of nodulation

Nodulation is controlled by abiotic factors such as temperature and nutrient availability.
The most extensively studied has been nutrient availability, especially soil nitrogen
content (Aranjueloet al., 2015; Streeter, 19781t has been shen that plants can
control the nodule numbers by different mechanisms including control of plant defence
responses, which are partly affected by the gaseous phytohormone ethylene, and a

mechanism called autoregulation of nodulation (AON) by the plantGaste, 2004).

1.3.2.1 Plant defence responses

Nodulation is an extremely costly process for the host legume. It has been estimated that
the biological cost of nodule establishment, nitrogen fixation and transport for the plant
IS 1217 grams of carbon per gram fXed nitrogen (Crawfordet al., 2000). Thus,

plants use different mechanisms in response to environmental conditions to regulate
nodulation according to their requirements (Mortetr al., 2012). One of these
mechanisms involves plant defence respondestsare able to defend themselgs
controlling invasion of pathogenic microbes by generating a hypersensitive response,
which can include the production of reactive oxygen species (ROS) and the
modification of the cell wall compositionMembrane depot&ation and calcium
oscillations, necessary events in the nodulation pathway and root development, have
been observed in plant cells responding to pathogenic elicitors sudhitass,
oligosaccharides, flagellin and several peptides/peptidoglyczege(et al.,2015; see
reviews, Vadasery and Oelmiiller 2009; Chevalet al., 2013). There is a growing
realisation thaplantROSplays an important role in thestablishrent and maintenance

of nodulation (Gourioret al., 2015). It has been postulated that 80n particular
hydrogen peroxide, may modulate growth, deformation and root hair curling (Gage,
2004). On the other hand it has been shown that Nod factors are able to reduce the

generation of ROS iM. truncatulamakingROS production transient. Thus, ROS are
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linked to the Nod factor signal transduction pathway (lvaskut., 2005; Shaw and

Long, 2003). It has been suggested that the transient production of ROS during
nodulation is differentially regulated at diffetdaime points (Marineet al.,2009). It has

been proposed that hydrogen peroxid#ds®ugh gposttranslational modification called
sulfenylation may regulateprotein activity, which is important for a successful
nodulation Qgeret al, 2012). It has beedemonstrated that thd. truncatularipl
peroxidase gene, which has sequence motifs with homology to ROS responsive cis
elements, has been transcriptionally induced in the presence of Nod factore{@bpk
1995; Ramuet al., 1999. In P. vulgaris reductions in ROS production causes a
reduction in infection threads formation, density of symbiosomes in the nodule, nodule
biomass, nodule numbers and nitrogen fixation (Momiedl., 2012, Arthikala.et al.,

2014). A transcriptome analysis in inoculatdd truncatulaplants with inhibited ROS
production, inactivation ditSpklgene which encodes a putative protein kinase and is
induced by exogenoubydrogen peroxidase, significantly reduced nodule numbers
(Andrio et al, 2013). However, ROS are not tbely plant defence responses involved

in nodulation. Ethylene biosynthesis has been correlated with plant defence response
(Marino et al,, 2009).

1.3.2.2 Ethylene

Ethylene is a gaseous plant hormone that has been associated with plant growth,
development, stress responses and fruit ripening (Yang and Hoffman, 1984). The
precursor for the biosynthesis of ethylene ianilinocyclopropand-carboxylic acid
(ACC), whichis converted to ethylene by the enzyme ACC synthase. The role of
ethylene in nodulation is not yet fully understood. It has been shown that ethylene,
which is also involved in plant defence responses, negatively regulates nodule
formation, infection threadnitiation, root hair deformation, early gene expression,
calcium spiking and nodule numbers (Oldrogd al., 2001). Ethylene acts at early
stages in the developmental nodulation pathway presumably at or upstream of calcium
spiking and defines sensitivitf the plant to Nod factors (Oldroyt al.,2001). On the

other hand ACC synthase inhibitors such as aminoethoxyvinyl glycine (AVG) have
been shown to increase nodulation (Oldreydal., 2001; Guinel and Gejl 2002). In
addition, an ethylenisensitivehypernodulatiormutantsickle (skl) of M. truncatula

has a mutation in the orthologous gene Afabidopsis thalianaETHYLENE

INSENSITIVE2(EIN2), leading to a significant increase in the number adules,
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which are randomly distributed over the root peier ofM. truncatula(Penmetsa and
Cook, 1997; Penmetsat al., 2008). BesidesSchuheggert al., (2006) found that
bacteria producing AHLs in the rhizosphere of tomato induceetlylenedependent
defence response, activating the induced systemistaese (ISR) againghe fungal

pathogenrAlternaria alternata.Apart from ethylene, lascisic acid ABA) and jasmonic
acid (JA) have been reported to have negative effects on nodulation (Mxray

2012).

1.3.2.3 Autoregulation of Nodulation (AON) in M. trunca tula

The numbers of nodules formed on legume roots are typically less than the numbers of
initial infections. AON is a mechanism by which the plant closely controls nodule
numbers systemically, where successful infections inhibit further cell divisicothién

areas of the rootMortier et al., 2012). This mechanism involves long distance
signalling from root to shoot which is converted into a feedback regulatory response.
This was demonstrated in a split root study where inoculation of one side of the root
inhibits new nodule formations in the othwde (Kosslak and Bohlool, 1984). Thus, the
AON defines a temporal developmental time window in which roots are susceptible to
inoculation with rhizobacteria. Nod factor perception activates AON at different times
according to different legume speciesr@gamtet al.,1987; van Brussedt al.,2002).In

M. truncatulathe super numerary nodulesui) mutant is defective in autoregulation.
Thus, sunn produce nodule numbers excessively in response to inoculation with
rhizobia. Because of thisunnis calleda super numeric nodulesutant (Penmetsat

al., 2003). SUNN encodes a leucinech-repeat receptelike kinase that acts in the
shoot. It most likely perceives a peptide of the CLE family and subsequently transfers a
signal to the rot to inhibit furtherodulation (Mortieret al.,2012; Reidet al, 2011).

The development of nodules and the control of nodule numbers are very similar to the
development and regulation of lateral roots. For example, both processes are controlled
by environmental factors l&k N availability (Gohet al., 2015; Jin et al., 2012); both
processes require-mritiation of cell division in the root that is controlled by gradients

of auxin and cytokinin (Mathesiugt al., 2008; Bensmihenet al., 2015) and
autoregulation mutants alsshowed root architecture phenotypes (éinal., 2012;
Buzaset al, 2007). Therefore, when studying the control of nodule number, it is also of

interest to ask to what extent this is nodulation specific, e.g. through control of infection
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compared to horonal effects on root development that could affect bottiuladion

and root architecture.

1.4 The plant microbiome

Agricultural productivity is highly influenced by soil microbes (Philipgotal., 2013;
Bakker et al, 2012; Lau and Lennon, 2012). For instgndeserse soil microbial
communities associated tBrassica rapaimproved plant adaptation under drought
stress (Lau and Lennon, 2012nother examplés the disease suppresssails, which,

under favourable conditions for disease development, prevent the outbreak of plant
diseasesRulgarelli et al, 2013). The bacterial root microbiome can play a critical role

in disease suppressiveness. This phemomés explained by the relative abundance of
diverse microbial taxa in the soil more than the presence or quantity of particular taxa
(Kent et al.,2002; Berendseat al.,2012). Therefore, the plaassociated microbiome

can confer an adaptive advantageplants and be used as a powerful tool to improve
sustainable agriculture (Bakker al.,2012; Haneet al.,2015;Gohet al.,2013).

1.4.1 Rhizosphere

The rhizospherea narrow zone of soil influenced by plant roots, is one of the most
dynamic and rich ecgstems on Earth (Tringet al.,2005). Rhizosphere soil has been
found to harbor up to ®microhial cells per root gram and more than 30.000 bacterial
species (Egamberdiewvet al., 2008; Mendeset al., 2011). This diverse and complex
microbial community harbors a collective genome larger than that of the plant
constituting the Opl an eték 2052k thterastinglyy thie 0 me 6
microbial biodiversity is associated with the rhizosphere but not with bulk soil which is
known as héare 6e hi e ods§., 2018 eundbergbtsak, 2012). This

is a likely result of root exudation, as plant roots exéd % to 30 % of the
photosynthates into the rhizosphere while the bulk soll, is limited in terms of nutrient
acquisition (Marschrre 1995; Bulgarelli et al, 2013. Plants shape their microbiome
through their root architecture, root exudates and rhizodeposition. Root exudates may be
comprised of low molecular mass compounds including sugars, amino acids and
organic acids and heavy ieoular mass compounds such as mucilagee¢ et al,
2001;Philippotet al.,2013). Root exudates vary depending on the plant ageypsil

nutrient availability and physiological state of the plant. Rhizodeposition is the secretion
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of varied compounds (e.qg. flavonoids, antimicrobial compounds) by the rhizodermis and
the release of root border cells and root cap cells into the rhizospheret{Bhi006;
Rudrappeet al.,2008;el ZaharHaicharet al.,2008;Bulgarelliet al, 2013 Philippotet

al., 2013). Metatranscriptomic analysis iArabidopsis plants revealed that 81
transcripts were significantly expressed at distinct developmental stages, presumably to
create a particular microbiome assemblage according to each developstiag&al
requirements (Chaparret al., 2014). In addition, in a study conducted under drought
stress in a desert farming region in Egypt, the root system of pepper @&gogicum
annumL.) was able to assemble a drought resistance promoting microbial ¢otymu
(Marascoet al.,2012).

In order to disambiguate terminologies, different concepts will be defined as follows:

1 Plant associated bacteria are the set of micrabigdnismsaccompanying the
plant

1 Microbiome is the set of microbialrganismsn a specific niche Bulgarelli et
al., 2013.

1 Rhizosphere microbiota is constituted by bacteria, fungi (including mycorrhiza),
oomycetes, viruses and archaea that live in the rhizosphere (Phidippdt
2013).

1 Endophytes are the set of microbiagjanismsnside of plantissuegBulgarelli
et al, 2013.

Bacterial endophytes along with bacteria from the rhizosphere (rhizobacteria) constitute
the largest functional group of the plant growth promoting bacteria (PGPB) (Partida
Martinez and Heil, 2011Endophytes affect the epigenome and phenotype of plants
(PartidaMartinez and Heil, 2011).

1.4.2 Assemblage factors of microbial community in the rhizosphere

Abiotic and biotic determinants are involved in the assembly of microbial community
including plant spees, soil type, biotic interactions, climate, plant diversity and
agricultural practices (Philippet al.,2013). In the past, controversy of whether the soil

or the plant component was the main determinant in assembly root microbiota was
debated. Howevein the light of the recent literature, Bulgareitial.,(2013) proposed

a twostep selection process for root microbiota, which includes at first stage a rough
microbial differentiation from the bulk soil to the rhizosphere by soil type and

rhizodepodion, and a second step that consists in a finer and deeper differentiation
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from the rhizosphere into the root microbiota. This dynamic model takes into

consideration both soil and plant as cooperative determinants of the root microbiome. In
a recent studyplant species, soil chemistry, spatial location and plant genus were found
to be sequentially the best statistical predictors of soil microbial communities acting in

dependent manner (Buresal.,2015).

Soil type strongly influences the compositiontteé plant microbiome (Bulgarekit al.,

2012; Lundberget al., 2012). Rhizosphere bacterial communities are more similar to
bulk soil communities than to internal root communities (Lundie¢i.,2012). In this
context, soil can be considered as a obal seed bank (Lennon and Jones, 2011).
Even agricultural practices such sail tillage fertilisation and pesticide application
affect the microbial composition in the rhizosphere (Gaétral.,2013). On the other
hand, plant species and even différgenotypes of particular species, growing in the
same soil have exhibited distinct microbial communities (reviewed by Bereatiaén
2012). Plants secrete a myriad of chemical compounds into the rhizosphere including
guorum sensing mimic molecules whi can interfere with QS related behaviours
including virulence factors séction 1.24). Interestingly, AHtproducing bacteria,
specificallyPseudomonaspp., are found in higher proportion in the rhizosphere than in
the bulk soil (Elasriet al., 2001). In a metagenomic approach to assess the root
endophytic community of rice growing in field trials, putative functions as well as
metabolic process were predicted as prominent features for endophytes to adapt in the
root niche. Some of those features inclugedrum sensing. The authors highlight the
potential for endophytes community to improve plant growth and health (Segsstitsch
al., 2012).

The rhizosphere is a highly dynamic ecosystem which is subjected to ever constant
spatiotemporal changes whemnicrobe-microbe interactions also may explain
community differences (Schlaepmt al., 2013). Cultivars can also affect the
composition of the microbial communities in the rhizosphere. Characterisation of the
microbial community in the rhizosphere of five potatdtivars indicated that cultivar
strongly defined the microbial community structure in the rhizosphére ¢ e et al.l u
2012).

Microorganisms present on or in the seeds can potentially assemble part of the
rhizosphere microbiota. Wild and modern maizgieties showed that at least one

member of the core seed microbiota was able to colonise the rhizospblensof
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Monje and Rai zada, 2011) . This efetact i s
2013). In addition, the same study confirmed tttas core seed microbiota was
conserved across the different genotypes and that several seed endophytes were able to
systemically colonise the plant. This suggests that plants are able to vertically transfer

their seed borne microbiota to the next genenati

Taking into consideration these findings, a totally micrfvke plant is an eception to

the rule. Plantmicrobe interactions phenotype is the result of a compleregolation

of gene expression between plants and microbes (PMtdénez and Heil 2011).
Rosemergetal.,( 2007) suggested the term Ohol obi
eukaryote with its symbionts. Endophytes can be transmitted vertically via seeds or
horizontally colonising plant tissues once the plant exists at differentopavental

stages (JohnseMonje and Raizada, 2011). Disregarding the fact that plants are
surrounded by bacteria and that bacteria can play a crucial role in plant phenotypes, can
lead to an overestimation of the contribution of the plant to a given pipendtarly
studies characterising the plant microbiome used to use cultivation as a method to
isolate plant associated microbial communities. Cultlegendent studies did not
consider norcultivable microbes and usually they focused on the assessmesingfea
specific microbe, limiting the comprehension of the microbial community diversity and
its effect on the plant performance (Lebeis, 2014). Currently, technologies such as
pyrosequencing and Illumina have identified and quantified microbial comesiniti
including diversity of uncultured organisms, in complex systems such as the
rhizosphereRoeschet al, 2007; Bulgarellet al,, 2012; Lebeis, 2014).

Traditional approaches to study planicrobe interactions used single or specific
microbes. For exapie, Medicagoplants ceinoculated withSinorhizobiummedicae
(symbiont) andP. fluorescengrhizobacteria) improved symbiotic efficiency, increasing
the rate of nodule initiation, and development as well as nodule number and nitrogen
content (Foxet al.,2011). Moreover, in sdean cenoculations with two endophytic
bacteria along with the symbiont, improved nodule number, nodule nitrogenase activity
and plant nitrogen content in comparison with single endophytic inoculations. This
diversity and evennesa the microbiome improve adaptive plasticity in plants across
diverse environments due to a rich community diversity and/or functional redundancy
(Figure 1.9) (Bakkeet al.,2012).
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Figure 1.9 Schematic representation of different perspectives to gilaohy associated

microorganisms in the rhizospherd) The restricted approach refers to the
conventional study of plant growtpromoting rhizobacteria (PGPR) mechanisms:
Biofertilisation (increase of nutrient acquisition) depicted in violet text boxes,
Phytostimulation in white boxes and Biocontrol in yellow boxes. B) The extended
approach studies the effects of the microbiomeplamt performance and vice versa
considering biotic and abiotic factors. Abbreviations: ISR, induced systemic resistance,

P, inorganic phosphate, Nitmospheric nitrogen, NFhmmonia.

The understanding of QS and how it moderates the interactions betVee¢s gnd
bactera is in its very early stages. Nonethele$® tealisation of the importance of
bacterial communication has been revealed in the continuous increase of publications in
this area (Keller and Surette, 2006). A good example of this is ety the web

of science (Thomsom Reuters) outcome for
which is 15,690 While extensive research has focused on studying quorum sensing in
bacteria less is known about planicrobe interactions specificallyegumerhizobia
symbiosis. This is clearly shown by Hartmagtnal., (2014) who pointed out a total of

11 studies during 12 years directly addressing the impact of quorum sensing molecules
on plant performance or planticrobe interactionsin particular, i is important to

define processes in plants that respond to QS signals and lead to altered plant
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