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Abstract

In the last decade, plant microbiome studies have evidenced that bacteria live as part of
complex multispecies communities. Plant health heavily depends on its microbiome and cell
cell signaling among beneficial bacteria as well as pathogens and harratdssgdare likely

to be very important for the establishment and maintenance of microbial communities. This
research is now a major challenge in microbiology ascedllisignaling has thus far been
mainly studied in the laboratory in pure cultures. Instithesis, three experimental chapters
are presented that are focused on the mechanisms of interspecies signaling in plant
associated bacteria and how these contribute in creating a stable multispecies community.
The first chapter uses the rice foot rosdase caused yickeya zeaas a model to decipher

the possible interactions between the pathogen and the commensal members of the
microbiome. 16S rRNA gene amplidmsed community profilinghowed that the pathogen
significantlyalters the resident baetrial community and its presence is positively correlated
with several bacterial species which are likely to teagpnwith the pathogen and be involved

in the disease process. The second chapter focuses on the role offarsilfp of quorum
sensing regulate called LuxR solos in bacterial -celll interactions.The distribution,
frequency and functional role of the LuxR solos regulators is investigated in the ubiquitous
plant associated group of fluoresceRseudomonaspp.; nine different sulgroups have
been identified and the majority of them are likely to respond to novel exogenous (or possibly
endogenous) signals, suggesting that these regulators could play a role ispetges/inter
kingdom signaling. The last experimental chapter investigates aelnaelicell
communication system, in which a LuxR solo responds to and regulates the biosynthesis of a

pigment molecule. In summary, this thesis highlights-oelll signaling in the microbiome and



the emerging role playeldy the LuxR solo regulatorspnoviding different ways of bacterial

signaling.
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single inoculation of pathogen or @perators independently and PBS. Significance between

groups were calculated usingést; no significant differences were found betwettie CFU/g

Of DICKEYAECOVEIEA......ceeeiiiiiiiie ettt e e e e e e e e e e e e e e e e 89
Figure 2. 13 Pathobiome study of rice bacterial leaf blight (BLB). A) CompariXanthibomonas

genus abundance between symptomatic and asymptomatic samples from three different rice

cultivars in Vietnam. The presenceXanthomonadhas been checked in sampé&aves (L),

roots (R) and steam (S) from three different rice cultivars (LA= Long An, KH= Khanh Hoa and TB

= Thai Binh). Box plot depict medians (central horizontal lines), thequotatile ranges

(boxes), 95% confidance intervals (whiskers) and aatlielack dots). Statistical analyses were

calculated based on wilcoxemst. B) Genus distribution of the OTUs among asymptomatic and

symptomatic leafsamples from Thai Binh cultivar.............c.ccoooiiiiiiii e, 96

Figure 3. 1 Phylogenetic analyses of multiple Lux® s described in the Results section. The tree
was inferred by using the Maximum Likelihood method. Colors indicate bacteria specid8
Figure 3. Phylogenetic analysis and functional grouping of 528 LuxR solos carried by fluorescent
PseudomonasSubgroups are highlighted with a déffent colored background. LuxR solos
which did not fit in any of the su@roups arenot labeled.............ccccoeeiiiiiii i 119
Figure 3. 3 The sanmphylogenetic analysis presented in the Figure 3.1. In this phylogenetic tree,
each LuxR solo hit is named with the full ID highlighted with a different color according to
the subgroup they belong to, as described in the Results section. LuxR solos which did not fit in
any of the subgroups ardabeled in blackK.............cccoviiii e, 120
Figure 3. &unctional grouping of LuxR solos and genomic context (5kb)........................... 122
Figure 3. 5 Structurbased multiple sequence aligremt of the inducer binding domains of the
prototypes of the nine identified LuxR solo sgitmups with QS LuxRs. The residues belonging
to Cluster 1 and Cluster 2 are highlighted in green and cyan, respectively. The 3D architecture
of the boundaries of théigandbinding site is schematized by r (roof), f (floor), p (proximal
wall) and d (distal wall) and its tripartite topology by ¢ (conserved core), s (specificity patch)
and v (Variable PAtCh).......uueeiiieiiiiie e ——————— 126
Figure 3. 6 Gene promoter activity in the presence or absence of AHLs in P. putida 16A WT and
DPpul6Rb-Galactosidase activities (Miller units) of 3 gene promoter transcriptional fusion (
ppul6R, ferrodoxin NADP+ reductase, 23S methyltransjensese deermined to compare the
expression levels between WT aDBpul6RThe WT andPpul6Rstrain with empty plasmid
pMP220 was used as control. The AHLs used are the follow: linear AFAKL(;GAHL ;G
AHL;G-AHL;G-AHL), OHAHLS (OHEAHL;OHEAHL;OHG-AHL) and G\HLs (O£AHL ;06
AHL;O¢G-AHL). All experiments were performed in triplicate. Statistical analysis was calculated
usingoneg I @ I bh+! FT2ff2¢6SR o0& ¢dz1 SeQa YdzZ GALX S O2
Software, Inc.). The error bars indie standard deviations................cocoeecciiiiiiiiiieeeeeeen. 132
Figure 3. HistaggedPpul®Rexpression in pETM1 adding 100mM of each AHL {8dL; C&\HL;
C14AHL)Soluble fractions purified using MagneHis Protein Purification System (Promega,
Corp., Madison, WI, USA) is shown in the proteinBlil6Rvas soluble when unbound to

Figure 3. 8 Gene promoter activityfh fluorescens113 andpfluR.b-Galactosidase activities

(Miller units) of 2 gen@romoter transcriptional fusion @fuR,moalFwere determined to
compare the expression levels between WT 8pfluR.The WT an®pfluRstrain with empty
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plasmid pMP220 was used as control. The promoter activity was calculated after 4 hrs{A) (log
phase) ad after overnight (B) (stationafghase). All experiments were performed in triplicate.

Statistical analysis was calculated usinggne @ ! bh+! F2fft26SR o6& ¢dzl S&¢
comparisons by Prism 7 (GraphPad Software, Inc.). The error bars indicate stdedatibns.
....................................................................................................................................... 134

Figure 3. 9 Gene promoter activity in the presence or absence of a cocktail of polyamines
(putrescine, spermine, spermidine) at a final concentratib@.1 mM in (AP. jessenii
DSM17150 an®pjeR.b-Galactosidase activities (Miller units) of 2 gene promoter
transcriptional fusiongjeR, spermidine transporfewere determined to compare the
expression levels between WT abpjeR.The WT an®pjeRstrain with empty plasmid
pMP220 was used as control. fB)oleovoran#&G1003 andpolR.b-Galactosidase activities
(Miller units) of 2 gene promoter transcriptional fusigro(R,putrescine importgmwere
determined to compare the expression levels between &d@DpolR.All experiments were
performed in triplicate. Statistical analysis was calculated usingnameANOVA followed by
¢dzl SeQa YdzZ GALX S O2YLI NRA&A2Yya o0& tNARAY T O DNJI LI
Stz L0 F= U0 I 0 Lo T o o PSS 135

Figure 3. 10 Gene promoter activityfm putidal6A andDppuR_2b-Galactosidase awities (Miller
units) of theppuR_2promoter transcriptional fusion were determined to compare the
expression levels between WT abDdpuR_2The WT andppuR_2strain with empty plasmid
pMP220 was used as control. The promoter activity ealsulated (A) after 4 hrs (lgghase)
and (B) after overnight (stationaighase). All experiments were performed in triplicate.

Statistical analysis was calculated using-gne& ! bh+! F2ff 2SR o0& ¢dzl S&¢
comparisons by Prism 7 (GraphPad Softwhre,). The error bars indicate standard deviations.
....................................................................................................................................... 136

Figure 4. 1 Schematic representation of the mixed culturesipdor evaluating the involvement of
the LuxR solo and the entire genomic island itoetell signaling. Each experiment has been
performed iN trPHCATE.........ooi e e e e 157

Figure 4. 2 Genes map and annotation of the genomic system studied............................... 160

Figure 4. 3 A) Comparative genome analysis and homology. The concatenation of the proteins has
been performed using the package Emboss and the alighomng MAFFT v.7 software. B)
Overview of the protein sequence homologies among the different hits obtained using the
PAINWISE COMPAIISON.....eeiieiiiitriieeeeaaiieeeeeee s s r e e e e s asbe et e e e s aasbbe e e e e e e aassnr e e e e e e s annnrnreeeenanns 162

Figure 4. 4 Structurbased multiple sequence alignment of the regulatory domains of FIUR with
members of canonical QS LuxR family and LuxR solos. The residues pelm@iirster 1, to
Cluster 2 and Cluster 3 are highlighted in green, cyan and in pink, respectively. The 3D
architecture of the boundaries of the ligatfidnding site is schematized byroof), f (floor), p
(proximal wall) andi (distal wall) and its tripeite topology byc (conserved corek (specificity
patch) andv (Variable PatCh)............uuiiiiiiiiiiiiiiccceee e 163

Figure 4. 5 Comparison of the ligand binding site of the QS LuxR solo SdiA (ID(ALMBIVFIuR
(B) Semitransparent cartoon representation, with the side chains of residues belonging to
Cluster 1 and Cluster 2 highlighted in green and cyan, respectively. conserved residues are
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Figure 4. 6 (A) Pigment production assessmer® bjuorescenBs_77 wild type in liquid under
shaking and noishaking growth condition, respectivelfB) Pigment production assessment by
(1) P. fluorescenPs_77 wild type, (2fluRand (3)2rpClike mutants and (4luR(fluRwhen
grown in plate media, after 48 NLS.........oooriiiiiicc e 166
Figure 4. 7 Gene promoter activityfh fluorescenBs_77 WTDfluR andDtrpCGlike .b-Galactosidase
activities (Miller units) ofthe FluRgene promoter transcriptional fusion was determined in
shaking (A) and static conditions (B) after 18, 24 and 48 hrs, comparing the expression levels
between WT an@®fluR andDtrpClike. Similarly b-Galactosidase activities (Miller units) okth
biosynthetic operon promoter transcriptional fusion was determined in shaking (C) and static
conditions (D) after 18, 24 and 48 hrs, comparing the expression levels between \Biughd
andDirpClike. The WT with empty plasmid pMP220 was used as cbitfbexperiments
were performed in triplicate. Statistical analysis was calculated usingvayeANOV A followed
08 ¢dz1 SeQa VYdzf GALX S O2YLI NRA&az2ya o6& tNRAaY 1 oODI
StANAArd AEVIATIONS.......eeeeeiiiiie et e e e e e e e e e e e e e e e e et eeeeeees 167
Figure 4. 8 Gene promoter activityh fluorescenBs_77 andluxl. b-Galactosidas activities
(Miller units) of 2 gene promoter transcriptional fusidiuR, trpQ were determined to
compare the expression levels between WT &hakl. The promoter activity was calculated
after 24 hrs (logphase). All experiments were performedtiiplicate. Statistical analysis was
calculatedusingong I @ ! bh+! F2ff2¢gSR o0& ¢dzl Se@Qa Ydz (A LX
(GraphPad Software, Inc.). The error bars indicate standard deviations....................... 168
Figure 4. 9 The % of Gp#&sitive bacteria cells in the Ps_77 wild type strain harboring
(PMPGFPprOperonjsualizedby cytofluorimetry (A) and fluorescence microscopy (B) after 48
hrs of grown and under pigmeroduction conditions. Imaging were performed using FITC
(88 NIM) FIIET ..ot e e e e e e e e e e e e 170
Figure 4. 10 The % of GpéXsitive bacteria cells in the Ps_ZHluRstrain harboring
(PMPGFPprOperonjsualized by cytofluorimetry (A) and fluoresce microscopy (B) after 48
hrs of grown and under pigmeigiroduction conditions. Imaging were performed using FITC
(R C T 3 T 0 1) 1 L= PP 171
Figure 4. 11 The % of Gpésitive bacteria cells in Ps_TirpClike strain harboring
(PMPGFPprOperowjsualized by cytofluorimetry (A) and fluoresce microscopy (B) after 48
hrs of grown and under pigmeiroduction conditions. Imaging were performed using FITC
(88 NIM) FIIET ..ot e e e e e e e e e e e e 172
Figure 4. 12 The % of Gpéxsitive bacteria cells in Ps_THrpClike strain harbomg
(PMPGFPprOperon) and-caltured with Ps_77 wild type strain visualized by cytofluorimetry
(A) and fluorescence microscopy (B) after 48 hrs of grown and under pigprashiction
conditions. Imaging were performed using FITC (488 nm) filter...........cccccoeeeeeeeiiiinnn, 173
Figure 4. 13 The % of Gp&sitive bacteria cells in Ps_THuRstrain harboring (pMPGFPprOperon)
and cocultured with Ps_77 wild type strain weresualized by cytofluorimetry (A) and
fluorescence microscopy (B) after 48 hrs of grown and under pigip@atuction conditions.
Imaging were performed using FITC (488 nm) filter..........cccooiiiiiiiiiiii e 174
Figure 4. 14 The % of Gp&sitive bacteria cells in Ps_TipCilike strain (pMPGFP) ecultured
with P. frederiksbergensigild type strain wawisualized by cytofluorimetry (A) and % of GFP
positive bacteria cells in Ps_ZirpClike strain (pMPGFPprOperon)-caltured withP.
frederiksbergensiwild type strain was visuiaed by cytofluorimetryB)and fluorescence
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The total amount of microbes (archaea, bacteria, fungi, viruses, protists and algae), living in
a specific environmental niche, is called microbidarnbaugh et al., 2007; Qin et al., 2010)

On the other hand, the term microbiome is the combination of the microbiota and their
GUKSIFONB 2F FOGAQOAGEE &adzOK Fa GKS YAONROAL f
and the surroundig environmental conditiongBerg et al., 2020)it is estimated that the
microbial cells which colonize the human body are at least as abundant as our somatic cells
and contain far more genes than th&man genomdéHughes and Sperandio, 2008j least
500-1,000 species of bacteria exist in the human body at any one time making up a substantial
portion of our biomas. Different people harbor radically different collections of microbes
with abundances that vary substantially even among conserved taxa; this degree of
personalization is so high that the microbiome is considered a personal signature, having
important imgications. Additionally, many localized differences in the microbiota of each
person depend on where in the body the microbiota is collected from and when over time

the microbiota is analyzeBackhed et al., 2012; Hacquard et al., 2QFjure 1.).

To date, very little is known on the factors and dynamics that lead and regulates this
variation/changes among individuals and whether these variations influence/correitte
people wellness, the progression of diseases or preservation of health $&#4akhed et al.,
2012)Recently many studies evidenced that the microbiome can providel tibemarkers
for several human diseases, hinting opportunities for new preventive and therapeutic

modalities(Jiang et al., 2015; Zheng et al., 2016)

Similarly, plants support numerous and diverse microbial communities (archaea, bacteria,

fungi, viruses angrotists) that are intimately connected to their health and funct{@imdow
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and Brandl, 2003; Berendsen et al., 2012; Vorholt, 2012; Bulgarelli et al., 2013; Philippot et
al., 2013; Lakshmanan et al., 20T4)e large collective genome of microbes associated with
LX I yda A& 2F0Sy¥S0OS8HNRS HERERISES ¢ blf 2092ue to the
importance of microbes in plant growth, stress tolerance, health and produc{Béyendsen

et al., 2012; Mdller et al., 2016)

The development of metaomics and computational tools has radically changed the field of
microbial community studies(Venter et al., 2004; Gilbert and Dupont, 2011,
Vandenkoornhuyse et al., 2015Fspecially cultivatiemdependent methods based on
profiling of marker genes (16S, ITS and 23S rRNA genes) or shotgun metagenome sequencing
allow considerable progress in the understanding of microbial ecology in the human and
plant environmat as well as the possible protective or harmful functions of specific microbes

for their hosts(Gilbert and Dupont, 2011; Soni et al., 2Q17)

Mouth Ear canal

[ Actinobacteria

[ Firmicutes

[ Bacteroidetes

[ Proteobacteria

Esophagus Nasopharynx I Fusobacteria
/‘ [ Other

o Acdobacterisosse_Gp'
etaies Frarkne

* Actinomycx

ume“‘y .s”"

Figure 1.1 The human microbiome and th@ant microbiome are highly personalized and
compartimentalized.
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However, very little information is currently available on the mechanisms that determine the
formation of the microbiome as well as the type of interactions among bacteria. There is
therefore a major knowledge gap on the bactebacteria interactions, such as the inter
species communication, which are important for the establishment, maintenance and
stability of the microbiome. This aspect is now a major challenge in microbiologigiexbial
signaling has thus far been mainly studied in the laboratory using simple settings. Deciphering
the molecular basis of these interbacterial relationships in the microbiome will therefore
have impact on both basic sciences, microbidoased medicie and translational

agriculture.

As mentioned above, plants, like humans and animals, are colonized by a large number of
microorganisms resulting in a superorganism that partially relies on this complex community
for specific functions and traitéMiller et al., 2016) The plant microbiome confers an
additional reservoir of genes that the plant can have access to when neededfétsfitness
advantages to the plant host, including biotic and abiotic stress tolerance, nutrient
acquisition, growth promotion, systemic resistance induction and resistance to pathogens
(Turner et al., 2013; Edwards &t, 2015; Mdller et al., 2016; Hartman et al., 2qE®ure

1.2). Thus, plant health strongly depends on its microbiome and specific assembly rules and
molecular mechanisms, both microlmeicrobe or microbehost based are crucial for the
establishmat of this stable and highly biodiverse microbial commufRginholdHurek and

Hurek, 2011; Bulgarelli et al., 2013)
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Several factors influence microbiome composition such as the soi(Bulgarelli et al., 2012;
Lundberg et al., 2012plant compartmen{Bai et al., 2015; Edwards et &Q15; Leff et al.,
2015; Zarraonaindia et al., 2015%)ost genotypgRedford et al., 2010; Peiffer et al., 2013,
OfekLalzar et al., 2014)lant immune systenfHorton et al., 2014)plant development stage

and time/season(Redford et al., 2010; Rastogi et al., 2012; Bodenhausen et al., 2014,
Chaparro et al., 2014; Maignien et al., 201Bgspite the large number of bacterial phyla
existing in nature and the large number of factors influencing the bacterial community
formation, plant microbiomes are taxonomically structured and dominated by bacteria which
mainly belong to four bacterialhyla: the Proteobacteria, Bacteroidetes, Actinobacteria and
FirmicutegBulgarelli et al., 2012; Edwards et al., 20Ibjs phylogeetic conservation infers

an organized assembly of microbiomes which is directed by miembeobe interaction
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strategies that allow them to tightly associate and persist within the p(&tassani et al.,

2018)

Additionally, the interaction between plant and bacteria is also fundamental for the
formation of this microbial community. However, unlike mammals, plants are sessile, thus
they have to release an array of chemical signals to interact with attggmismgGopal and
Gupta, 2016) Through photosynthesis, plants serve as a rich source of carbon for diverse
bacterial communities, feeding them and at the same time using these chemical molecules
to mediate several interactions; the latter include mutualistic associations with beneficial
microbes, such as rhizobia, mycorrhizae, endophytes or {geswth-promoting
rhizobacteria (PGPR) and parasitic interactions with phytopathogenic microbes and
invertebrae herbivores(FreyKlett et al., 2007; Raaijmakers et al., 2009; Berendsen et al.,
2012;Vorholt, 2012) The plartmicrobe interaction is called interkingdom signaling and it
plays an important role for the microbial communrgcruitment as well as influencing plant
genes expression and important living functions. Plants are able to shape their microbiome,
since, upon pathogen attack, they can recruit protective microorganisms to suppress
pathogenic bacteria by inducing systemiesistant (ISR)Lugtenberg and Kamilova, 2009;
Doornbos et al., 2012)However, the molecatr mechanisms that govern planticrobe
interactions as well as the genes that contribute to bacterial adaptation to plants and root

colonization, are not yet very well understood.

The plan microbiota inhabits different plant compartments which are colonized by diverse

and specific communities of microorganisms that live either inside the tissues (endophytes)
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or on the surface (epiphytes) of the plaj@ompant et al., 206; Compant et al., 2010; Gopal

and Gupta, 2016; Mdiller et al., 2016)

The rhizosphere, the endosphere, the phyllosphere and the seeds constitute the major
compartments in which the microbial communities reside. Community composition varies
significantly between the rhizosphere, endosphere and phyllosphere, indicating tkat th
plant compartment is the major selective force that shape the composition of the plant
associated microbiome. This could be explained in part by ractobiome ceevolution;
however, niche adaptation may also have a role in the selective filteringiffereht

microorganismgMdller et al., 2016§Figure 1.3.

Phyllosphere: surface of plants aerial pans Endoesphers: inner plant tissues

hI% gy % 5%
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B ENDOSPHERE
@ Acidobacleria
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T — @ Chlamydiae
® Chloroflexi
@ Cyanobacteria
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@ Firmicutes
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Synergisteles
@ Verrucomicrobia
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Figure 1.3 Plant microbiome: composition and functions in plant compartméRisssmann e
al., 2017)

Therhizospherg which is the soil area immediately surrounding plant roots, hosts a rich and

important microbial plant community which in return provides a series of beneficial
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outcomes related to plant growtfBulgarelli et al., 2012)'he root surface is the rhizoplane
and often it is difficult to distinguish from the rhizosphere. Roots microbiota can be
horizontally transferred or originate from the soil environment which contains a highly
diverse microbiomgMendes et al., 2013)As the biodiversity of the bulk soil decreases
towards the root surface, cell microbial numbers however increase indicating the more
favoralde growth conditions of the selected microbes. In the rhizosphere there is a significant
increase in bacteria belonging to phylum Proteobacteria which constitute the 50% of the
community compositior(Fitzpatrick et al., 2018; Hamonts et al., 201Rhizosphere soils
have a higher wateholding capacity, increased nutrient availability, and greater microbial
biomass compared to bulk soils. Thss because the root exudates enrich the area in
carbohydrates, lipids, and amino acids, as well as in secondary metabolites (terpenoids,
flavonoids, and isoflavonoids) that serve a variety of functions including antimicrobials, and
pathogen/herbivore defenss (Hardoim et al., 2008; Boller and He, 2009; Deakin and
Broughton, 2009) The secretion of these plant exudates in the rhizosphere also drives the
recruitment and selection of a special set of beneficial microbes which is called rhizosphere
YAONRBOA2YS YR gKAOK A& OSNE AYLRNIFYyOG F2N
and stresseglLong, 1989; Bolan, 1991Fnvironmental factorske elevated levels of CO2,
drought, and nutrient deprivation (especially nitrogen and phosphorus) can influence the
root exudate composition and the rhizosphere microbiome. Therefore, similar to the function
of the gut, the composition of the rhizosphengicrobiome is informative about the healthy

or diseased state of the plafBurdon and Thrall, 2009)

The phyllospherg on the other hand, constitutes the aboveground surfaces of the plant,

mostly composed of the leavédmit also including blossoms, fruit, and ste(W®rholt, 2012)
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The phyllosphere community mainly comprises bacteria belonging to phylum Proteobacteria,
Bacteroidetes, Firmicutes and Actinomycetes. Differences in nutrient availability and
environmentalconditions between the rhizosphere and the phyllosphere contribute to their
distinct microbial diversity and community distribution. The phyllosphere is a transient
environment compared to the rhizosphere; seasonal changes in foliage, differences in annual
versus perennial lifestyle, fluctuations in nutrients, water availability, and temperature, as
well as constant exposure to damaging ultraviolet radiation, can lead to severe changes of
the phyllosphere microbiotdLindow and Brandl, 2003; Vorholt, 2012; Miiller et al., 2016)
The microbial phyllosphere communities is important for plant's life, protecting the plant to

overcome herbivore and related biotic stresg&sleem et al., 2017)

Theendosphereconsists of all the inner tissues of the plant at belgmund level as well as
aboveground. Microbial network complexity decreases from the soil to endosphere
compartments, since it requires the ability of the microorganisms to enter and colonize
internal inter-cellular spacegHardoim et al., 2008; Berg et al., 2014B)ant endophytic
communities are frequently enriched in members of the Proteobacteria and Firmicutes
(twofold in relative abundance compared to the rhizosphere), while they are depleted in
members of Bacteroidetes and Acidobacteria (enriched in bulk g@iésyaonaindia et al.,

2015; Hamonts et al., 2018)

Seedsalso represent an important source of microorganisms, which proliferate in the roots
of developing plants. In this way bacteria may be vertically transmitted via seeds, resulting in
a community thatis linked tothe plant lifestyle; these bacteria are defined as séedne
bacteria (Liu et al., 2012)For example specific microbial groups that confer drought

tolerance or disease resistance to the plant can be passed from the mother plants to their
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offspring, suggesting a link between the host genome and the microbifvaglor am

ColemanDerr, 2018)

The assembly of the total plasaissociated microbiome is a multistep process. Early colonizers
are transmitted vertically, through seed transmission pathways and they preferentially
become associated with aboyground plant tissus. SoHderived microorganisms are mainly
associated with the rhizosphere and they are recruited over the life cycle of their plant host.
Microbiome composition is highly variable and dynamic during the early vegetative phase of
the plant, while it stabiies during the vegetative or reproductive phg&swards et al.,

2015)

Plants host three functionally distinct microbial scmmunities: a ubiquitous and stable
core microbiome, a variable microbiome and a highly variable microbial community that is
responsive to biotic and abiotic processes/factfiternandezAgreda et al., 2016)'he core
microbiome is a subset of microbial lineages, which is associated witter lgost across a
wide range of environmental conditions and provides critical functigvisi et al., 2017;
Fitzpatick et al., 2018)Genomewide association studies have shown that the host genome
influence and tailor the microbiome composition acting on the heritable taxa which belong
to the core microbiome, suggesting that these key microbial taxa could possittlygenes

with functions that aremportantfor the host fitnesgKudjordjie et al., 2019Many members

of the core microbiome of different plant species are common at genus level (for example
PseudomonasAgrobacterium, Rhizobium, Methylobacterium, Sphingomonas and Ejwinia

suggesting the existence of a universal core plant microbiphséudillaGarcia et al., 2017,
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Lemanceau et al., 2017; Yeoh et al., 20Importantly, the identification of coccurring core
microorganisms may be useful for manipulating and studying the mechanisms that drive
community assembly and the interactions among different memlip¥tee et al., 2015; Niu et

al., 2017) The use of synthetic communities (SymComs) provides an opportunity to validate
the interaction networks and metabolic model predictions in natural isgd and have
emerged as an important tool to demonstrate their applicability in smart agricultural systems

(Trivedi et al., 2020)

Bacterial members of microbiomes likely undergo several direct interactions such as
predation, parasitism, mutualism and competition which influence microbiome composition.
Similarly, symbiotic relationshipdrive the dynamics between plants and their associated

microbial communitiegFaust and Raes, 2012)

Recently, the importance of the relationships between hosts and the associated
microorganisms gave rige an important shift in the understanding of the microbraist
O2S@2tdziAz2y FNRY (0KS GaSLI NI GA2YyE | LILINEI OK
GASLI NFGA2yé | LIINBIFOKYEX GKS YAONRB2NHIyAayvYya Oz
into pathogers, neutral, and symbionts/beneficial depending on their interactions with the
host(Lederberg and McCray, 20qQEjgure 1.4. Plant growthpromoting bacteria (PGPB) are

beneficial microorganisms since they can promote plant growth by direct or indirect
mechanisms. The most common traits of PGPB bacteria are (i) the production of
phytohormones like auxin, cytokinin, and gibblire which affect plant growth through
modulating endogenous hormone levels; (i) the secretion of enzymes, such as the 1

aminocyclopropan€l-carboxylate (ACC) deaminase, which reduces the level of stress

hormone ethylene in the plant; (iii) the productiaf a range of enzymes that can detoxify
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reactive oxygen species, minimizing pkamduced stress; (iv) the biocontrol activities against
plant-pathogen invasion and disease, through the niche exclusion by competition for
nutrients, the production of antinerobial compounds, lytic enzymes, siderophores and
volatiles; (v) the ability to act as a mobile component of the plant defense, modulating plant
hormones level and inducing plant systemic resistance; (vi) the presence of various microbial
structures (sub as secretion systems, flagella, pili and effector proteins) that contribute to
plant defense by triggering the induced systemic resistance respgAsshad and

Frankenberger Jr, 1997; Reinhdldirek and Hurek, 2011; Glick, 2014; Hopkins et al., 2017)

Strains ofPseudomonaspp., Arthrobacterspp andBacillusspp. and others can increase
plant growth through the production of ACC deamingdéohamed and Gomaa, 2012)
Similarly, bacteria from the rhizosphere microbiome includitgzobiaand Mycorrizhaor
Psaidomonasspp.,have plant growth promotion properties like phosphorus solubilization,
nitrogen fixation, indole acetic acid production, which are involved in improved nutrient
uptake and plant growth. Besides, other bacteria BegeudomonasStreptomycesBacillus
Pantoea Burkholderia Paenibacillus Enterobacterhave been reported for their role in

pathogen suppressiofBerendsen et al., 2012)
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Beneficial
microbes

Most microbes will neither affect the plant
nor the pathogen directly. Nonetheless, all active
microbes will affect other microbes and through
a complex of interactions indirectly affect either
plant or pathogen

TRENDS in Plant Sclence

Members of the plant microbiome can also cause disease symptoms. For example,
Pseudomonas syringae amodel plant pathogen having a very broad host range including
tomato, tobacco, olive, and green bean. Another exampleniginia amylovordhat causes

fire blight disease of fruit trees and ornamentals plaiansfield et al., 2012)Xanthomonas

spp., Pseudomonaspp and Dickeyaspp. are also associated with many important diseases

of cereals. In order to protect their host from these pathogens, pisgociated bacteria can
enhance host rdstance against pathogen infections either through commepsahogen

interactions or through modulating plant defen@dansfield et al., 2012)

The plant microbiome also consists of aomplex number of neutral

collaborators/commensals not having a direct impact on plant life. Furthermore, commensals
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or even beneficial microbes may-operate with a primary pathogen resulting in a complex
disease. Recent studies on opportunistic pathogemswed that hosimicrobe interactions
depend not only on the host, but also on the entire microbiome shifting towards an holistic
approach. The interplay between the host and its microbiome is therefore responsible for
the healthy or disease state of tHelobiont (host and its microbiome). Thus, the healthy
state is most often accompanied with eubiosis, high diversity and similarity of the
microbiome, while the disease state is linked to dysbiosis, low diversity and high variability
and recently ithas 8y O £ £ SR & LJI(Berg 2t@lA 20Y5Slarseh anld Gl&assen,

2018)

Although the great majority of bacteria found in nature live in multispecies communities,
microbiological studies have thus mainly focused on single species. Theisarae for
studies on bacterial plant diseases that have thus far focused on the pathegth little
attention/importancegiven on the many other microorganisms present in the infection sites
(VayssiefTaussat et al., 2014; Sweet and Bulling, 20Tfg microbiota living in the infection
site is now beginning to receive more attention for its possible involvement in the disease
process, establishing cooperative, commensal wiagonistic interactions with microbial

pathogengVayssiefTaussat et al., 2014)
TheSNY WLI K20A2YSQ KI & NBOSyidfe o6SSy O2AYySR
response to stress and to a disea@@yan, 2013; Vayssi@aussat et al., 2014)The

pathobiome is the totality of microbes interacting with a pagfen and their influence on

pathogenesis and disease seveliRovenich et al., 20145everal studies are beginning to
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highlight the limits tathe historical concept of "one microbene disease", as described in
Koch's postulates. This has been reported in the medical field, for example in human gut
diseaseqGevers et al.,, 2012; LloyRtice et al.,, 2016dr polymicrobial oral diseases like
dental carries and periodontitidRamsey et al., 2011Multispecies infections have also been
well documented in chronic iettions, such as the ones occuring in the lungs of cystic fibrosis
patients(Burmglle et al., 2010)ery likely, several plantgpathogens cooperate and team up
with other accessories pathogens or plant commensal/resident bacteria, resulting in a
multispecies complex interaction that drives the microbial dise@enaurio et al., 2015;
Jakuschkin et al., 2016An example is between the olive knot pathog&seudomonas
savastanoipv. savastano(Psy and harmless endophyti€rwinia toletana Psvcauses the
olive knot disease and the tumors (knots) contain a multispecies bacterial community, which
affect the disease developmenBuonaurio et al., 2015)Psv undergoes interspecies
interactions with the harmless endophyté. toletana; they colocalize and form atable
community, resulting in a more aggressive dise&3gure 1.5. Thesetwo bacterialspecies
produce the same type of the-acylhomoserine lactone (AHL) quorum sensing (QS) signal,
and they share AHlisplanta(Hosni et al., 2011; Buonaurio et al., 2015; CaHadlace et al.,
2018) Another example of a pathobiome study is on the causal agent of oak powdery mildew,
Erysiphe alphitoideglakuschkin et al., 2016)ere a bacterial and fungal species interact with
the pathogerfurther highlighting that cooperation is taking place with members of the plant

microbiome.
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It is not clear whether interactions between commensagident microbes and incoming
pathogens can either prevent or facilitate the establishment of a new infecting disease; very
likely both the type of interactions take place. Thus, elucidation of thenbe¥s and
interactions of/in the pathobiome is necessary for understanding the evolution and the
pathogenesis of microbial plant diseases. Microbial association networks provide a useful
tool to predict positive links (indicating species-aaxurrence/mutwalism interaction) and

negative link (indicating eexclusion/competition or antagonism(Jakuschkin et al., 2016)

A future challenge is to decipher the molecular mechasisyhthe positive and negative
interactions/ecological networks between plant pathogens and the resident microbial
community to better understand the mechanisms of disease development and plant disease

resistance; this could help in devising ways to cdnptant diseases.
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As mentioned above, the combination of haatcrobe and microbanicrobe interactions is

critical for theestablishment of complex and diverse plagsociated communities.

Bioinformatic networks and ecoccurrence analyses provides clues on the complexity of the
microbial interactions but they are not sufficient to describe the nature and the molecular
aspectsof these interactiongBarberan et al., 2012; Faust and Raes, 200®robial ce
200dz2N> yOS ySGg2Nla 68206 06KROKRRENEBARNBLINRAL Y @&
KIS KAIKSaG RSAINBS 2F O2yySOiAzya sAGK 20K
influence the community structure through strong biotic interactions with other microbial
species and also with the hastan der Heijden and Hartmann, 2018xting directly on these

hubs, host plants selectively influence the structure of their associated microbiome, which

then transmits the information to the broader microbial netio The variation of one or two

hub microorganisms has a significant effect on the assembly and organization of the
microbiome and this variation is independent from external factors, such as the plant age,
location or seaso(Agler et al., 2016 Moreover, hub species in networks can act as keystone
species, which play a key role within the microbiome and have a greater impact on the
dynamics of an ecosystem than other spe¢®anerjee eal., 2018)Figure 1.¢. Hub species

within a ceoccurrence network do not necessary play a role as keystone sg@=ey and

Widder, 2014) Keystone taxa are often rare spexieharacterized by low abundance which
orchestrate functionally and taxonomically diverse microbial groups. Keystone taxa may
function alone, or a group of taxa with similar functioning may form a keystone guild and

have a strong influence and impact orolad processe¢Banerjee et al., 2018)n contrast,
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microbial taxa whose abundance and presence does not correlate with other microbes, are
called "peripheral species" and they are unaffected by other microbes in the network and
have lower rates of microbeicrobe interactiongBarberan et al., 2012Pespite important
developments in this field, it is still considered challenging to infer community organization

based orco-occurrence networkg¢van der Heijden and Hartmann, 2016)

Trends in Microbiology

Figure 1.6 A microbiome network with hub (keystone) species highlighted in red and the
microbiome network with microbes clustered into five distinct grodpsyeghifard et al., 2017)

Several cooperative and competitive interaction mechanisms are employed by the
microbiota members to firstly colonize the plant environment and then persist within the
plant microbiome. Most mechanistic knowledge of b&a@bacteria and planbacteria
interactions so far has been obtained using reductionist approaches such as mono/binary
microbial setups and does not consider the synergistic interactions taking place in the

microbiome.

The genomes of many plaassocia¢d bacteria encode several secondary metabolites (such

asnon-ribosomal peptides, siderophores, lipopeptides, bacteriocins, toxins, polyketides and
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a variety of antimicrobial, volatile compounds and signal molecules) and structares
undergo ceHcell contact with neighboring cells (such as vesicles, filaments, secretion systems
and nanotubesjBerg et al., 2014a; Tyc et al., 2017; D'Souza et al., 1 are involved

in microorganisrrmicroorganism interactions. Iraddition, the synergistic sharing of
metabolic activitiedbetween distantly related bacteria or the nutrient sequestration among
members of the microbiome most probably constitute another important biotic interaction

in the establishment and maintenance of the microbiothgtle et al., 2008)Similarly, there

are many occurrences of syntrophic interactions, in which primary metabolites or cofactors
are exchanged and used by other members of the community as the substrate for creating

hybrid secondary moleculg¢$Vang and Seyedsayamdost, 2017)

Celtcell signaling and quorum sensing (QS) is a-egtilblished bacterial mechanism that
dynamically regulates a variety of metabolic and physiological activities in response to the
host, environment and microbial neighbors. Different bacteria teexa €ynthetize the same

type of signaling molecule (e.g. homoserine lactone; AHLS), which enable either cooperation
or interference (quorum quenching) with other taf@hiteley et al., 201)/ Metagenomic
studies has evidenced that plaassociated microbiomes are enriched of AHLs compared to
the bulk soiTrivedi et al., 2020)suggesting an important role of the quorum sensing in the

assembly, dynamics and stability of the microbiome.
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In the complexplant microbiomeenvironment, ceHlcell signaling is likely taking plaaed

regulating biological processes in response to environmental cues or to microbial cell density.

Quorum sensing (QS) is a delicell communication process that enables bacteria to
collectively modify behavior in response to changes in the surrounding microbial community
(Fugua et al.,, 1994)This process involves the production, release, and detection of
extracellular signaling molecules, which are called autoinducers. The concentration of these
signals in a given environment is proportional to the number of bact@resent.
Autoinducers accumulate in the environment as bacterial population density increases,
translating extracellular information into internal changes in gene expression. These signals
belong to a wide range of chemical classes, and multiple QS sysiging different types of

signals often occur within a single organi@fuqua et al., 2001)

In Gramnegative bacteriagspecially in the proteobacteria, the most common class of signals
are the Nacythomoserine lactones (AHLs). Most of the ~@®ntified AHLs contain
unbranched aliphatic acyl groups that differ only in their lengitil@ carbons) and certain
substituents(a 3oxo or 3hydroxyl group and/or a cialkene). A few have been found to
contain aryl tails (e.g.,phenylacetanoyl and cinnam(@liqua et al., 2001; Liao et al., 2018)
Microorganisms interaausing these signals in a variety of ways, includingtaidf crosstalk

and eavesdroppingChandler et al., 2012; Wellington and Greenberg, 2019)
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A typical AHL QS system is composed of atip&lprotein responsible for synthesizing the
AHL signals, which are produced at low but constant levels and which then interacts at
quorum cortcentrations with the cognate Luxigpe transcription factors. The AHL: LttyRe
receptor complexes typically homodimerize and activate the transcription of target genes by
binding specific DNA sequencésxboxeg at QSregulated promoters. These target genes
include theluxkhomologue, creating a positive feedback loop that is the hallmark of all
known QS system@g and Bassler, 2009)he Lux nomenclature originates from the first
LuxI/R system identified idibrio fischeriwhich producs luciferase at high density (via the

lux operon)(Nealson et al., 1970; Schuster et al., 2003)eluxl and luxRhomologs genes

are almost always coupled and genetically linked in the chromos@fmmua et al.,

2001)Figure 1.7.
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Figure 1.7 A-B) Canonical AHRS system in gram negative bacteria, C) AHLs chemical str
andsubstituents Figure created using Biorender.com

Luxl enzymes produce AHLs by deriving the lactone molecule frader®sylmethionine

(SAM), and, in most cases, the specific acyl chain is obtained from intermediates of fatty acid
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biosynthesis; the length of the acyl chain can affect the stability ofntlioéecule and the

dynamics of signaling procesq€xase et al., 2008)

AHL-QS signaling is used by plagsociated bacteria to regulate and cotlee coordinate a
wide variety of functions that are related to symbiosis, including roots colonization,
exopolysaccharide production, biofilm formation, nodulation, or antibiotics production
(Rosemeyer et al.,, 1998; Atkinson and Williams, 20089ant associated fluorescent
pseudomonadfave evolved Q&gulated synthesis of secondary metabolites implicated in
antagonistic activities against plant pathogens, such as phenazines and pyové¢Rianssn

3rd et al., 1994; Stintzi et al., 1998pimilarly, QS via AHLs is also used by many
phytopathogens to regulate the expressiohvirulenceassociated factors, motility, biofilm

formation and colonization of host surfacBg¢on Bodman et al., 2003)

To date most investigations on QS have involved mariture and reductionistic laboratory
set ups; howeverbacteria in nature mostly live as pefgicrobial consortia, which most
likely involve interspecies signaling through the action of diffusible chemical molecules

(Duan et al., @03; Ryan and Dow, 2008)

Several bacterial small molecules can mediate the ctaks between microbes of
different species. For examplepme fatty acids and alcohols produced by bacteria have
roles as interspecies signalbe diffusible signalactor (DSF) fronxanthomonas campestris

is an interspecies signal, that can inhibit the hyphae formatio€aridida albicangShank
and Kolter, 2009)Microbial volatile organicompounds (VOCSs), which are typically small

molecules (106500 Da, usually alkenes, alcohols, benzenoids, aldehydes, ketones,
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terpenes) play an important role in longistance interactions in microbial communities; they
can regulate gene expression amdluence microbial behaviors such as biofilm formation,

virulence and stress toleran¢@udrain et al., 2015)

The role of AHs in interspecies signaling is not very well studiédsni et al., 2011Hosni

et al. used theolive knot community betweeRPseudomonas savatanpv.savastano{Psy
andErwinia toletanaas a model system for study the role of the interspecies signaling and
the sharing of AHL QS molecules between different bacterial species. Results have shown
that the two bacteria produce and share the same two AHLs molecul8{&x6-HSLand
C830xoHSL). Further evidence AHL crossalk occurs inP. aeruginosavhich is triggered

by resident microfloraDuan et al., 2003; Sibley et al., 2008)

However, there are many questions on the dynamics of interactions among bacteria in
nature; it is still not known the types and extent by which-oell signals play a role in the
formation of a stable miobial community A majorchallenge will be to study this in planta

and/orto developsimplemodelsystems for the investigations of interspecies interactions

With the exception of unique relationships such as the rhizdb@ime symbiotic
associatior{Peters et al., 1986jhe pathogenesis between agrobacteria and their host plants
(Hiei et al., 1994)and type Illl secretiomediated path@enesis (Hueck, 1998) the
understanding of the mechanisms regulating pkamtrobe interactions (interkingdom

signaling) remains rather limited.

Plant compounds potentiallynvolved in chemical signaling with bacteria includes sugars,

amino acids, phenolics and polyamines (such as putrescine and argirigeje(1.8. For
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example, two plant phenolic compounds such as arbutin afcu@ose induce phytotoxin
synthesis in the lant pathogerP. syringa@v.syringag(Wang et al., 2006)his is an example

of the evolutionary ability of this planqtathogen to sense and respond to the plant
environment(Wang et al., 2006)Simiarly, plant phenolics such ascoumaric acid (OCA)

and tcinnamic acid (TCA) affect the expression of the type Il secretion system (T3SS) in plant

pathogenicDickeya dadantifYang et al., 2008)

Other signals implicated in interkingdom signaling are the diketopiperazines (DKPs) which are
cyclodipeptides, produced by several bacterial spgcinterestingly, several plant growth
promoting Pseudomonaspp. release different DKPs, which stimulate root biomass and
lateral root development(Holden et al., 1999)in addition, gnytohormores such as the
stringolactones (SLsanfunction as explanta rhizosphere signaling molecul@gltai, 2011,

Wu et al.,, 2017) SLs are shotiving compounds produced in roots and released to the
rhizosphere. SLs are considered the most common metabolite in-flagi relationships

and they are also involved in the regulation of nodulation of legumesRbyzobium(De
Cuyper and Goormachtig, 2017; Bouwmeester et al., 20A8pther potential class of
interkingdom signals are the antibiotics whibhve been proposed to function at low nen

inhibitory concentratios (Andersson and Hughes, 2014)

38



Plant—Microorganism Signaling Microorganism—Plant Signaling

Recognition (MAMPs, signals)
Priming and induction of
systemic defenses (ISR, SAR)
Immune suppression

Effects on plant gene expression,
hormonal balance (SA, JA, ET),
development, metabolism,

and stress response

Rhizomicrobiome shaping
Recruitment of beneficials
Symbiosis, mutualism

Recognition (PRRs, signal receptors?)
Activation of desirable microbe traits
Confusion/inhibition strategies

[ V2SS
‘N\\e“eﬁ q. LCOS ~:¢§
o W
£ & Rhizobia
d - )
o
dp Sl
WS S
T
[ S
Nematodes £ Mycorrhiza
W ¢
,@/}? Yo
)@ Microbial communication signals for coordination
PGPR )& ﬁ of population behavior, growth, and activity: Figurel. 8
QS molecules (AHLs, DSF, DKPs, pyrones) Si i in th
Antimicrobials (phloroglucinols, phenazines) I_gna Ing In the
PGPF VOCs (2,3-butanediol, indole) rhizosphere
Phytohormones (auxines, cytokinines) (Venturi and

Intra- and Interspecies Signaling Among Microorganisms Keel, 2016)

AHLs have also been implicated in ptaatteria interactions since they exhibit structural
similarities to eukaryotic hormones and they display biological roles on eukaryotic cells
(Venturi and Keel, 2016AHLs can &tt plant gene expression, altering the levels of many
proteins, including those involved in hormonal and defense response as observed in
Arabidopsis thalian&Schuhegger et al., 2006; You et al., 2006; von Rad et al.,. Z808HLs

are involved in the regulation of virulence factors in pathogenic bacteria, plants may have
evolved strategiesa interfere with the AHL signaling system in order to prevent them from
initiating a pathogenic attack. Such interference could include the production of signal

mimics, signal blockers or sigraddgrading enzymeéMcClean et b, 1997) Plant agonist
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AHLmimics can lead to pathogen confusion, reducing the pathogenicity since they stimulate
a premature expression of virulence genes. Examples ofiktics include the halogenated
furanones produced by the Australian marinealQelisegpulchrawhich inhibit bacterial cell
swarming and attachment responses, thus preventing the formation of bacterial biofilms on
the algal surfacegGivskov et al., 1996)Another example of plarbacterial symbiosis
involves the opportunistic alphaproteobacteriuRhodopseudomonapalustris and land
plant roots. Under certain conditionsuch as plant senescengecoumaric acid, which is a
component of the lignin, accumulates in the rhizosphereRI palustrisp-coumaric acid
activates 4coumaroythomoserine lactone synthase (Rpal), which then uses the plant
derivedp-coumaric acid to generate the hybrid sigmpalcoumaroy!AHL and consequently

regulate many genes involved in symbigstan et al., 2008; Schaefer et al., 2008)

In conclusion, QS systems are involved in diversedotiems, from competition to mutualism

and symbiosis, that allow microbial species to interact to each other and exhibit social
behaviors in natural communities. Bacteria are constantly adapting to the chemical language
of other species in their proximiggnd adjust which gene sets are activated or deactivate. For
this reason, AHQS gene circuits may beflexible and adaptable genetic tooised by
bacteria to adapt to new community members, new languages and -@vanging
environment. It is very likely #t bacteria are evolving (i) detect a wide variety of chemical
signals, (ii) acquire QS circuits from neighbors into their own genomes via horizontally gene
transfer, and (iii) alter which set of genes are activated by QS modifying or propagating the
lux-box promoter regions(Prescott and Decho, 202QYloreover, LUXR proteins may play a

key role in adapting to new chemical languages establishing new communication networks,
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thanks to their flexility to recognize different AHLs and new signals, as it is discussed in

below.

QS LuxRype family proteins are cytoplasmatic receptors/transcriptional regulators that bind
and respond to AHLs. They are approximately-230 amino acids long and consist of two
modular conserved domains LBD-téMminal ligandbinding domain) and DBOZ{erminal
DNAbinding helixturn-helix domain) separated by a short linker region and acting
independently(Slock et al., 1990; Choi and Greenberg, 19913Rtype proteins bind to DNA

at a conserved site calledlax box which often consists of an inverted repeat recognition
sequence of a :20bp palindrome that is usually located d2.5 from the traascriptional
starting site. AHL binding LuxRs, result in a conformational change upon binding to AHLSs.
Despite the very similar structures of natural AHLS, receptorgarest cases verselective

for their cognate signal, ensuring bacteria cooperate and share resources with closely related
cells. However, there are several examples of QS receptors that respond promiscuously to
multiple signalgWellington and Greenberg, 2019jhe ability of these receptors to crosstalk
with distantly related cells could be beneficial in both irggecies competition and
cooperation, expanding the function of QS systems in bacterial cantias. An example of
crosstalk mediated by LuxR receptors occurs irpthat pathogerPectobacteriunwasabiae;

this bacterium has two AHILUxR receptors and one has a broad signal specifcity
responds athigher densities to other bacterial speciesdainduce an earlier expression of

virulence gene¢Valente et al., 2017)
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AHL LuxR homologs display a rather low primary sequence similarity (18% to 25%). However,
the primary structures of the LBDs (with ~70% homology) and the DBDs (at least for TraR,
QscR, and SdiA) are conserved. More specifically, nine amino acid residtiasetleritical

for ligandbinding properties are highly conserved in Abilhding LuxRs. Six of these are
hydrophobic or aromatic and form the cavity of the Abihding domain (W57, Y61, D70, P71,
W85, G113). The remaining three are in the HTH binding donidese key residues are
highly conserved in AHtinding LuxR proteins, whereas a lack of conservation raises the
possibility of binding to other/novel signaling molecu(@atankar and Gonzalez,@). The
dimerization interfaces and orientations of the two domains vary significantly in each

structure, despite the binding of closely related (or even identical) AHLSs.

Structural data for three length LUxR homologs complexed to native AHL actijataf?
from Agrobacterium tumefacien®scR fron®. aeruginosgand SdiA frork. colj (Figure 1.9
(Zhang et al., 2002; Churchill and Chen, 2011; Lintz et al., 2011; Nguyen et alar2Ddbe
complexed to a synthetic AHL antagonist (CviR f@mmomobacterium violaceuiChen et

al., 2011have been reported.

Figure 1.9 Structure of LUxR type receptors. a) TraR flsgnobacterium tumefacien®) QscR from
Pseudomonas aeruginosa).CviR fromChromobacterium violaceum
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A subgroup of QS LuxRs lack a cognate-typd homolog and they are called LuxR solos
(Subramoni and Venturi, 2009H)uxR solos have the same domain organization as canonical
LuxR poteins and they have been found in many proteobacteria. They can expand the
regulatory targets of the canonical QS systems by responding to endogenous or exogenous
AHL or to norAHL ligands, suggesting a role in iAvacterial and hosbacterial interacions

(Soares and Ahmer, 2011; Venturi and Fuqua, 2qE8)ure 1.10
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Figure 1.10A) LuxR solo responding to signals of a-adjacent Luxl synthase in the sagenome
or B)responding to endogenous signals or C) external signals (plant/host or microbiome deri
Figure created using Biorender.com

Few LuxR solos have been functionally characterized so far; some respond to endogenously

produced AHLs such as ExgiSinorhizobium melilgtBisR oRhizobium leguminosarum bv.
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viciag VjbR oBrucella melitensiand QscR dPseudomonas aeruginogAhmer et al., 1998;

Chugani et al., 2001; Pellock et al., 2002; Lee et al., 2006)

QscR fronP. aeruginosas probably the bestharacterized LuxRolo receptor. QscR has
relaxed liganebinding specificity and it is activated byet presence of nanomolar
concentrations of GAHL, CIAHL, 3oxo-C16AHL, CIAHL, 3o0x0-C12AHL and CTAHL

(Chugani et al., 2001; Leg¢al., 2006)

LuxR solo SdiA froBalmonella entericandE. coliwhich do not produce AHLS, responds to
AHLssynthesizedby neighboring bacteria, thus suggesting a role interspecies signaling
(Ahmer et al., 1998; Ahmer, 20048imilarlythe P. putidaPpoR LuxR solo binds ta80-C6

AHL and it is very well conserved amdhgutidaspeciegSubramoni and Venturi, 2009a)

A subfamily of LuxR solos present only in plasioamted bacteria (PAB), has evolved to
respond to plant signal&onzélez et al., 2013; Gonzélez and Venturi, 2013; Patel et al., 2013;
Venturi and Fuqua2013) Compared to canonical QS LuxRs, these LuxR solos lack some
conservation in the AHhinding domain(Ferluga et al., 2007; Ferluga and Venturi, 2009)
More precisely, W57 and Y61 are substituted by M and W, respectiValylg 1.1) The
evolution of these changes likely correspls with the ability to bind lownolecularweight

compounds produced by plants.
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Table 1.1 Conservation of the aminacids residues in the LBD of LuyRe and LuxR solo responding
to AHLs or planterivative compounds

I e N

LuxR (V.fisheri) W57 Y61 D70 P71 W85 G113 E178 L182 G188
(RﬂucPJSrz?cens) L D P W G E L G
(X.gr;\//zr;e) w D P w c E L ©
(X. ca):;:;tz_ctris} w L P w G E L G
{E.sctl.“ijﬁ) w I D P w G E L G

Members of this suffamily include XccR ofanthomonas campestti©ryR oXanthomonas
oryzae PsoR ofPseudomonas fluorescen¥XagR ofXanthomonas axonopodidNesR in
Sinorhizobium melilatand PipR dPseudomonasp.strain GM79Kigure 1.1} (Ferluga et al.,
2007; Zhang et al., 2007; Ferluga and Venturi, 2009; Patankar and Gonzalez, 2009; Schaefer
et al., 2016)A common feature that characterizes all these receptors is the adjacency to the
virulenceassociated proline iminopeptidaseif) genes which are under the regulation of
the LuxR solo and they aeetivated in response to plant signdchaefer et al., 2016The

pip genes have been implicated in virulence factors, but their mode of action remains
unknown. PipR, frorRopulus deltoideoot endophytePseudomonasp.GM79, activates the
downstreampip gene in response to an ethanolamine derivative (HEHEAA). This compound
forms spontaneously from ethanolamine and serves as an intermediate in plant cell

membrane biogenesis and plahbrmones(Coutinho et al., 2018; Luo et al., 2021)
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Bacteria could have evolved @&ll-LuxRtype proteins that bind plantompounds which
allow them to sense their arrival inside the plant arejulate diverse cellular processes

necessary for the bacterial life inside the host and its associatiedobial community.

Two LuxR solos PIuR and PauR frBimotorhabdus luminescenand Photorhabdus
asymbioticado not bind AHLs. These two speciedPbbibrhabdusare human enteric and
insect pathogens. These LuxR solos are part of d@oce#ll signaling system which respond

to a different endogenous signaling molecule. PIuR senses alpyi@nes, named
photopyrones (PPY) and PauR detects dialkylresdscif@ARs) and cyclohexanediones
(CHDs). Both these molecules activate the expression of the corresponding nearby operon,
leading to cell clumping and contributing to the virulenc&bbtorhabduspeciegBrameyer

et al., 2014, 2015)interestingly, these two signals can also be bifunctional; PPYs can act as
insect toxins at high concentrations, and DARs can act as anti{Bteseyer et al., 2015)

However, it is disputable whether PIUR can be designated as Llx§trame its cognate signal
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synthase has been identified as the adjacent ggmgS(Brachmann et al., 2013n addition,

PIuR and PauR both harbor four substitutions at similar positions in the conserved WYDPWG
motif of AHLsensors, displaying a TYDQ@@&if and a TYDQYhotif, respectively, which are
important for signalsensing, but not alone sufficient feignatspecificity(Brameyer et al.,

2015)

As described above, LuxR solos are very widespread among proteobacteria; a genomics study
revealed thatout of 3550total LuxRtype proteins identified, 2698 encoded fauxR solos
(Hudaiberdiev et al., 2015However, thesignal/ligand that is sensed by the majority of LUXR
solos is not yet known. LuUxR solos are likely to be major players-tetiedignaling and most
probably evolved bacteria to respond and communicate to many differentcedllisignals

(Brameyer et al., 2014)

Other celicell signals related to AHLs are produced by bact&igu(e 1.12 For example,
members of the genudBradyrhizobiumand Rhodopseudomonastilize arytAHLs as a
chemical language instead of sgyht-chain fatty acyAHLS. These bacteria synthesize and
use as signal the arpHLs pcoumaroytHSL and cinnamaidSL. Interestingly,-poumaroyt
AHL is produced using pladérived pcoumaric acid, so that cetell communication can
occur only when these bacteria colonize pla@shaefer et al., 2008; Ahlgren et al., 2011)
Ralstonia solanacearuand Xanthomonas campestriproduce atypical autoinducers called
3-hydroxypalmiticacidmethyl-ester (30H PAME) and (fR)ethyl3-hydroxymyristate, that

control virulence traits and the formation of biofilnjBavier et al., 1997; Kai et al., 2015)
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It is also common for a single bacterium to use multiple signal molecules in order to regulate
different cellular pr@esses in diverse environmental conditions, host factors and community
composition. An example B. aeruginosawhich possesses four QS circuits, which besides
using to AHL QS systems, it also uséeyt3-hydroxy4- quinolone (PQS) and the newly
identified 2-(2-hydroxyphenyh thiazole4-carbaldehyde (IQS) as languages. Another
example isvibrio harveyjiwhich integrates three different QS signaling molecules, allowing

specific inter and intraspecies communicatiqgRutherford and Bassler, 2012)

Indole and its derivatives have also recently been shown to be an intercellularsjpegeres

and interkingdom signbng molecule and it plays important roles in bacterial pathogenesis
and plant immunity. In particular, indole controls plant defense systems and growth
modulating the oxidative stress levels. However, the molecular mechanism of regulation of

this possiblenovel signal and its function is still not completely deciphgltezk et al., 2015)
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Innatural environments microorganisms live in tight associations forming complex ecological

interaction webs and are surrounded by dynamic and intricate exchange of small molecules.

The development of metamics and computational tools has allowed us ¢ain
extraordinary insights into the taxonomic and functional composition of bacteria associated
with plants. Similarly, GWAS and metagenewide association studies have identified key
drivers that influence the formation of plafgssociated microbiome ahhave linked
individual microbial taxa to traits related to plant fithess and health. From an evolutionary
point of view, this microbial biodiversity is fundamental for plant life, acting as a significant
ally for the plant in controlling colonization/ie€tion by plant pathogens and plant health.
However, the evolution of the cetlell bacterial interactions that favours the-eaistence of
highly diverse consortia remains very poorly understood. In the recent years, microbiologists
have made considerablprogress in unravelling the many different biotic mechanisms of
interactions among bacteria, but always using reductionistic approaches. Thus, it remains at
large unknown what is their possible role in the assembly, dynamics and stability of plant
microbiomes. Moreover, it is important to focus on the molecular mechanisms that the
bacteria use for the establishment of stable multispecies microbial communities, in order to
protect the plant and enhance the activities of indigenous microbiome for a moraisasie

agriculture.

The main aim of this thesis is to shed some light on how bacteria undergosimeres
signaling in the plant microbiome, as well as the identification of novel bacterial signaling
systems/circuits that are involved in interspeciesncounity formation. All the signaling

studies were performed mainly using rice plants (Oryza sativa) asnimdl. The
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experimental work of this thesis is divided into three chapters: the first investigates how the
rice microbiome changes/fluctuates in pse to the attack of an emerging rice pathogen;

the foot rot pathogenDickeya zeaeThe 16S rRNA amplicbased community profiling
approach has been followed and this plant bacterial disease has been used as a model in
order to unravel potential microll collaborators which interacts with the pathogen

(pathobiome concept).

The second chapter is aimed to unravel the role played by the mechanism of QS in the
formation and maintenance of plant microbiomds$e distribution, frequency and functional

role of the LuxR solos receptors is investigated in the establishment of the multispecies
community in the group of fluorescemseudomonaspp. and to understand which are the
RATFSNBY(G Y2RSa 2 Tlorlé@éndossiyeceptdrs. lflikgle@datitiisi | y R
subfamily of QS related bacterial regulators contain members that respond to novel
exogenous (or possibly novel endogenous) signals produced by other bacterial species or

plants and hence play a role in intspecies/interkingdom signaling.

The third and the final data chapter presents studies on a novet@ekll communication
system, in which a LuxR solo is involved in the regulation and synthesis of a plik@ent
molecule which in turn acts as a possible LuxR solo binding signadfutiis expands the

diversity of signaling molecules.

In summary, this thesis presents advances in the understanding of the role of interspecies

bacteriatbacterial signaling in the plammhicrobiome.
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Chapter Il

The rice foot rot pathogeDickeya zeaalters

the infield plant microbiome

Keywords Plant pathobiome, Microbial communities, Biotic interactions, Metabarcoding, Pathogens,

Dickeya zeaeRice foot rot disease
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It has been long accepted that disease severity is a multifaceted mechanism, being the
outcome of interactions between the pathogen, host, and the environn{@nader et al.,
2017) Plants are colonized and live in association with a large number of different
microorganisms which play important roles in plant health and resistance to biotic and abiotic
stresseqSchlaeppi and Bulgarelli, 2015; Vannier et al., 2019; Liu et al.,.2a2@)bers of

the plant microbiome undergo direct interactions such as predation, parasitism, mutualism,
and ompetition (Faust and Raes, 2012 hat happens then to the plant microbiome when

an incoming pathogen establishes itself and causes disease? Does the microbial environment
change, tolerate, and/or assist the oolzation of the pathogen? There are several reports,
especially in humans and animals, demonstrating that a successful pathogen invasion
disrupts the residentnicrobiota, resulting in a shift from a healthy to a dysbiotic unstable
state (Anna Karenina prciple) (Clemente et al., 2012; Gilbert, 2016; Zaneveld et al., 2017,
Proctor, 2019)It is fundamentalo take into consideration that interactions between the
pathogen and other microorganisms (harmless, neutral, or even beneficial) of the
microbiome can occur and affect positively or negatively the virulence thus adding a fourth
dimension to the diseast&iangle (Braderet al., 2017) Besides, certain plant diseases are
complex, involving the interaction/cooperation of different pathogefismichhane and
Venturi, 2015) The recent perceptiothat the microbiome contributes to disease formation

and severity, along with the discovery of complex diseases has led to the introduction of the
0 SNY oLl {{wepsielraussst &t al., 2014\vhich is the pathogen(s) integrated with

the hostassociated microorganisms (encompassing prokaryotes, eukaryotes and viruses).

Elucidation of thenembers of the pathobiome could identify the key biomarker species that
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can teamup with the pathogen(Agler et al.,, 2016)This could become important for
understanding pathogenesis, persistence, transmission, and evolution of several plant
pathogens and for developing microbiorbased plant protection strategigSchlaeppi and

Bulgarelli, 2015)

Dickeyaspp.is one of the top ten important bacterial phytopathogens in the wividnsfield

et al.,, 2012)There ae currentlyeight species in this genus, includily chrysanthemi, D.
dadantii, D. dianthicola, D. dieffenbachiae, D. paradisiaca, D. zeae, D. aquatic, D. solani
(Samson et al., 2005; Brady et al., 2042yl among thenD. dadantii, D. solani and D. zeae
cause devasting disease, resulting coasiderable loss in crop yieldickeyaspp. causes soft

rot disease in a wide variety of economically important crops and ornamental plants such as
Zea maysOryza sativaSolanum tuberosummandMusaspp in different parts of the world
0{16SGz mMdbpnT WHFNIF SiG | f dX H.nfedidnsfDitkegar | | S
spp. usually results in maceration and rotting of parenchymatous tissue of the affected organ.
In particular, infected rice prds byD. zeagpresent a dark brown decay of the tillers at the

site of infection, which later lead to the collapse of the entire plgwto, 1979; Barras et al.,
1994; Collmer and Bauer, 1994; Nassar et al., 1994; Hussain et al., 2008; Pu et alD.2012)
zeae are often present in latent infections on many host crops and they can persist
overwinter in contaminatd plant residues. Under certain conditions, such as in decreasing
Oz concentration, high temperature, high humidity and water film on the surface of the plant
organs, latency is broken and the bacteria start to grow and cause dedagsksituations,

the inoculum produced in one growing season persists to the next, and increases in load over
a period of yearsA change in spatial distribution of infected plants occurs, it appears as

dalLklRiaéd 6A0K (GKS KAIKSal RSy askdases, pefietritignS OSy |
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by bacteria occurs via breaks in the periderm caused by bruising in harvesting, insects,
nematodes, or fungal infection®erombelon and Kelman, 198@nlike the other rambers

of the genusD. zeaecan infect both monocotyledons and dicotyledons; it produces large
guantities of pectic enzymes, phytotoxins and bacteriocins that enable it to macerate the
plant parenchymatous tissue and result in diseéSamson et al., 2005; Zhou et al., 2011;
Cheng et al., 2013A quorum sensing regulateainsgene cluster irD. zeaerice isolates,
which encodes the biosynthesis of zeamine phytotoxins, is responsible of inhiimerggeds
germination and growth; no other virulence associated mechanisms is currently Kaooo

et al., 2011; Zhou et al., 2016)

This study performs pathobiome analysis of the rice foot rot disease, caudedzaaeas a
model in order to investigate the effects of this bacterial pathogen to the total resident
microbiome and to highlight possible interactions between the pathogen and the members
of the microbiota. The bacterial communities of figjdown rice plantswith or without
symptoms of foot rot over two rice growing seasons and belonging to two different rice
cultivars have been characterized via 16S rRNA amplicon seque@cingiain hypothesis
was that D. zeaeco-operates with other members, either harmless pathogens, of the
pathobiome resulting in the disease development and/or aggravatibetwork of
interactions and LDA analysiows the identification ofikely positive interactions between
the pathogen and members of the pathobiome that are comsistin the two growing
seasons. Culturdependent methods andh plantastudies have been performed to support
the in silicoanalysis.In summary, this study highlights that the plant microbiome shows

marked changes in its composition and structure dutimg foot rot disease and that this
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disease can be viewed in part as the result of the interactions between a primary plant

pathogen with members of the pathobiome.
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Rice plants during the early booting phase (16 wewl3 were collected in two different rice
growing seasons (2017 and 2018) belonging to two different rice cultivars grown in two rice
fields owned by the Italian rice grongeorganization called SAPISE located in Vercelli. The
plants were sampled at the same growth stage, during the two years and from the same rice
fields, in order to decrease as much as possible the variability in the microbial community
due to the environmental factors. Two rice cultivars were sampled for this study: Barone CL,
characterized by long type seeds, very high field yield potential and high resistance to
RA&SIFasSa FTNRY (KS NAROS FTAStEtR 6 npcHCc o0o0®H
type seeds, high adaptability to different environments and medium resistance to diseases
FNRY GKS NAOS FASEtR o6npcon pc®dPT b YyCHH
asymptomatic rice plants were collected. The symptomatic plants were selected aqrtowd

the visible presence of the typical foot rot symptoms3(8isease severity index), while the
asymptomatic plants were selected randomly and as much as possible close to the

symptomatic ones.

The plant material was washed and for each infected samgbse to the crown roots,-3

cm region of the brown rot stem has been selected and weighed (3 grams of plant material
per sample). The same region of the healthy plant stem has been cut and treated in the same
way. For each sample, 2 grams of plant enel were macerated in liquid nitrogen using

sterilized pestle and mortar and used later for bacterial DNA extraction and 16S rRNA gene
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library preparation. The remaining part (1 gram) was resuspended in 4 mL PBS (Phosphate

Buffered Saline) solution andlosed with 18% glycerol aB0°C for the culturable analyses.

DNA was extracted from all plant samplesng the PowerMax Soil DNA isolatiagh(MO BIO
Laboratories, Carlsbad, CA, U8&gording to the manufacturer's instructiomsd using as

starting material 0.25 gram from each sample. Total DNA concentration was analyzed by
using a Nanodrofy spectrophotometer (Thermofisher Scientific In@/altham, MA, USA)

and normalized to a concentration of 7 ng/uL for preparing the 16S rRNA gene amplicon
library. The DNA extracted was used to amplify the V3 and V4 hypervariable region of the 16S
rRNA gene using barcoded primers and PCR conditadiosvA y 3 Lt € dzZYA Y | LYyOo®
(Mumina Inc., San Diego, CA, U3&efly, individual barcoded libraries were directly

prepared by PCR using long primé¢kdindworth et al. 2013)ncorporating the Illumina

adapter sequences (16S_Amplicon_PCR_Fw:
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG;
16S_Amplicon_PCR_RV:GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGT
CTAATCChollowing the first amplification, a cleaning step was performed usingkiieure

XP bead cleanp (A63880l; Beckman Coultecl, Brea, CA, USA). A second PCR reaction was

then performed toattach dual index and lllumina sequencing adapters using the Nextera XT

Index Kit; followed by a findMPure XP bead cleaip. Ampliconssize, integrity, and purity

were checked using the @inalyzer equipment (Agilent Inc., Santa Clara, CA, USA) and the

library concentration wasneasuredby fluorimetric quantification using Qubit 2 (Invitrogen
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Inc., Carlsbad, CA, USRinally, librarysequencing was performed using the lllumina Miseq

techndogydza A y 3 | H-pnd strateédy. LI A NB R

FASTQ files were imported into Qiime2 v202QRalyen ¢ al., 2019) quality filtering and

OTU picking was done using DAIYAZL8.0(Callahan et al., 2016 TUs consisted of groups

of identical sequences. Ela OTU was represented by a single sequence, named
representative sequence. Representative sequences were aligned using mafft, and a
phylogenetic tree was built using fasttr@rice et al., 2009; Katoh and Standley, 2014)
Taxonomic assignment was based on the Silva database (releas€QLEB}) et al., 2012)
using anad hocclassifier trained on the region amplified by the primer pairs used in the
present study. After the removal of the OTUs annethts chloroplasts and mitochondria, a
rarefaction analysis using 600 reads per sarhple been performedo have a homogeneous
sampling depth; on this datasehe alpha and beta diversityere calculatedThis value was
selected after observing the alphrarefaction plots and witnessing that, at this sampling
depth, both the Shannon diversity values and the number of OTUs approached the plateau
for all samplesAfter rarefaction, 59 out of 73 samples were retained (the 80.82%). Despite
the loss of the 20% of the samples, the experimental design was still balanced in terms of
variety (23 samples retained from Barone and 32 from Sole), symptomatology (16 healthy
samples and 39 sick ones), and year (11 samples from year 2017 and 44 from 2018).
Significant differences in alpha and beta diversity among categories of samples were assessed
using the Kruskalvallis (performed on each category) and PERMANOVA tests, rieshect
Subsequent statistical analyses and data visualizations were performed using the phyloseq

packaggMcMurdie and Holmes, 2018) R version 4.0.2 (R core team, 2014).
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A Venn diagna was drawn to visualize unique and shared genera in sick and healthy plants,
a Venn diagram was generated using the web tool

http://bioinformatics.psb.ugent.be/webtools/Venn/.

To calculate the species-oacurrence network, two separate OTU tablesre exported, one

for each symptomatology category. Correlation values among the OTUs were calculated
using fastspa(Watts et al., 2019)animplementation of the SparCC (Sparse Correlations for
Compositional data) algorithifiFriedman and Alm, 20123l the correlation absolute values
below 0.3were filtered outand the table was imported in cytogma for visualizations and

analysegShannon et al., 2003)

To identify differential abundances of bacterial taxa between the two conditions tested, a
LefSe analysisas been performegdas implemented in the Galaxy sery8egata et al., 2011)
(http://hut tenhower.org/galaxy. In this analysis differences in the relative abundance of taxa
between healthy and diseased conditions were calculated with the Kr\gkdis test and

the trend identified by the Krusk&Vallis test was then checked by the Wilcoxestt For the
comparison, symptomatology condition was used as a class of interest, with the Wilcoxon
test alpha value set at 0.05, the alpha value of the Krdgkallis test set at 0.05 and the

threshold for the LDA analysis score was set at 2.0.

The macerated plant tissue of each independent plant sample (5 samples from the first
sampling and 10 from the second sampling) displayingfolbsymptoms and stored aB80°C
was mixed and diluted in 20 mL of PBS as descabetie. Serial dilutions were performed

and 100m of each dilution was spread and grown on four different solid media (TSA, PDA,
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M9 and 869medium) Table2.1) and the plates were incubated at room temperature (RT)

for 2 and 5 days. After 2 days ttetality of the colonies grown were harvested with 2 mL of

PBS and the same has been done after 5 days of incubation. From the bacterial suspension
obtained, the genomic DNA was extracted using the Bacterial genomic DNA isolation kit
(Norgen biotech corpThorold, Canada) following theanufacturer's instructions. The DNA

was used then to amplify the V3 and V4 hypervariable region of the 16S rRNA gene using
barcoded primers and PCR conditich® f €t 2 Ay 3 Lt f dzYAyl LyO®Qa LJ
Diego, CAUSA) as described above. Amplicon sequencing of the 16S rRNA gene was
performed by using the Illlumina MiSeq platform with-w&8 chemistry and 250 paireehd

NBIFRa 2y GKS aA{Sl AyadNHzySyid oLftfdzYAyloO I

Sequencingeads were processed and analyzed as described above.

Table 2.1 Composition of the bacterial growth media used for the culturable pathobiome fraction
selection.

Medium Medium ingredients for 1L Reference or
source
. 15g Pancreatic Digest of Casein; 5g Peptic
Tryptic soy (ts) . ) . :
broth/agar Digest of Soybean Meal; Spdium Chloride [1]
M9 NaHPQ 60.5 gr, KkEPQ 12 gr, NaCl 2 gr, Nél [4]
4 gr, 1M MgS@ 1M CaGJGluocose 0,1%
. . Difco, BD
PDA Protato infusion 200 gr, Dextrose 20 gr, agar 2 L aboratories, MD
9 21152 USA
CaCl0.035 gr, NaCl 0.500 gr, Tryptone 1 gr,
1/10 869 Yeast extract 0,500 gr, Glucose D+ 0,100 gr, [5]
agar 15 gr
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The same macerated plant tissue from symptomatic samples stored with glyce&)°&t

and used for the culturable microbiome analysis (see above) was usehefasolation of

pure bacterial colonies by plating different dilutions on 1/10 Tryptic Soy Agar (TSA; Difco, BD
Laboratories, MD 21152 USA) solid medium. Plates were incubated at RT for 2 and 5 days and
pure independent colonies showing distinct colonyrpimlogy were picked and streaked

again on 1/10 TSA plates to ensure the purity of the culture and then storé&®%t in 1/10

TSA and 18% glycerol.

Amplification of the 16S rRNA gene was then performed on the pure colonies isolated by
using fD1Funi 16S p@GAGTTTGATCCTGGCTCRG Yy R Nl H wdzy A McC {
ACGGCTACCTTGTTAGGACpimers to amplify the complete 16S rRNA gene and gain a

more precise taxonomic information of the bacterial isolates. Colony PCR was performed

F FGSNJ 02Af Ay 3 Osuspedsioh in 56hef stérile HO. PCR2produytd were

purified by using Gel extraction and PCR CléprSystem purification kit (Euroclone S.p.A).

¢KS aSldzSyOAy3a LISNF 2 NOMCESRCAKTA GMI TTRINGVTHIS NZEF pn T w
0 p QGATTAGATACCCTGGTAuas realized by GATC (Eurofins Genomics Company,
Germany) and identification of the isolates was obtained by BLAST analysis at NCBI

(http://mwww.ncbi.nlm.nih.goy).

In order to investigate the effect of a possible partnefoizeaeisolated from the footrot

pathobiome in the development of the disease;inection testsin plantawere performed.
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Ampicillin 100, Gentamicin 50 and Nitrofurantoin 100 were usedimkholderiaisolation

and growth. Aspontaneoud. zeaaifampicinresistant was isolated by growing tisérain

in 1/6 TSB (Tryptic Soy Broth) medium supplemented with gradually increasing amounts of
rifampicin (Rif) ranging from 15 to 100 pg'mFinally, the culture was plated on TSA (Tryptic
Soy Agar) and single colesiwere reinoculated in TSB containing Rif 100 pgrstored at-

80°C.

The effect, on the virulence degree, of the pathogen and its partner presence-day26ce
seedlings (8 replicate) was tested as follows: seeds were sterilized in 50% commercial
bleaching agent (3,62% w/v NaOCI) for 1 hr and, after abundant washestevite s/ater,

were incubated on sterile watesoaked Whatman paper in the dark at 30 °C for 7 days.
Plantlets were transferred independently to a tube containing Hoagland ssaidisolution
(Steindler et al., 2009nd grown for the other 15 days at 27 °C, 80% humidity, 16 h/8 h light
dark cycle. Inoculation was performed by injuring the stem with needles contaminéted
Burkholderiaspp., grown in 1/10 TSB at @of 0.1. The following day, an inoculation in the
same position was performed with. zeaeRif? grown in 1/10 TSB at @fof 0.1.For each
treatment, four biological replicates were performed and as cohfplants were inoculated

with single strains (only\D. zeae or Burkholderia at the same Of§3 and PBSLesion
appearance and development was followed for 1 week. Bacteria weisolated from the

dark rotten lesion in the stem of the plant by macerating it in PBS solution and serial dilutions
plated in TSA containing the appropriate antibiotics followednmybation at 30°C for 24

hours and counted for CFU/g calculation.
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In order to unveil how the plant microbiome can be affected by pathogen establishment,
pathobiome analysis in symptomatic rice plants and microbiome analysis in asymptomatic
plants was performed and compared. Rice plants (16 we&Kswere sampled in two
growing seasons (2017 and 2018) from growing fields of two rice cultivars (Barone CL and
Sole CL). From each of the two fields, cv. Barone asymptomatic and symptomatic plants and
similarly cv. Sole asymptomatic and symptomatic plants were collected. The symptomatic
plants were selected according to the visible presence of the typicatrtdagymptoms,
characterized by yellow and dry leaves, black rot, and-$oulling base and roots. The
disease severity between all the rice plants exhibiting 4mbtsymptoms was comparable-(2

3 disease severity index) in each sampling year. On the othet, iz asymptomatic plants

were collected according to the absence of any visible infection signs and as close as possible
to the symptomatic plants, in order to decrease the microbial variability due to the soil and

other environmental factorsHigure 2.1).
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Figure 2.1 Dickeya zeae rice foot rot symptoms
and comparison with asymptomatic samples (B)
the symptomatic samples collected showed
comparable disease severity-82severity index).

In the first sampling (July 2017), 10 asymptomatic (5 Barone and 5 Sole) and 10 (5 Barone and
5 Sole) rice plants showing feoit symptoms were collected. The second round of sampling
(July 2018) has been performed in the same fields of the first sampilicrgasing the number

of samples to 28 (14 Barone and 14 Sole) asymptomatic plants and 28 (14 Barone and 14
Sole) footrot symptomatic plants. During the second sampling, the number of plant samples

was increased since the incidence of the disease wgehi

DNA was purified from infected stemsb3m around the symptoms lesion site, close to the
crown roots and from the same plant zone of healthy plants, in order to reduced bacterial
community variability due to the plant compartment. Bacterial comntieeiwere studied via

16S rRNA amplicon sequencing.

The number of reads passing the quality filter was on average 4082,06 (rangli®$57).
The average nuber of OTUs was 66,69 (ranginglB). The reads annotated &hloroplast

were on average 47,1% 29,5 Supplementary Tables2.) and were removed from the
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dataset. The number of OTUs was higher in samples of 2018 (p < 0,01) compared to the
samples 02017 and in symptomatic samples compared to the asymptomatic ones (p < 0,001)

(Table2.2).

Table 2.2 Average number of OTUs subset by Cultivar, Symptom and Year.

Average number of different OTUs subset by paramet€rdtivar, Symptom and Year) and split in
Classes. OTU numbers differed significantly with the symptomatology (Healthy vs Sick) and the Year
(2017 vs 2018). Significance between classes was calculated by WiMaroAVhitney test.

Parameter Classes Avg. N° OTUs St.dev. p-val*
Cultivar Sole 65,15 44,15 N.S.
Barone 68,82 34,79
Symptom Healthy 35,87 23,07 <0.001
Sick 79,33 39,01
Year 2017 33,81 15,65 <0.01
2018 74,9 40,32

*after WilcoxonMann-Whitney test

The Shannon diversity values were higher in symptomatic samples compared to the
asymptomatic ones in 2018 (p < 0,001), while no significant differences were detected in
2017. Figure 2.2 A and B. The PCoA based on the weighted UniFrac distance measure
showed that symptomatic and asymptomatic samples formed two distinct clustegsré¢

2.2 0. Asymptomatic and symptomatic samples from the year 2018 were significantly (p =
0.001) different and clustering separately, while the differences in 2017 werewidént (p

= 0.1). Asymptomatic and symptomatic samples from the year 2017 were partially
overlapping, suggesting that their microbiomes were more similar than the ones from the

year 2018.
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Figure 2.2 Complexity and composition of the microbial communities of asymptomatic :
symptomatic samplesA) Alpha diversity estimations of the bacterial communities associated
FA@YLIW2YIFGAO O6KSFfOK@y | yR aeéyYL 2 Yl yedr 201%aa
B)for year 2018; box plot depict medians (central horizontal lines), the-aertile ranges (boxes
95% confidence intervals (whiskers) and outliers (black dots). Asterisk indicate significant difi
between two groups of samplesR%0.05). Statistical analyses were calculated based on wile
test. C) Principal Coordinate Analysis (PCoA) based on weighted UniFrac distalipsges sho

confidence Intervals (Cl) of 95% for each sample t@petistical significance has been intrusing
PERMANOVA (séggure 2.3and2.4).

73



To infer significant differences among the asymptomatic and symptomatic samples
considering also the effect of the two years, a PERMANOVA test on the UniFrac distances
within each group compared with the ones among different growps performedwith 999
permutations in all tests)The samplesvere dividedin i) healthy samples in the year 2017;

i) sick samples in the year 2017; iii) healthy samples in the year 2018; and iv) sick samples in
the year 2018. Significant differences were detected for thefathg combinations: healthy
samples in 2017 Vs sick samples in 2018 (ps€éudd2,24, p = 0,001); healthy samples in
2018 Vs sick samples in 2017 (pse#ds 9,27, p =0,001) and as mentioned above, healthy

samples in 2018 Vs sick samples in 2018 (ps&ux@4,67, p = 0.00&igure 2.3.
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Figure 23 PERMANOVA test on the UniFrac distances within each group compared with t
among different groups (with 999 permutations in all tests). The distance is calculated es
considering the variable of the year.

74



The rice cultivar had no influence on the microbiome composition (ps€ueo3,06, p =
0,009). Specificallghe PERMANOVA test performed on the beta diversity between the two
cultivars and symptomatology revealed that the microbiome changed more between t

conditions of health and disease rather than between the two cultiviaigufe 2.4.
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Figure 24 PERMANOVA test on the UniFrac distances within each group compared with t
among different groups (with 998ermutations in all tests). The distance is calculated espe
considering the variable of the rice cultivar.
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The OTUs were annotated using the Silva datalp@sest et al., 2012)n total, 20 phyla, 36

classes, 95 orders, 158 families, and 278 gemezee identified The microbiomes were

overall dominated byProteobacteriaof the alpha and gammeclass, and th&acteroidetes

andNegativicues(Figure 2.5 A, Table2.3).
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The phylumFirmicutesand Campylobacteriavere found at higher average abundance in
symptomatic samples (20,82% versus 0,67% in healthy, and 3,33% versus 0,17% in healthy,
respectively). On the other hand, the phyl#midobacteriavas detected at significant higher
average abundarecin asymptomatic samples (5,25% versus 0,47% in infected plaatse(

2.3. At the family level the most prevalent taxa wer®ectobacteriaceae,
Sphingomonadacea€Comamonadaceaehzospirillaceaeand Arcobacteraceaeamong the
Proteobacteria Firmicutes were dominated by Clostridiaceaeand Lachnospiraceae
Bacteroidetesvere mainly represented by the famiBrevotellaceagandAcidobacteriavere

mainly composed of OTUs assigned to Blastocatellacea¢amily. All families presented
distinct diferences among asymptomatic and symptomatic microbionteg. (25 B, Table

2.3).

Table 23 Predominant OTUs abundance subset by Phyla, Class and Genera

Average relative abundance of predominant OTUs subset by Rbigss and Genera. Significative
differences between healthy and sick condition are calculatedtegttand summarized in the table.

Taxon Healthy Sick p-value
Proteobacteria 60.76 47.49 0.005
Firmicutes 0.67 20.82 <0.001
Acidobacteriota 5.25 0.47 <0.001
g Campylobacterota 0.17 3.33 0.003
o Bacteroidota 26.85 25.54 n.s.
Actinobacteriota 2.53 0.26 <0.001
Planctomycetota 0.03 0.14 n.s.
Cyanobacteria 0.38 0.15 n.s.
Alphaproteobacteria 34.65 16.58 <0.001
Clostridia 0.02 5.20 <0.001
Campylobacteria 0.17 3.33 0.003
@ Blastocatellia 3.04 0.23 <0.001
8 Bacteroidia 26.85 25.51 n.s.
Gammaproteobacteria 26.10 31.35 n.s.
Negativicutes 0.13 15.43 <0.001
Acidobacteriae 2.18 0.19 0.001
Desulfovibrionia 0.005 0.62 <0.001
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Bacilli 0.52 0.17 n.s.
Planctomycetes 2.27 0.25 0.001
Paludibaculum 0.00 8.65 <0.001
Candidatus_Koribacter 5.02 1.67 0.016
Bryobacter 0.13 5.08 <0.001
Aridibacter 5.29 0.94 0.007
Holophaga 2.90 2.00 n.s.
Vicinamibacter 3.88 1.18 n.s.
Kineococcus 4.79 0.49 <0.001
Kineosporia 0.00 2.89 <0.001
Curtobacterium 0.00 2.27 0.02
g Nocardioides 0.51 1.85 0.001
T Bacteroides 1.52 0.79 n.s.
O Dysgonomonas 2.36 0.12 0.002
Microbacter 2.40 0.05 <0.001
Paludibacter 0.00 1.83 <0.001
Prevotella 1.93 0.31 n.s.
Aurantisolomonas 1.81 0.04 <0.001
Chitinophaga 0.00 1.39 <0.001
Dinghuibacter 1.66 0.12 <0.001
Edaphobaculum 0.02 1.30 <0.001
Ferruginibacter 1.46 0.14 0.01
Filimonas 1.36 0.20 n.s.

The number of shared and unique genera between asymptomatic and symptomatic samples
is shown in the Venn diagrankigure 2.6). 158 genera were found only in the bacterial
communities of symptomatic samples, whereas 40 genera were foexausively in

asymptomatic samples only, while 140 genera were shared (i.e. found in both conditions).
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Figure 2.6 Venn diagram displaying the number of unique and shared OTUs between asymp
(healthy) samples and syngohatic (sick) samples along with the name of the taxa unique or s
between the two conditions studied.

The network analysis, based on the SparCC correlation values, revealed that the networks in
asymptomatic and symptomatic samples wediferent. The network deriving from
asymptomatic samples microbiome featured a more distinct clustering pattern, a lower
number of nodes and edges, and a lower average degree compared to the network derived
from symptomatic samples-{gure 2.7). The two etworks had a comparable number of
average neighbors per node, but the network derived from the asymptomatic samples had
higher clustering coefficient and density, whereas the network of the symptomatic samples

was sparser.
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Figure 2.7 Network analysis of microbiomes and pathobiomes. @J'Us interactions network bas
on the SparCC values (nodes are the OTUs and the links were established when the SparC
correlation value was above 0.3) among the USTin asymptomatic microbiomes; arf) in
symptomatic microbiome<C)and D) Nodes degree distributions for asymptomatic and sympton
microbiomes, respectivelfe)Main topological statistics on the two networks.
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The average relative abundancelitkeyagenera reads for symptomatic plants was 10,53%
(ranging 0,Q; 31,42%Figure 29 A). Reads annotated d3ickeyawere detected only in one
asymptomatic plant at the abundance of 0,39%. To further confirm the preseridezsfae
the virulencezsmAgene, which is unique tD. zeagZhou et al., 2011)was amplified using
as template purified DNA from plant material. TfmmAgene was only successfully amplified
from symptomatic sampls, demonstrating again the presencelfzeaeand its involvement

in foot-rot disease igure 28).

M STP2=53%4 57%:7 8 9" 10911 WHI2 34567 89 101112

MHI13 14 15 16 17 18 19 2021 22

Figure 2.8 Conventional PCR results afsmA gene amplification; M: 1Kb marker;, S§12
symptomatic samples from the 2018 sampling; K1: positive control Dz2Q genom@Bxitéki et al.
2013) K2 positive control SS8 sample from 2017 samplingi22t asymptomatic samples from 2(
sampling. Samples H1¥-18-21 were removed from the analysis. The primers used forzisra/

gene | YLX AFAOIGAZ2Y | -SEGGCOTCAABGATC@A@D O p © ¥V R Y
AGGCGTGGTGGTAGCAGTGAD @

In order to explore the possible interactions between the pathogen and the other members
of the pathobiome, a c@ccurrence network analysigas performegdl this analysis revealed

27 significant correlations & 0,5 for ceoccurrence and ¢ -0,2 for ceexclusion); between

Dickeyaspp. and different OTUs classified at a various taxonomic raigkré 29 B). The

strongest positive correlations identified were with OTUs belonging to the family
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SelenomonadaceagenusPrevotella, Propionispira, Clostridium_sensu_striciand genus

Azospirillum On the other hand, the strongest negative correlations observeck wéath

OTUs belonging to the gen@enothrix Rhizobacterand Saccharimonadaldsigure 29 B).
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A linear discriminant analysis (LDA) between the bacterial community composition of
symptomatic samples(pathobiome) and asymptomatic samples (microbiome) was
performed, in order to identify potential biomarker taxa between the two conditions. A
graphical representation of the differentially representtaka f value < 0,05) from the two
growing seasons isqiewn inFigure 2.10.Among the significantly differentially represented
taxa, 76 were more abundant in symptomatic samples and 16 in the asymptomaticlomes
generaPrevotella PropionispiraClostridium_sensu_stricto dnd Azospirillum identified in

the network analysis as positively interacting willickeyaspp. (Figure 2.9 B), were also
found to be statistically correlated with the disease conditiéigfre 2.19. On the other
hand, Crenothrixand Rhizobacter negatively interactingvith Dickeyaspp. (Figure 2.9 B,

were statistically correlated with the asymptomatic conditidtigire 2.10. Notably, several
taxa such a®seudomongsAzospirillum Burkholderia Sulfurospirillum, Pleomorphomonas
and Magnetospirillumwere present in bdt asymptomatic and symptomatic samples but
were significantly enriched in the samples affected by the disease. Some taxa were only
present in the symptomatic samples, in particuRnevotella Propionispira Selenomonas
Clostridium_sensu_stricto_1, and Clostridium_sensu_stricto sl@jgesting that their

establishment was significantly stimulated/influenced by the presend2. aeae
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To begin to investigate whether some members of the pathobiome are cooperating with the
pathogen in the disease process, it was important to isolate some bacterial strains that
belong to taxa which were significantly enriched by the presené® atadsee above). Five
representative samples of symptomatic plants from the 2017 and ten representative samples
from the 2018, were used for performing a culturable fraction study via 16S rRNA amplicon
sequencing. This allowed us to determine which bacterial gggapecies were cultivable
under laboratory conditions. Four different growth solid media (including both rich and
minimal media) gee Material and methods Table 2.;and two different time points were
used for growing bacteria from the macerated plant $d@s; all the bacteria colonies grown
were then collecteden masse resuspended and diluted and the total DNA purified as
described in the Materials and Methods section. 16S rRNA gene community sequencing was
then performed and results are summarizedTigble 24. Among the 298 different taxa
detected in the pathobiome (see above), the fraction of bacteria culturable under the

conditions tested here was 13%.
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Table 2.4 List of genera detected via 16S rRNA amplisequencing deriving from the cultivable
fraction of the pathobiome.Four different media and twdtime points have been used for the
isolation.The first column of the table shown the list of genera detected in the culturable pathobiome
study via 16S rRNAge amplicon sequencing. The ability of each culturable bacteria genus to grown
in the media used in this experiment is defined by presengeof absencen).

Culturable taxa 869 medium Mg.' PDAmedium  TSAmedium
medium

Achromobacter n n n n
Acinetobacter n n n n
Acidovorax n n n n
Aeromonas n n n n
Azospirillum n n n n
Aquitalea n n n n
Burkholderia n n n n
Brevundimonas n n n n
Chryseobacterium n n n n
Citrobacter n n n n
Comamonas n n n n
Caulobacter n n n n
Delftia n n n n
Dickeya n n n n
Elizabethkingia n n n n
Enterobacter n n n n
Enterococcus n n n n
Exiguobacterium n n n n
Flavobacterium n n n n
Herbaspirillum n n n n
Klebsiella n n n n
Kosakonia n n n n
Microbacterium n n n n

86



Microvirgula n n n n
Morganella n n n n
Novosphingobium n n n n
Paenibacillus n n n n
Pandoraea n n n n
Pantoea n n n n
Providencia n n n n
Pseudomonas n n n n
Rhizobium n n n n
Salmonella n n n n
Serratia n n n n
Sphingobacterium n n n n
Sphingomonas n n n n
Stenotrophomonas n n n n
Vagococcus n n n n
Xanthomonas n n n n

From the same symptomatic samples selected for the culturable pathobiome fraction
analysis, a bacterial collection of 100 pure strains was gener&@op{ementary Tabl&2.9

and molecular characterized via 16S rRNA complete gene amplificatipfantavirulence

tests were then performed with one isolate, namé@wrkholderiasp. A56; the reason was
because théBurkholderiagenus significantly correiead with the D.zeagpresence (see above
linear discriminant analysiEjgure 2.10Q and it was considerably enriched in the pathobiome
culturable fraction. The virulence test was performed using single inoculations as well as co

inoculations along witld. zae No significant differences in the size of the lesion caused by
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D.zeaewere observed between plants treated only by the pathogen and thoseazulated

by the pathogen and with thBurkholderiasp. isolate Figure 2.1).

Figure 2.11 Disease symptoms lesio
size (cm) with single inoculation
Dickeya zeae (control) and ce
inoculation of Dickeya zeae and
Burkholderia sp. A56 .Each dot is ¢
independent biological replicate;
plants were tested in eactondition.

Lesion size (cm)

Bacterial CFU @. zeagecovered from the infection site was on average of 1.2%ahd 3.2

x 10' CFU/g in both plants inoculated alone orinoculated, indicating that this strain does
not affect the growth ofD. zeae in plantaxperiment Figure 2.12. A significant difference
(pvalue < 0,001) however was observed in bacterial CRalddholderiasp. A56 comparing
the single inoculation (on average 6.3 XOFU/g) versus the @aoculation withD. zead1.1

x 10 CFU/g ) Kigure 2.19. This indicated thaBurkholderiasp. A56 colnized the rice plant

significantly more resulting in a higher bacterial load wbherzeaevas present.
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Figure 212 Caoinfection test on rice plants byickeya zeaand Burkholderiasp. A56 as possib
co-operator. The putative ceoperator was inoculated independently and in-presence of th
pathogen. CFU/g db.zeaeand Burkholderiasp. A56 recovered after the dnoculation wa
SOl tdzd GSR Ay NRAROS LI FtySidpidyiphtn@ seriaf ddusioh2frgm e
tissue and by antibiotic selectiob (zeaeRif andBurkholderiadAmpioo, Gmig, Nfiog). For each sing
and coinoculation treatment, 8 plants were used. The control treatment was realized by
inoculation of pathogen or coperators independently and PBS. Significance between g
were calculated usingtest; no significant diffesnces were found between the CFU/gitkey:
recovered.
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Studies on bacterial plant diseases have thus far mainly focused on single bacterial species
causing the disease, with little attention given to the many other microorganisms present in
the microbiome. In this study, the foot rot disease causedbyeaenas used as model to
investigate how the plant microbiome changes in response to a pathogen attack and to
identify the most likely genera that could undergo interactions with the pathogen and
possibly play a role in the pathosystem. This study shifts faopathogerfocused view
towards a more ecological perception of the foot rot disease foreseeing the entire microbial

community dynamics.

Comparisons of the rice microbiome of asymptomatic and symptomatic plants in two
different growing seasons and belonging to two rice cultivars has evidenced the dominant
presence oD. zeaeonly in the plants showing the symptoms, suggesting that this @ggr

is suitable for detecting the causal/primary agent of a disease. The numbecladyagenera

reads however showed variations in abundance among the single symptomatic samples,
suggesting possible different times/stages of the infection. In addi@nijncrease in the
abundance ofDickeyagenera reads during the year 2018 compared to the 205
observedd ¢ KAd RAFTFSNBYOS gl & y2i SOARSyld Ay (GKS
either from the 2017 or 2018 year showed a similar degreeyoipgoms. The disease
incidence (the number of plants affected) was lower during the 2017 compared to the 2018
year, this was probably due to the field growing conditions (temperature, soil and water

status) and to the earlier stage of the disease.
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Signifcant changes were detected in the bacterial composition and abundance between
symptomatic and asymptomatic plants. Bacteria in the microbiome varied primarily
according to the symptomatology, regardless of plant growing season or plant cultivar. There
wasa significant increase of the biodiversity between the asymptomatic and symptomatic
plants from the 2018 year, while the difference between the two conditions in the 2017 was
less evident; this is likely due to the early phase and low incidence of thasdisBacterial
communities from both asymptomatic or symptomatic samples clustered together
independently by the year and the cultivar, suggesting that the seasonal changes affect only
partially the microbiome composition of the asymptomatic or symptomatants while the
influence of the rice cultivar is negligible. It is widely accepted that microbial community
structures are affected by abiotic and haspendent factors(Dastogeer et al., 2020)
however, our results demonstrated that these two factors did not affect significantly the
microbiome composition in our samples. Several puelisstudies have often demonstrated

that some diseases are associated with the changes occurring in the microfitenet al.,

2019) however, it is still uncertain whether diversity change iscauseof microbiome

associated disease orcansequence

The analyses and comparison of tbemmunity structure networks betweerhealthy and
disease states revealed that the microbiome of asymptomatic plants had a higher clustering
coefficient compared to symptomatic plants. This supports the hypothesis that the bacterial
community in a healthy situation is featured by biologically sigaifi associations among
OTUs which could be either cooperative or functionally related. In healthy plants, the total
bacterial community is formed by highnumber of bacterial genera which are present in

similar amounts. Moreover, the community compositilmn asymptomatic samples appears
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similar and stable. The fitness of the plant is likely to depend on the organized biodiversity of
its microbiome that is effective in rapid adaptation/plasticity to environmental changes
(Vandenkoornhuyse et al., 2015The same analysis derived from symptomatic plants
revealed a sparser network, with a lowermhber of edges and clustering coefficiefid. 3.
Reduced connectivity of the microbial networks and an increase in heterogeneity in
pathobiomes is consistent with previous studies and to the Anna Karenina pri(gvieveld

et al., 2017; Li and Convertino, 2019; Sweet et al., 2019)

Upon establishment oD. zeae,it was observed (i) conversion of Broteobacteriarich
community to aFirmicutesrich community; and (i) an increase of the overall relative
bacterial diversity. The latter is an exception to the common finding that pathobiomes are
associated with decreased biodiversity. It is generally acceptedhigét diversity defines
healthy mcrobiomes, whereas reduction in diversity may be associated with dysbiosis, as
evident in human microbiome studi€ki et al., 2012; Lozupone et al., 2012pwever, the
inverse relationship between diversity and disease has been recently questibteedt al.,
2019)as other cases in which the dysbiotic state is associated with higher alpha diversity have
been reported (Ceccarani et al.,, 2019; Lalas et al., 2020) For example bacterial
communities associated with tropical coifabst revealed that diseased samples were
associated with two to three times more bacterial diversity; this condition likely reflects
imbalance in the community structur€losek et al., 2014Yhe increase in taxa associated
with the disease can also be due to opportunistic bacteria which may compete for available

resources and/or bendfof the impaired host defense system.

Interestingly Firmicutessuch asachnospiraceaandClostridiaceagweresignificantlymore

abundant in symptomatic samples. Moreover, the majority of the taxa that positively
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correlate with the disease conditiosuch asPrevotella Propionispira Pleomorphomonas,
Clostridium_sensu_stricto, Sulfurospirillum, Rhodopseudomaras many othersare
obligate or facultative anaerobes, suggesting that under disease conditions oxygen levels
changes may favor growth of anaerobic bacteria. Accordingly, the drastic decrease of
Chloroplassequences in the symptomatic samples is also attributable toapel depletion

of O; and to the anerobic conditions developed. Oxygen deficiency with increased availability
of nutrients, as well as the reduction of the plant immune resistance, is likely to promote
rapid growth of rotting bacteria favoring the estalbiieent of decayMa et al., 2007)Under

these conditions, only a small amount of the pathogen &idikely to be required to initiate

a lesion(Perombelon and Kelman, 198MdD. zeagossibly undergoes several interactions
with anaerobic bacteria that are present in the pathobiome as a result of plant rotting

ecology.

Cooccurrence network analysis identified several positive and negative interaction®with
zeae these may be invekd in the establishment of a stable consortium that could influence
the development of the disease. Very strong positive correlations were detected beteen
zeaeandPrevotellaand Propionispiraindependent of the year or the cultivar and consistent
aaoss samples, supporting the hypothesis thBt zeaeundergoes specific positive
interactions with some members of the pathobiome. The highest correlation occurred with
Prevotella which is able to decompose the hemicellulose and pectin, the major cosstgu

of plant cell wallgUeki et al., 2007)it is therefore likely that strains belonging to this genus

play an important role in some steps of the disedseelopment and aggravation.

To begin to address possible interactions between the pathogen and other microbes in the

pathobiomenetwork, several bacterial strains from the pathobiomere isolated Many
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isolates displayed low abundance in the pathobiome community studies, the reason for this
Is intrinsic to the properties of the microbial communities, which are usually dominated by
very few species; therefore, highroughput cultivation would likely rea@r many species

that have low abundancé.ynch and Neufeld, 20152\mong the taxa positively correlated
with the disease condition, only a few strainere isolated as a single and pure colonies
Unfortunately, under the conditions used here (aerobic grown condition, limited number of
different media, limited timepoints), all the attempts failed to isolatstrains belonging to
Prevotellaor Proprionisporagenera;the reason for this is unknown, ibald be that they
require specific growth conditions or these strains cannot grow as pure isolatgganta
experiments were performed with Burkholderiasp. strain, which significantly correlated
with D. zeagaccording to the LDA analysis and its il8SA sequence match the sequence

in the amplicon community analysigitriguingly,its plant colonization ability significantly
increased wherD. zeaeis present indicating that it benefits from the presence of the
pathogen. The improved growth &urkhotleriasp. might be explained in multiple ways: it
might be due to (i) the celtell signaling and cooperation between this member of the
microbiome and the pathogen, (ii) thritrients that become available as a result of the plant
rotting and (iii) the plant derived defense molecules and metabolites, such as
phytohormones, aromatic amino acids and phenolic compounds. The plant environment
changes in response to a pathogen infection due to host cell wall lignification, synthesis of
phytoalexins or increase in phenolics components and hormlikesubstancefGlazebrook,
2005) These molecules may serve as nutrient source, signaling molecules, or have a
antimicrobial activities, and may thus influeraéthe menbers of the communityEichmann

et al., 2021)These canoculations did not result in a more severe disease in our glésgase

model. It cannot be excluded that in the wild, zaecould benefit from the presence of
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Burkholderiasp., resulting in more severe symptoms or more rapid development of the foot

rot disease.

The shift of the biodiversity in the pathobiome could be in part due to (i) the production by
the pathogen of aritmicrobial compounds, (ii) higher carbon and nitrogen source availability,
(iii) the local and systemic plant immune response and (iv) pfaatobe signaling and
microbemicrobe interactions. A notable example of cooperative behavior is the plant
pathogen Pseudomonas savastanpv. savastanoicausing the oliv&not disease which
undergoes interspecies calell signaling via quorum sensing signaling molecules with
endophytic harmlesg&rwinia toletanaresulting in a more aggressive diseasleere both
bacterial species benefiHaosni et al., 2011; Buonaurio et al., 2018)pssible mechanism of
mutual benefit is via complementarity in metabolic pathways resulting in an ameliorated
metabolic capacity of the consortium compared to the single spéBesnaurio et al., 2015)
Future researchs neededto understand how members of the pathobiome modify the
activity of the primary pathogen; this will require functional studies of the pathosystem as

well community profiling.

In order to determine possible commonalities among different pathosystems,ilassat of
experiments of another rice pathogen was performed. The plant pathobiome and
microbiome of an important bacterial disease of rice called leaf blight (BLB), caused by
Xanthomonas oryzapv. oryzae(Xo9 (Mew et al., 1993; Mansfield et al., 2012)as been
determined. Importantly, microbial pathobiome/microbiome experiments performed here
from rice plant samples from Vietnam on the BLB vascular iseasle caused byoo,did not

result in any perturbation/shift in the microbiome showing that the pathobiome has very low

biodiversity and that this disease is very different from rice famt (Figure 2.13. Xoois a
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vascular pathogen colonizing in saty the vascular system thus the microbiome does not
seem to play a major role in influencing this disease. Furthermore, unlike kdsmbeen
reported for the rice D. zeaepathosystem, no evidence to support the Anna Karenina
principle, which predicts higdr heterogeneity in destabilized microbial communitiegere
found. Generalizations on the role of the microbiome and of possible positive biotic

interactions in plant disease therefore cannot be made.

Genus composition
L

»
1.00

s Genus

Acholeplasma Microbacterium

. Agromyces . Mycobacterium

0.000020.040.060.08

.
0.75

LA B B = . Aurantimonas . Nocardioides
s L § B Avreimon: as B rovesphingobium
8 3 Brewundimonas  [I] Ochrobactrum
2 S =
2 | Genus = o Curobacterium [ Phycicoscus
g g Bl xanthomonas ; B oeinococcus B rhizobiom
he % £ . Geodermalophilus . Serpens
] — _— 2 Gibbsiela . Sphingobium
8 £ I £ % o
§ b4 3 ] Q. B Kineococcus B sohingomonas
s o

W Mamoricola B seringopyeis

Methylobacterium Xanthomanas

0.00

0.000.020.040.060.08

' '
Z = healthy sick

Figure 2.13 Pathobiome study of rice bacterial leaf blight (BLB). @dmparison oXanthomona
genus abundance between symptomatic and asymptomatic samples from three differe
cultivars in Vietnam. The presenceXdnthomonadas been checked in sample leaves (L), roo
and steam (S) from three different rice cultivars (LA= Long An, K&ithKloa and TB = Thai Bi
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In summary,D. zeaealters the resident bacterial community in species composition,
abundance and richness leading to the formation of a microbial consortiagbégme linked

to the disease state. Our results have shown that the driving force of microbial community
variation is the presence or absence of the foot symptoms, while the effect of the growing
season and the cultivar is negligib@ecificanaerobic bacterial taxa, which are significantly
co-present with the pathogen over the two yearsere detected,suggesting a possible
involvement in the disease development through the facilitation of its colonization,
expression of virulence factors, @mneduction of host resistance. It is likely that the bacterial
foot rot disease is the result of a mufipecies interaction and not solely due to one single
pathogen. It is important to begin shifting from the paradigm of pathogens to pathobiome in
order to understand the importance of microbial communitiesediphering the molecular
basis of interbacterial relationships in the plant pathobiome will be a major future challenge
in order to better understand the pathogenicity and epidemiology of microbaaltaliseases

and target polymicrobial infections.
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The recent development of omics methodologies and the extensive studies in microbial
diversity haveevidenced that in nature microbes live as part of complex mixed communities.
For this reason, microbes very likely communicate and socially interact with numerous
different species in order to cooperate, synchronize and synergize their behavior in response
to environmental changes. Quorum Sensing (QS) is one type of social interaction among
bacteria, which regulates gene expression in response to cell density, ptayiagor role in

the formation and stability of microbial populatior($Vaters andBassler, 2005; Ng and
Bassler, 2009QS celkell signaling in bacteria has so far been mostly addressed in simple
settings, mainly focusing on single species and thus limiting our understanding of its possible

roles in complex mixed communities.

To dhte, the most common and best studied QS system in Gragative proteobacteria is
mediated byN-acyl homoserine lactone (AHL) signals. The archetypicalQ®Hsystem is
composed by two most commonly genetically adjacent genestukidamily gene encoding

an AHL synthase and its cognhteRfamily gene, which encodes a transcriptional factor that
detects and responds to the cognate Afffluqua et al., 1994; Zhu and Wina@601; Fuqua

and Greenberg, 2002).uxRype family proteins ar@approximately 250 amino acids long and
consist of two domainsan inducer binding domain (IBD) at the N termir{@fadel et al.,
1990; Slock et al., 199@nhd a DNAinding helixturn-helix (HTH) domain at the C terminus
(Choi and Greenberg, 1991)he IBD of canonical LuxRs recognizes AHLs resulting in a
conformational change that affects its ability to bind target DNA in gene promoter regions at
conseved sites, calledux boxegDevine et al., 1989; Stevens and Greenberg, 199MRs

share 9 highly conserved amino acid resid{itehead et al., 2001; Zhang et al., 200&Xx
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are hydrophobic or aromatic and form the cavity of the IBD and the remaining three are in
the HTH domairfZhang et al., 2002).uxR family proteins are a source of adaptability and
flexibility in QS circuits, allowing for alterations in response to AHL types or different signal
molecules. In particular, signal specificity can be altered by specific changes in some residues
of LR receptorgLintz et al., 2011)LuxRs can also be promiscuous, by binding not only to
their cognate AHL, but to multiple AHL types and thus responding tesebinsignals
(Wellington and Greenberg, 2019his eavesdropping through promiscuous receptors may
play a role in interspecies interactions and cafeef both interspecies competition and
cooperation, expanding the function of QS systems in complex bacterial communities

(McClean et al., 1997; Hawver et al., 2D16

Analysis of different genomes of proteobacteria has uncovered the widespread presence of
LuxR regulators that occur without the cognate Luxl homolog; these are referred to as LUxR
solos or orphans LuxR§Fuqua, 2006; Case et al., 2008; Patankar and Gonzalez, 2009;
Subramoni et al., 2015) uxR solos are closely related to QS LuxRs, displaying significant
primary structure homology and having the same tdamain organization and modular
structure as canonical LuxR pratei LUXR solos can expand the regulatory targets, by
responding to endogenous or exogenous AHLS, also resulting in interspecies signaling. For
example, QscR froi. aeruginosaesponds to endogenously produced AKICkugani et al.,

2001; Lequette et al., 2006pdiA ofSalmonella entericand Escherichiaoli, which do not
produce AHLS, responds to AHLs synthetized by neighboring ba@dmaer et al., 1998;
Michael et al., 2001; Ahmer, 2004yhereas PpoR frof. putidabinds to AHLSs either self or

foreign(Subramoni and Venturi, 2009a.,. b)
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LuxR solos have also been implicatedterkingdom signaling, having evolved to respond to
signals produced by eukaryotéSoares and Ahmer, 201¥enturi and Fuqua, 20137 sub

group of LuxR solos which is only found in plasgociated bacteria (PAB) responds to plant
low-molecularweight moleculegGonzélez eal., 2013; Gonzalez and Venturi, 2013; Venturi
and Fuqua, 2013)Compared to canonical QS LuxRs, membegtkis subfamily have some
substitutions among the highly conserved amino acids in the IBD, which very likely
correspond with their ability to bind loswnolecularweight compounds produced by plants
(Ferluga and Ventur2009) Members of this sufamily are found in both plarpathogenic
bacteria, such as XccR X&nthomonas campestri©ryR ofXanthomonas oryzgeXagR of
Xanthomonas axonopodisr beneficial bacteria, like NesRImorhizobium melilgtiPsoR of
rhizosphericPseudomonas fluorescenBipR of plant endophytiPseudomonasp. strain
GM79 and PsrR #fosakoniap.strain KO348erluga et al., 2007; Zhang et al., 2007; Ferluga
and Venturi, 2009; Patankar and Gonzalez, 2009; Subramoni and Venturi, 2009a; Coutinho et
al., 2018; Mosquito et al., 2020Finally the LuxR solos PluR and PauR from the insect
pathogen Photorhabdus luminescenand human and insect pathogeRhotorhabdus
asymbiotica,respectively respond tonovel endogenous molecules, namglliotopyrones

and dialkylresorcinol¢Brachmann et al., 2013; Brameyer et al., 2014, 20lb63ummary,
LuxR solos extend beyond next of kin Atdlzen QS, being used in different ways by bacteria
and thus becoming major players in eedll communication in bacterigBrachmann et al.,

2013; Prescott and Decho, 2020)

In this study it is intended to begin to map LuxR solos in the model proteobacterial
Pseudomonasgenus by genomics and genetics/molecular biology approaches. The

distribution, conservation and possible responses of a set of LuxR solos withiR. the
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fluorecentgroup was investigated. This group of bacteria is one of the most diverse groups
within the Pseudomonagienus comprising more than fifty species and many unclassified
isolates many of which are found in plaaésociated environmen{&arrideSanz et al., 2016;
GarridoSanz et g, 2017) Many members of the fluoresceRseudomonaspp. ae excellent
rhizosphere colonizers and are studied for their plant beneficial prope¢@esullivan and
O'Gara, 1992)An analysis for QS LuxRs domains of over 600 genomes Hasoed the
predominance of LuxR solos in fluorescent pseudomonads, which were divided into nine
different subgroups based on their neighboring genes and their primary structure. The
cartography of their ligand binding site allowed to classify each LusRn$o potential AHL
binding or norAHL:binding. LuxR solos genomic knatk mutants in severaPseudomonas

sp. strains of different sugroups have been generated and studied in order to get insights
into possible gene targets and mechanisms of actverall, our analysis revealed that LUuxR
solos homologs occur considerably more frequently than complete Luxl/LUuxR QS systems
within the P. fluorescentgroup and that LuxR solos from closely related genomes or from
genomes carrying multiple LuxR solos cluster in differentggolips. These results highlight

the existence of novel and diverse LuxR solos-ggobps, that could be involved in
intercellularcelkcell or intracellular signaling regulatory functions. Some could have evolved

away from canonical QS LuxRs and possibly bind to new signals/molecules.
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The lacterial strains used in this work were as follows:putida P.16A&nd P. oleovorans
AG1008 (isolated from rhizosphere and endosphere rice plants collection during this project),
P. fluorescens F11Shanahan et al., 199a3pd P. jessenDSM17150 (Leibniz Institute DSMZ
German Collection of Microorganisms and Cell Cultures GmbH, Germany). All strains were
grown inliquid Luria. SNIi I yA o[ . 02X YAy3IQa . NROGK 6Y. 0 2NJ
shaking (120 rpmMVhenrequired, antibiotics forPseudomonastrains growth were added

at the following concentrations: nitrofurantoin (Nf) 100 pgthlampicillin (Amp) 100 pg Rl

The mutants of each strain (carrying a knatk mutation of theluxRsolo gene) have been
grown usingl00 pg mitkanamycin (Km) as antibiotiE. col6 | p h = BM1 (DE3Y iRere
routinely grown at 37 °C in LB broth and antibiotics were added whejuired at the
following concentrations: Amp 100 pg%hltetracyclin 15 pg rht. AHLs were obtained from

SigmaAldrich (St. Louis, MO, USA).

The complete genomes of twenty fluoresceRseudomonasvere sequenced with the
lllumina MiSeq platform using 150 bp pairedd reads and following the tagmentation
lllumina Nextera XT protocolllumina Inc., San Diego, CA, USFhe sequencing was
performed by the Exeter University (UK9equenced genomic \Nwas assembled using
Spades3.9.03(Bankevich et al., 2013nd the assembled sequence annotated, using the
NCBI Prokaryotic Genome Annotation Pipeline (PGaét)omes were also annotated using
RAST (Rapid Annotation using Subsystem Technology) S&rizet al., 2008uploaded to

the Integrated Microbial Genomes and Metagenomes (IMG/M) database and automatically
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annotated, using annotation pipeline IMG Annotation Pipeline v.4.{Bl&rkowitz et al.,

2009)

Each Whole Genome Shotgun project has been deposited at DDBJ/ENA/GenBank
and is accessible through thBioProject ID PRINA7019%56e Whole Genome Shotgun
project ofPseudomonas sp8 A has been deposited under the accesSialRGYG000000000
and the version described this paper is versiodAFGY@.0000000. The Whole Genome
Shotgun project ofPseudomonas sp9 B has been deposited under the accession
JAFGYH0000000686ad the version described this paper is versiodAFGYBL0000000. The
Whole Genome Shotgun project Bseudomonas sp2_A has beenaposited under the
accession JAFGYI00000000@nd the version described this paper is version
JAFGYILO000000. The Whole Genome Shotgun projecPséudomonas s#3(2021) has
been deposited under the accessidAFGYJ0000000@did the version described this
paper is versioldAFGYX10000000. The Whole Genome Shotgun projecPetudomonas
sp21 B has been deposited under the accessIAFGYKO00000000fhd the version
describedn this paper is versiodAFGYKL0000000. The Whole Genome Shotgun project of
Pseudomonas sp7(2021) has been deposited under the accessifBRGYL0O000000@Gd

the version describeth this paper is versiocdAFGY110000000. The Whole Genome Shotgun
project ofPseudomonas sp9_B has been deposited under the accesd®RGYM000000000
and the version described this paper is versioBAFGYBILO000000. The Whole Genome
Shotgun project ofPseudomonas spl_D has been deposited under the accession
JAFGYNO0000000@ad the version described this paper is versiodAFGYBILO000000. The
Whole Genome Shotgun project éfseudomonas sp4_A has been deposited under the

accession JAFGYOO00000000@nd the version described this paper is version
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JAFGY10000000. The Whole Genome Shotgun projedPsfudomonas sp3_ B has been
deposited under the ecessiorJAFGYP0000000@60d the version described this paper is
versionJAFGYFL0000000. The Whole Genome Shotgun projecPstudomonas sp9_C
has been deposited under the accessi&FGYQ000000080d the version described this
paper is versiodAFGYQ10000000. The Whole Genome Shotgun projedPséudomonas
sp81 B has been deposited under the accessixFGYR0000000Ghd the version
describedn this paper is versiodAFGYIR0000000. The Whole Genome Shotgun project of
Pseudomonas sp6_A has been deposited under the accessI®xFGYS000000080d the
version describeth this paper is versiodAFGYB.0000000. The Whole Genome Shotgun
project ofPseudomonas sp5_A has been deposited under the accesgiARGYT000000000
and the versiondescribedn this paper is versiodAFGYOILO000000. The Whole Genome
Shotgun project ofPseudomonas sp00_A has been deposited under the accession
JAFGYU0000000660d the version described this paper is versiodAFGYQLO000000. The
Whole Genome Shotguproject of Pseudomonas sp6_A has been deposited under the
accession JAFGYV00000000@nd the version described this paper is version
JAFGY®L0000000. The Whole Genome Shotgun proje®@sdudomonas spl_B has been
deposited under the accessiddFGYW00000000and the version described this paper is
versionJAFGYWL0000000. The Whole Genome Shotgun projed®séudomonas sp0_B
has been deposited under the accessi&xFGYX000000080d the version described this
paper is versiodAFGYOL0000000.The Whole Genome Shotgun project Rdeudomonas
sp30_B has been deposited under the accessixFGYY0000000Qihd the version
describedn this paper is versiodAFGYO10000000. The Whole Genome Shotgun project of
Pseudomonas sp8(2021) has been deposi under the accessiodAFGYZ0000000@0d

the version describeah this paper is versiodAFGYZ.0000000.
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The plasmids, constructs and set of specific prim&igniaAldrich) used in this study are
listed inTable 3.1 pGEMT Easy vector (Promega Corp., Madison, WI, USA) was used for
cloning. When necessary;dsomo-4-chloro-3-indolyt -d-galactoside (3Gal) was added at a
final concentration of 80 ug fil_Routine DNA manipation steps, such as digestion with
restriction enzymes, agarose gel electrophoresis, purification of DNA fragments, ligation with
T4 DNA ligase and transformation Bf coli were performed as described previously
(Sambrook et al., 1989Flasmids were purified by using EuroGold columns (EuroClone, Pero,
Milan, Italy); total DNA was isolated by sarkgsydnase lysis, as described previou8gtter

etal,1983%p 5A3SailiAz2y 6A0GK NBaliNAROlA2y SyieévySa

&\

instructions (New England BioLabs, USA). DNA was ligated with T4 DNA ligase (New England

BioLabs, USA) according to the manufactrdr NS O2 YYSYRI A2y & ®

Table 3.1 Plasmids and primers used in this study.

Plasmids/primers Relevant features References or sources
pGEMT Cloning vector; Anip Promega
pMP220 Promoter probe vector; IncP;¥c (Spaink et al., 1987)
pBBR1MGS Broadhostrange vector; G (Kovach et al., 1995)
pLAFR3 Broadhostrange vector; IncP;Rc (Staskawicz et al., 1987)
Suicide vector for making deletion .
PEX19Gm g (Dreier and Ruggerone, 2015
mutants, Gnif
. . . Addgene, Watertown, MA
pETM11 His-tagged protein expression vemt ¢
Addgene, Watertown, MA
pUC4K pUC7 derivative, Anfiand Knff g W

PpuR16R sequence depleted of 20 k
cloned in pPEX19Gm
PpuR16R_2 sequence depleted of 2!

PEX19PpuR16R This study

EX19PpuR16R_2 B This stud
P Pu - bp cloned in pEX19Gm 'S study
PflurR_113 depleted of 20
PEX1%PAUR 113 UR_22s sequence depieted 01 <9 rhis study
bp cloned in pPEX19Gm
. PjeR sequence depleted of 20 bp .
EX19PjeR This stud
P 1€ cloned in pPEX19Gm 'S study
PolR sequence depleted of 20 bp .
EX19P0IR . This stud
P © cloned in pPEX19Gm 'S study
pPppul6R220 Ppul6Roromoter cloned in pMP220  This study
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FerrodoxiaNADPreductase promoter _

Pferr220 This stud
prierr cloned in pMP220 'S study

23S rRNA methyltransferase promoti __ .

P23S220 This stud

P cloned in pMP220 'S study
Ppul6R_2 promoter cloned in ,

Pppul6R2_220 - This stud

pPppu - pMP220 is study
PfluR_113 promoter cloned in .

PflurR22 = This st
pPflu 0 pMP220 is study
pPmoaF220 MoaF promoter cloned in pMP220  This study
pPjeR220 PjeR promoter cloned in pMP220 This study

Spermidine permease promoter .

P 220 . This stud
prsperm cloned in pMP220 'S study
pPolR220 PolRpromoter clonéd in pMP220 This study

Putrescine importer promoter cloned .

Pputr220 . This stud
Prputr in pMP220 'S study
pBBRPfluR PfluR_113 cloned iDPfluR_113 This study
pPETMPpul6R Ppul6R sequence cloned in pEIM This study
Primers Sequence Source
KmR1 CAACTCTGGCGCATCGGGCT This study
KmR2 GCGTAATGCTCTGCCACACA This study
P16A _SOLO_EXT GAGATTTCCTACACTTCGTTC This study
P16A_SOLO2_EXT AGATCGTCAACGACGGC This study
PF113 SOLO_EXT TGGTCAGCGAGAGTTTCGTC This study
PJES_SOLO_EXT GTGCTCGCTAAAGGATTCAG This study
POLEOV_SOLO_EXT ACTCTAGGCCAGGGTGGG This study
FW_F113 SOLO_compl_Xba TCTAGACTGTGGGAAGTGGTCA This study
RV_F113_SOLO_compl_Kpn GGTACCTGGTTGATCAGAGGAA This study

In frame deletions of théuxR solagenes were generated using the pEX19Gm plasmid as
described previousl{Hoang et al., 1998Briefly, eacHuxR sol@ene sequence, synthetized

by Twist bioscience company (South San Francisco), is listedSoppémentary Table S3.1

The design of the constructs was performed as follows: internal fragments of 20 bp from each
gene of interest were deleted and replateith a restriction site (BamHI or Smal) in order to
clone inside the Km gene cassette previously extracted from pUC4K. Sequentially the
fragments were excised with Kpn and Xbal restriction enzymes and cloned in the

corresponding site iIPEX19GmThe reslting pEX19Grderivative plasmids, listed ihable
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3.1, were introduced by biparental conjugation in the correspondisgudomonagenomes.
Clones with a chromosomal insertion of the pEX19Gm plasmids were selected on LB agar
plates supplemented with 40g mI*! gentamycin (Gm) and 1Q@y mk:Nf. Plasmid excision

from the chromosome was subsequently selected on LB agar plates supplemented with 10%
(w/v) sucroseAll the mutants were verified by PCR using prim&eb(e 3.) specific to the

Km cassette and to the genomic DNA sequences upstream and downstream from the
targeted genesFor complementation analysis, the encoding regions of éadR solosull-

length genes were amplified by the primers listedTiable 3.1 The PCR products were
digested with restriction enzymes and then cloned in the expression vector pBBRAMCS
vector (Kovach et al., 1995)ligested with the same enzymes. The complementation
constructs were introduced into corresponding mutants byparental mating selected for

KnmRand Gnfand confirmed by PCR analysis.

In order to identify possible target genes, the promoter regions of several genes adjacent to
eachluxRsolo studied were synthetized by Twistbioscience company (South Sanse@nci
and cloned into promoter probe vector pMP220, which harbors a promiasslacZgene,

as described imMable 3.1and Supplementary Table S3.MPderivative constructs were
then introduced independently into the wild type strain and each correspontlirBsolo
mutants by conjugationb-galactosidase assays were performed as previously desdniped
Miller (Miller and Lee, 1984)with the modifications of Stachet al. (Stachel et al., 1985)
Average Miller unit values and standard deviations were calculated from three independent
experiments. When necessary, AHCs flomoserine lactoneHSE, G-HSL, OHEHSL, O&

HSL, €HSL, OHLHSL, O£HSL Go-HSL, OHGHSL, Of-HSL, G-HSL, OHGHSL, Of-
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HSI were added at the final concentration ofill, as well as a cocktail of polyamines
(putrescine, spermine, spermidine) (Sigwlrich, St. Louis, MO, USA) at a final

concentration of 0.1 mM.

For analysis of statistical significance, the data were analyzed using GragiRad Resta

or ANOVA and P < 0.05 was considered significant for all experiments.

A set of twentyfluorescentpseudomonadstrains were purified from a laboratory collection
of rhizosphere and endosphere of rice pla(Bgrtani et al., 2016)tored in glycerol aB0°C.
The samples were plated on KB agar medium supplemented with asthedator such as
ethylendiamineb X ddi&etic acid(EDDA) SigmaAldrich, St.Louis, MO, UpAluorescent
pseudomonadsstrains producing fluorescent siderophores in Honited conditions were
detected exposing the plates under Ways. The fluorescent colonies were isolated and

stored at-80°C in a 18%jlycerol suspension.

Protein FASTA sequences of 601 genomes frolPsgélnidomonaspecies were downloaded

from PATRIC databaée&/attam et al., 2014)

Hidden Markov Model (HMM) recognizers were collected from PFAM for Autoinducer

binding domain and GerE domaiypical of luxR and autoinducer synthase domain from
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Interpro for identification of luxl proteind’hese HMM recognizers were used to identify luxR
and luxl proteins among all Pseudomonas strains using hmmsearcl{Jwwoison et al.,

2010) Hits stronger than Bvalue of 13°were taken as potential homologues of QS genes.

Phylogenetic tree for all th@®seudomonastrains were built using the MEGAX program
packaggKumar et al., 2018hstalled from http://www.megasoftware.netising Neighbour

Joining method and then visualized using ggtree packagé¢Ym Bt al., 2017)

Five webbased servers were exploited to build the 3D homology models ofBB®f each
LuxR solo studied’he topscore models generated by the different approaches were then
ranked and validated by the protein model quality predictor Pidallner et al., 2003)
including PSIPREBuUchan and Jones, 201f)y secondary structure predictiorithe top-
scored model of the prototype of stdproup A, Ppul6R, (having the predicted LGscores and
MaxSub values @f.155 and 0.336, respectively) was obtained by NEarnandeZuentes

et al., 2007)based on two templates: SdiA frobh coliPDB_ID 4Y18Nguyen et al., 2015)

and CviR fron€hromobacterium violacen (PDB_ID 3QP&Lhen et al.2011)

The top-scored model of the prototype of suiroup B (having the predicted LGscores and
MaxSub values 0f.078 and 0.725, respectively) was obtained by NEdrnandeZuentes
et al., 2007)based on two templates: QscR frdt aeruginosgdPDB_ID 3SZ{Dintz et al.,

2011)and SdiA front. col(PDB_ID 4Y18Nguyen et al., 2015)
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The top-scored model of the prototype of sufroup D, PfluR_113, (having the predicted
LGscores and MaxSub values4dd78 and 0.725, respectively) was obtained by RaptorX
(Wang et al., 2016pased on CviR fro@. violaceunfPDB_ID 3QP%hen et al., 20119s a

template.

Regarding thesub-group E, two members, PoIR and PjeR, have been modelled. In detail, the
top-scored model of PoIR (having the prediclte@scores and MaxSub values of 4.063 and
0.87Q respectively) was obtained by Phyr@Relley et al.2015) based on CviR fror@.
violaceum(PDB_ID 3QP%Chen et al., 2011pas a templateThe top-scored model of PjeR
(having the predicted LGscores and MaxSub values of 4.205 and @eS@ectively) was
obtained by M4T(Fernande#-uentes et al., 2007)pased on five templates: TraR from
Sinorhizobium fred{(PDB_ID 2Q0@hen et al., 200@nd fromAgrobactelum tumefaciens
(PDB_ID 1HOM)/annini et al., 2002)SdiA fronE. col(PDB_ID 4LF(Kim et al., 2014)CviR

from C. violaceum (PDB_ID 3QR&)en et al., 2011PscR fronP. aeruginosédPDB_ID 3SZT)

(Lintz et al., 2011)

The top-scored model of the prototype of sufproup F (having the predicted LGscores and
MaxSub values of 4.052 and 0.984spectively) was obtained by Rapt¢WXang et al., 2016)

based on CviR fro@. violaceuntPDB_ID 3QP%hen et al., 2011as a template.

The top-scored model of the prototype of sufroup G (having the predicted LGscores and
MaxSub values @f.062 and 0.811, respectively) was obtained by NEarnandeZuentes
et al., 2007)based on CviR fro@. violaceun(PDB_ID 3QP5 and 3QP6hen et al., 2011)

as templates.
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The top-scored model of the prototype of suiroup H,Ppul6R_2, (having the predicted
LGscores and MaxSub values of 4.556 and Q.&&pectively) was obtained by RaptorX
(Wang et al., 2016)asal on TraR frons. fredii(PDB_ID 2Q0d¥hen et al., 20Q7as a

template.

The top-scored model of the prototype of suffroup | (having the predicted LGscores and
MaxSub values of 4.037 and 0.73&spectively) was obtained by Phyr@zlley et al., 2015)

based on SdiA frord. col(PDB_ID 4LFKim et al., 2014 ps a template.

Sequence alignment was performed by Expre$&amougom et al., 2006)exploiting
structural aligners algorithms like SARaylor, 2000pr TMalign(Zhang and Skolnick, 2005)
Each sulgroup prototype was also aligned with all the canonicalL@&R proteinsyhoseX-
ray strutures are available: TraR frof tumefaciengPDB_ID 1HONVannini et al., 2002)
and fromS. frediNGR234 (PDB_ID 2QQChen et al., 200¥) LasR (PDB_ID 3I¢du and
Nair, 2009)) and QscR (PDB_ID 3%tz et al., 2011)from P. aeruginosaCviR fronC.
violaceum(PDB_ID 3QRTChen et al., 201)and SAA fromE. coli(PDB_ID 4Y13Nguyen et
al., 2015) . Thestructure-based homology model of OryR fro¥n oryzagGovaceuszach et
al., 2013) the prototype of the sulgroup C, was also included in the structtpaked

multiple alignment.
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In order to investigate th@resence, distribution and conservation of QS LuxRs among.the
fluorescensomplex, a systematic bioinformatic analysis has been performed. A collection of
601 sequenced genomes belonging to 17 different fluorescent pseudomonads species were
sourced fran the PATRIC databa@é&/attam et al., 2014and analyzed to identify putative
LuxR solos, according to the criteria described in the Materials and Methods section. All
potential QS LuxRs and LugB&os identified contained the typical two signature Pfam
domains; PF03472 autoind_bind domain attekminal and PF00196 DN#Anding HTH
domain at G@erminal. However, the nine signature conserved residues (six key amino acids
in the inducerbinding doman and three key amino acids in DM#&ding domain) found in

archetypical QS LuxRs were not all present in many of the LuxR solos detected.

In total, 651 QS LuxR protein sequence hits were identified consisting of 528 LuxR solos and
123 LuxR proteins thatra part of 122 complete QS systems (one system had alLuxiR

LuxR configuration). Out of 601 fluoresceRseudomonaggenomes analyzed, only 87
genomes (14.5%) contained complete QS Luxl/R systems (a few genomes had multiple
complete QS systems). On thé¢her hand, more than half (approximately 50.5%; 303
genomes) harbor at least one LuxR solo, while only 8.9% of the genomes (55 genomes of 601
total) contains both LuxR solos and a complete QS systegsplementary Table S3)2In
approximately 35% of g@mes,it wasnot detectied either a complete QS LuxI/R system nor

a LuxR solo.
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The vast majority of fluorescefseudomonagenomes carried more than one copy of a QS
luxR sola@ene In this regard, the most varied distribution was found in strains belonging to
P. fluorescenand P. putida,which could carry up to fouuxRsolo genesQupplementary
Table S3.2 Overall, these observations show that it is much more common for flaergs

pseudomonads to harbor LuxR solos proteins rather than complete QS system(s).

It was also of interest to further analyze the conservation and distribution of the QS LuxR
solos among the fluorescent pseudomonads isolated from plant roots. For thiogirp
several fluorescent pseudomonadgrains have been isolated from the rhizosphere of rice
plants, as described in the Materials and Methods section. The complete genome of twenty
strains has been determined and mined for QS LuxR solos. None of thengearried a
complete QSIluxl/R system(s), whereas all harbored one or multiplexR solos
(Supplementary Table S3)3This observation suggested a clear trend for the occurrence of
LuxR solos, which could play a role in adaptation in the plant rootdtalrt summary, this
analysis of 621 fluorescent pseudomonads (601 genomes downloaded from PATRIC and 20
genomes sequenced in this study) highlights that QS LuxI/R systems are not abundantly
present. In contrast, LUxR solos are prevalent, indicating agtmiebevolution away from

complete AHL QS Luxl/R systems.

In order to determine the relatedness between the LuxR solos identified in fluorescent

pseudomonads, a phylogenetic analysis was carried out, as detailed in the Materials and
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Methods section. Several clades clearly emerged based on their primary struesire,
evidenced by the phylogenetic treEigure 3.1) Interestingly, these LuxR solos clades do not
cluster according to the species taxonomy since several branches of the tree are formed by
LuxRs solos belonging to different fluorescent pseudomonads spdni@ddition, multiple

LuxR solos carried by the same genome do not cluster together, indicating low relatedness.

group

— P.brassicacearum

—— P.chlororaphis
P.citronellolis

—— P.corrugata

—— P.denitrificans

— P.fluorescens
P.fragi
P.frederiksbergensis
P.fulva

— P.gessardii

— P.jessenii

— P.koreensis

— P.mandelii

—— P.mosselii

— P.oleovorans

P.protegens

— P.putida
— P.sp
— P.sp.FGI182

— P.viridiflava

Figure 3.1 Phylogenetic analyses of multiple LuxR solos as described in the Results sect
tree wasinferred by using the Maximum Likelihood method. Colors indicate bacteria speci
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It was also of interest to classify closely related LuxR solos into putative functional groups in
order to further understand their relatedness and gain insights onrtheilogical role. For

this reason, the analysis of the genomic context flanking each LuxR solo was performed, since
in bacteria, it is common that adjacent loci are targets for the transcriptional regulators. The
primary structure and adjacent loci allodvd.uxR solos to be divided into nine different sub
groups (Figure 3.2) Cemembers of the sulgroups are likely orthologs and functionally
related, and almost all identified putative LuxR solos could be placed into these nine sub

groups.

Sub_groupC . Sub_groupD

¢ \Sub_groupE

Sub_groupG

Sub_groupF N
Sub_groupl
Sub_groupA -

Sub_groupB F'Pr

Sub_groupA

Figure 3.2 Phylogenetic analysis and functional grouping of 528 LuxR solos carried by fluc
PseudomonasSubgroups are highlighted with a different colored background. LuxR solos which «
fit in any of the sukgroups arenot labeled.

119



Only a few remained ungrouped, showing unique primary structure and flanking gene

context(Figure 3.3)

group
— No Subig
—— Sub_group A
—— Sub_group B
—— Sub_group C
— Sub_group D
— Sub_group E

Sub_group F
— Sub_group G

Sub_group H
—— Sub_group |

Figure 33 The samghylogenetic analysis presented in tRigure 3.1In this phylogenetic tree, ea
LuxR solo hit is named with the full ID amdhlighted with a different color according to the s
group they belong to, as described in the Results section. LuxR solos which did not fit in ar
sub-groups ardabekd in black.
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LuxR solos were (i) highly conserved within the-grdups B and F (sequence homology
between 99.5%100%), (ii) medium conserved within the sgilmups D, E, H, and | (7532%),
and (iii) low conserved within sufroups A and G31%52%). LuxR solos belonging to

different subgroups showed a sequence relatedness aroun@3% Table 3.2.

Table 3.2 Overview of the primary structure homologies among the different-gudups of LUxR
solos using the pawvise comparison.

1 2 3 4 5 6 7 8 9

Sub_groupA 1 100.00 25.88 22.52 21.21 23.31 17.83 13.79 13.69 15.05
Sub_groupG 2 25.88| 100.00 16.85 17.31 21.92 18.21 11.30 13.79 14.64
Sub_groupl 3 22.52 16.85| 100.00 18.63 18.52 15.57 14.24 10.22 14.49
Sub_groupH 4 21.21 17.31 18.63( 100.00 16.60 17.38 10.10 11.41 12.95
Sub_groupF 5 23.31 21.92 18.52 16.60( 100.00 13.98 12.67 14.51 15.19
Sub_groupC 6 17.83 18.21 15.57 17.38 13.98( 100.00 17.43 15.49 12.15
Sub_groupD 7 13.79 11.30 14.24 10.10 12.67 17.43( 100.00 15.11 14.74
Sub_groupE 8 13.69 13.79 10.22 11.41 14.51 15.49 15.11( 100.00 9.47
Sub_groupB 9 15.05 14.64 14.49 12.95 15.19 12.15 14.74 9.47| 100.00

As previously mentioned,uxR solos belonging to the same gubup were found in
different taxonomic clades of the phylogenetic tree; the nine LUuxR sologmulps are

discussed below.

Subgroup A

LuxR solos of this stdgroup occur in almost all théluorescent Pseudomonasspecies
analyzed here. Two very conserved genes always flank these LuxR solos, a) encoding for a
ferrodoxinNADP reductase and b) encoding for a 23S rRNA methyltransferase; for this
reason, it is likely that these adjacent loci are functionally associated with the flaliiRg

solo(Figure 3.4. Either the ferrodoxifNADP reductase or the 23S rRNA methyltransferas
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are involved in primary metabolism participating in a wide variety of redox metabolic
pathways, suggesting a possible role for the LuxR solo in regulating a broad range of key
metabolic functions. This LuxR solo and the adjacent loci are also highbroethén all the
twenty rice rhizosphere genomes isolated and sequenced in this skigyreé 3.4andFigure

3.3

Sub-group A

Ferrodoxin- 235 IRNA,
NADP+ {guanine(1835)-N-(2))-
reductase methyliransferase

Sub-group B —CHCry(HEp<(———

. ""\E:C Hypothetical  Beta-lactamase class C-
ANSPOMEnPErMEdsE! *, qqiain like penicillin binding
Fed+ giderophore proteins (PEPs)
ransporter suparfamily
Sub-group ¢ <{KKT<omHT—>—
ABC Proline imina- Proling imino-
transporter peptidase peptidase
Ipermease
Sub-group D 1:',>':>‘|:>|:P|:>
Oxidoreductase Hypothetical  MoaF protein Moal panydragenases with
protain precursor  profein gifferent specificities

Sub-group B —<=HE) msymmmmimms)

Fosmidormycin .
. Ve . Spermidine/puirescine import ABC trans porter
resistance protein

permeaase
Sub-group F
Methylthioribul1.2-dihydroxy- 2, 3-diketo-5- Hypothetical Ankyrin
ose-1- 3-keto-5- methylthiopentyl- protein
phosphate  methylthiopent  1-phosphate
dehydratase eng enalase-

dioxygenase  phosphatase

Sub-group G

Anthranilate Anthranilate

synthasefaminase synthaselamido Hysor:;:cal
companent trransferase
compenent
Sub-group H =)<
D-lactate Quinene LysR
dehydratase oxidoreductase  famity
protein

Sub-group | —(E(THE) )

Permease Hypothetical Periplasmic MFS-type
/mambran  protein aminolransferase lransporter
& probein beta pracursor

Figure 34 Functional grouping of LUuxR solos and genomic context (5kb).

122



Subgroup B

The subgroup Bis only found inP. protegensspecies. The neighboring genes are beta
lactamase class-like protein on one side and a hypothetical protein of unknown function on

the other side Figure 3.3; Figure 3)4

Subgroup C

This sukgroup of LuxR solos is welldied and is often referred to aBAB LuxR solos that
respond to plant loemolecularweight compounds. They are found in many different species

of plantassociated bacteri@Mosquito et al., 202Q)examples are OryR and XccR, which are
found in Xanthomonasplant pathogens, and PipR and PpoR, which are harbored in plant
beneficialPseudomonasp. (Ferluga et al., 2007; Ferluga and Venturi, 2009; Snbnaand
Venturi, 2009a; Coutinho et al., 2018hese LuxR solos show some substitutions among the
highly conserved amino acids residues in the IBD binding pocket and regulate the adjacently
located proline iminopeptidase(p) gene. By responding to plant compound(s), these LuxR
solos constitute an interkingdom signaling circuit, involved in pladteria interaction

(Gonzélez and Venturi, 2013)

Subgroup D

This is a small suiroup, which is not frequent amongseudomonaspecies. These LuxR
solos are flanked by two operons with hypothetical functions, most probably involved in
primary metabolism. One operon consisting of an oxidoreductase and a hypothattain

and the other encoding for Mehbke proteins which are likely to be involved in the
biosynthesis of thenolybdopterin cofactor (MoCo) that is fundamental for the activity of

many important enzymes processgichvarz and Mendel, 200qfigure 3.4).
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Subgroup E

These LuxR solos are harbored in several diffdleatescentpseudomonadspeciegFigure

3.3) and are flanked by genes involved in polyamines membrane transport. Polyamines are
aliphatic polycationic molecules (i.e. spermidine, spermine and putrescine), which are widely
distributed in bacteria, plants and animals and have been implicated adisgymaolecules

not only between microorganisms, but also in the interkingdom-oell communicatior{Shi

et al., 2019 Walden et al., 1997; Igarashi and Kashiwagi, 2000 group of LuxR solos
might therefore be involved in the response to patyiae molecules and possibly in plant

bacteria communication.

Subgroup F

This subgroup was limited to theP. viridiflava species, possibly suggesting a very specific
function for this LuxR solo in regulating currently unknown mechanisms for its lifestyle. The
adjacent loci consist of an upstream operon of three genes involved in-thettionine
biosynthesis pathway and a dmstream gene coding for an ankytype protein(Figure 3.3

and 3.4).

Subgroup G

This sukgroup is characterized by the presence of an adjacent operon of two genes encoding
for the anthranilate synthase enzymes, which are involved in the phenylalaninsite
metabolism (Figure 3.4) These enzymes catalyze the conversion of chorismate into
anthranilate, the biosynthetic precursor of both tryptophan and numerous other secondary
metabolites. Thus, it is a possibility that the operon flanking this LuxRrsghi be involved

in the synthesis of signal molecules.
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Subgroup H

This sukfamily consists of th&uxRsolo as part of an operon with2lactate dehydrogenase
gene that encodes for an enzyme, which belongs to the oxidoreductase family and
participates in pyruvate metabolism. This sgtwup has been found in a small number of

PseudomonaspecieqFigure 3.3 and 3.4)

Subgroup |

This subgroup is formed by LuxRolos that are located adjacent to two different loci,
upstream and downstream, that both encode for transporter or permease pro{giiggire
3.4). Itis therefore possible that these LuxR solos regulate loci that affect the movement of

compounds/molecuds through the bacterial membrane.

In summary, these observations revealed that LuxR solos are predominant in fluorescent
pseudomonads and allowed classification into severalgabips, based on the conservation

in their primary structure and neighborirgci.

In order to gain insights into the architecture of the LuxR solos inducer binding pockets and
their signal specificity, aartographic analysis of the selected solss applied based on
structure-based homology modeling and structural superimposit@mmbined with multiple
structure-based sequence alignments. Previous studies have found that signal specificity

could be alered by specific substitutions of conserved amino acids within the inducer binding
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domain (IBD). In particulathe focus wa®n the pocket residues directly interacting with the
ligand that are conserved and belongQGtuster 1 and Cluster 2 (colored megn and in cyan,
respectively inFigure 3.% aspreviously describedCovaceuszach et al., 201BResidues of

the third Cluster, belonging to variable patch and thus being poorly conserved even within

members of QS LuxRs, have not been takenantmunt.

v Vv sV sV cces
57 61 T0 73
1HOM TraR DHEGFIGYAYLHI----—---- QHRHITAVINYHROQWQSTYF----DKKFEALDEVVE--RARS 78
2Q00_TraR HSCGYDRFAYLQK-—-———-- DETQVRTFHSYPGPRESIYL----GSDYFNIDPVLA--EAKR 80
3QP1_cviR SQAPSERLLLALGRLNNONQIQRLERVLNVSYPSDWLDQYM----KENYAQHDPILR--~-THL 100
2I¥3 LasR SDLGFSKILFGLL---PKDSQDYENAFIVGNYPAAWREHYD - ---RAGYARVDETVS--HCTQ 81
3SZT:QSCR GNYGFEFFSFGAR-—-APFPLTAPKYHFLSNYPGEWKSRYI----SEDYTSIDPIVR--HGLL 83
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Figure 3.5 Structurebased multiple sequence alignment of the inducer binding domains ¢
prototypes of the nine identified LUuxR solo sgimups with QS LuxRs. The residues belongi
Cluster 1 and Cluster 2 are highlighted in green and cyan, respectivelgDTéehitecture of th
boundaries of the ligandbinding site is schematized by r (roof), f (floor), p (proximal wall) ¢
(distal wall) and its tripartite topology by ¢ (conserved core), s (specificity patch) and v (\
patch).

Ten LuxR solos that represent each of the nine-gudups discussed aboweere selected
and the molecular determinants of each indudending sitewere analyzed This analysis
revealed key differences between the binding sites among the representativesschfsub

group Figure 3.5 and Table 33all the comparisons were paralleled to TraBm A.
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tumefaciensas the prototype of QS LuxR proteidscording to the molecular cartography

and structurebased alignment, only two subgroups (A and B) are vesebt related to the
archetypical QS LuxRs. They maintained the two conserved hydrogen bonds stabilizing AHL
binding Figure 3.5 and Table 3 3namely one between thenitrogen of W57 (according to

TraR numbering) and the carbonyl oxygen of the lactooeety and the second between the

5 oxygen of D70 and the nitrogen preceding the acyl moiety. In addiabrthe apolar
residues belonging to theonserved andpecificity patcks, which further stabilize the AHL
binding by hydrophobidnteractions, are maintained with respect to the AHbinding
template, except for one substitution of a residue with similar stdviedranced [ ha 0
Overall, the cartographic observations suggest that these twegralips of LuxR solos very

likely bind andespond to AHLSs.

Interestingly, also the binding pockets of the members ofgrdup F and G are characterized

by an overall conservation in all the residues of the conserved and specificity patches, except
for the amino acid corresponding to A105 of TrdRe substitutions of this small side chain
with residues characterized by much higher steric hindran€égj(And AR in subgroups F

and G, respectively) deeply impacts on the shape of the binding sites, partially occluding the
hydrophobic pocket in whiclthe lactone ring accommodates. This effect due to a single
substitution is anyway very likely to alter sgboups F and G ligand specificity respect to

canonical AHL binding LuxRs.
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The members of sufgroup C, which has been already identified aseamber of thePAB LuxR

solos group that respond to plant compounds, as previously reported, showed replacement
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of amino acids at positionsorresponding to the following residues @faR W57 6 a X

f SFRAY3 (2 GKS f2aa 2F 2yS 27 mgadingdnithed A £ AT A
hydrophobic environment of the cleftY616 M 0= Cmam OO0 FYR ! Mmap 6
different steric hindrance likely altering the shape of the pock@terall, hese key

differences suggest a different specificity towards what iselvell to be plant compound(s)

(Gonzélez et al., 2013; Coutinho et al., 2018)

Surprisingly, the remaining groups showsidnificant modifications in the binding pocket,

due toseveral changesot only in the specificity patch, but algothe invariant amino acids

of the conserved patch, thusuggesting that these proteins likely bind other pa&HL
compounds Table 3.3. In particular, all the candidates from these latter groups have &bst

least one othe two hydrogen bonds stabilizing AHL binding, due to substituti@®nly in

the residue corresponding to W57 @faR which is part of the specificity patch and is not
conserved in all the 4 sufroups, but also in the very conserved amino acid corresponding

to D70 of TraR, namely in sgiboups H and I. Additional invariant positions that are not
conservedinthese suB NP dzLJA | NB GKS 2y Sa 02 NeRaiskdhy RA y 3
ANRdzL) 93X £ SFRAY3I (2 Ay ONES I-giobpD, lgadisghddéares&sady R NIy
A0SNRAO KAYRNI yOSO I -DNiPvdal) 699 yARouptiEe I8Adifg té@ B0 & dzd
increased steric hindrance that is also combined to a hugtiam in the electrostatics of

the pocket in the case of PjeR). Regarding the specificity patch, the residues at almost all the
positions are substituted with amino acids with side chains that have entirely different steric
hindrance and moreover are clgad or polar, profoundly impacting not only on the overall

shape but also on the hydrophobicity of the pocket that is a prerequisite for AHL binding

(Figure 3.5. Therefore, these sufgroups of LUxR solos appear to be more distantly related
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to the canonichQS LuxRs and are possibly able to respond taurkehown exogenous or

endogenous compounds.

In summary, theartographic analysshowed variablelegrees otonservation in the amino
acids forming the binding pocket among the LuxR solos ofltiseescant pseudomonads.
Thus,the main hypothesis wathat some eavesdrop by binding AHLs, whereas others could
have evolved to bind different compounds/signals produced by neighboring species or

possibly to currently unknown endogenous signals.

In order to begin to acquire insights into the mode of action of the LuxR dakiRsolo
autoregulation and gene expression studies of the flanking loci were performed. LuxR solos
candidates from suigroups A, D, E and H were selected as they showed some interesting
features according to our analyse¥aple 34). The luxR solo genes were mutated in
fluorescent pseudomonad strains as described in the Material and Methods section and the
Supplementary Table.IThe transcription of the various loci was studied via gene promoters
transcriptionally fused toa lacZ reporter gere in a plasmid construct and assays were
performed inthe wild type and luxR solo mutant strains. Below the results of these studies on

five LUxR solos that belong to the four different gyloupsare presented
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Table 3.4 LuxR solos candidates for target gene promoter expression analyses.

LuxR solo Organism NCB_' Functional In silico Genetic locus
ID accession LuxR solo modeling
number group
' Probable
Ppul6R P. putida This study A respond to i, e
16_A AHLS : .,!I :
p d ) Unlikely
Ppul6R_2 ' lp (:_J t;l a This study H respond to e
- AHLs
Unlikely
pflur 113 | - fluorescens | cpon31so D respond to ot Z T e - p
- F113 AHLs | e .
Unlikely
PieR P. jessenii DSM NIWT010000 E respond to <= i s )y
J 1 71 50 08 A H LS rl’_:;:“"‘[‘:;"";':r Sparmidioepn n-m;l\“::::mur transporter
Probable respond
PolR P. oleovorans | This study E to plant- e
AG1003 compounds | e
Ppul6Rof subgroup A

Ppul6R of P. putida 16A is highly identical in its IBD tbu@RBs and cartographic analysis
predicted that it very likely bindand responds to AHLs. Therefore, it was of interest to study

its auto-expression and that of the adjacent genes in the presence/absence of AHLs.
Moreover, mining the genome of P. putida 16A revealed that it does not possess any
canonical AHQS LuxI/R sysins, suggesting Ppul6R could be responding to exogenous
AHLs. No Ppuléiependent promoter activities were detected either in the presence or
absence of AHLs under the conditions tested here (Figure 3.6). One possible explanation is
that the Ppul6R does mautoregulate its expression and that flanking genetic loci are not

its targets or the conditions used in this study do not allow for activating/repressing the

expression of these genes
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Figure 36 Gene promoter activity in the presence or absence of AHLs in P. putida 16A \DFP@ribF
b-Galactosidase activities (Miller units) of 3 gene promoter transcriptional fugipul{6R, ferrodox
NADP+ reductase, 23S methyltransfejagere determined to compare the expression levels betv

WT andDPpul6RThe WT andPpul6Rstrain with empty phsmid pMP220 was used as control.
AHLs used are the follow: linear AHLs{ABL;GAHL;GAHL;@-AHL;G-AHL), OHAHLs (OH¢
AHL;OHEAHL;OHG-AHL) and EAHLs (O&AHL;O6AHL;OCG-AHL). All experiments were perforrr
in triplicate. Statistical arlgsis was calculated using ogel @ ! bhx! F2ff24SF
comparisons by Prism 7 (GraphPad Software, Inc.). The error bars indicate standard deviations

To further investigate whether Ppul6R could bind AHbstaggedPpul6Rvas
recombinantly expressed iB. coli in the presence of different AHLs as most commonly, AHL
binding QS LuxRs are stabilized and solubilized when bound tqAtiand Winans, 2001)
HistaggedPpul6Resulted in being soluble in the absence of AHLs and the presence of AHLs
did not increase solubilitydata not shown), not allowing a direct readout of AHL binding
(Figure 3.7. This LuxR protein solubility independent of AHLs was also observed for the SdiA

LuxR fronE. coli(Nguyen et al., 2015)n summary, these studies have nobpided direct

evidence for gene targets and AHL binding for this LuxR solo
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Figure 3. 7 His
taggedPpul6Rexpression
in pETM11 adding 100m!
of each AHL (GAHL; Ct
AHL; C14HL). Soluble
fractions purified usin
MagneHis Protei
Purification Systel
(Promega, Corp., Madisc
WI, USA) is shown in t
protein gel; Ppul6R was
soluble when unbound 1
AHLs.

PfluR113 of sulgroup D

The PfluR113solo of P. fluorescend=113 belonged to sufroup D, and according to
cartographic analysis, it most probably does not bind AHL signals. In addition, thisisésin
not possess any canonical ARS Luxl/R systemsTo understand whether there was
autoregulation and whether adpent operons were regulated by the nearby solo gehe,
transcriptional activity ofpfluR113 and the adjacent operonsvas determined This
established thatPfluR113negatively regulated the transcription of one of the genetically
linked operons. A significant increase of the expression of the operon ipfleR_113
mutant was determined when the bacterial culture was in an earlyplogse, while no
significant diffeences were detected in the stationary phaségure 3.8. Complementation

of the DpfluR_113yvia the wildtype gene harbored in a plasmid, restored the expression
levels observed in the wild type strain in the early-fidtase. This suggested that PfluR113
plays a role in the growtphase dependent regulation of the adjacent operon and that this

solo may respond to some yencharacterized endogenous signals/molecules.
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Figure 38 Gene promoter activity iR. fluorescenB113 andpfluR.b-Galactosidase activities (Mil
units) of 2 gene promoter transcriptional fusionfl(iR,moalf were determined to compare tl
expression levels between WT abpfluR.The WT an@®pfluRstrain with empty plasmid pMP220 w
used as contrbb The promoter activity was calculated after 4 K#9 (log-phase) and after overnig
(B)(stationaryphase). All experiments were performed in triplicate. Statistical analysis was calt
usingoneg @ ! bh+! TF2f{f26SR o0& ¢ dzPh @ iGraphddd Baftiag
Inc.). The error bars indicate standard deviations.

PjeR and PolIR of sgjoup E

It was of interest to investigate whether polyamines could bind to the LuxR solos belonging
to the subgroup E, since they wertanked by genes most likely involved in transporting
polyamines through the bacterial membran&everal recent studies have shown that
polyamines (i.e. putrescine, spermidine, spermine) play a role intazelll signaling
regulating phenotypes such as surface motility, biofilm formation and cell differentiation
(Karatan et al., 2005; Zhou et al., 200Mbreover, according to the modeling of their ligand
binding pocket, this LuxR solo sgibup most likely responds to neAHL molecules. As
described in Table 3, the epgssion ofpjeRfrom P. jesseniDSM 17150 and of the adjacent
putative spermidine transportegenewas tested Similarly, the expression pblRfrom P.
oleovoransAG1003 and the flanking putatiyeutrescine importergene was analyzedP.

jesseniibDSM 17150 oP. oleovoran®AG1003 do not posses alganonical AHQS LuxI/R
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systems All the promoter activities were examined in the presence or absence of (i)
putrescine, (ii) spermidine and (iii) spermine. The results showed that none of these gene

promoters were activated/induced under any conditions testéture 3.® and 3.B).

P. jessenii DSM17150 P.oleovorans AG1003
150+ 400+
B pMP220 S Bl pvP220
=) pPpjeR220 3604 I pPpoiR220
] 1004 ES pPsperm220 2 BE= pPputr220
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Figure 39 Gene promoter activity in the presence or absenca obcktail of polyamines (putresci
spermine, spermidine) at a final concentration of 0.1 rirMA) P. jesseniDSM17150 an®pjeR.b-
Galactosidase activities (Miller units) of 2 gene promoter transcriptional fugi@R( spermidir
transportel) were determined to compare the expression levels between WTDpjeR.The WT an
DpjeRstrain with empty plasmid pMP220 was used as con{BJP. oleovoran&G1003 andpolR
b-Galactosidase activities (Miller units) of 2 gene promoter sraiptional fusion folR,putrescin
importer) were determined to compare the expression levels between WTDantR All experiment
were performed in triplicate. Statistical analysis was calculated usingmayeANOVA followed |
¢ dzl S@ Qa Y dz dns\byIPriSm Q@raphiatiBotiware, Inc.). The error bars indicate st
deviations.

Ppul6R2 of sugroup H

Ppul6R2 is a second LuxR solo harbore. putidal6A that constitutes an operon with the
D-lactate dehydrogenase gene. In this sgioup, the operonic structure is always conserved,

suggesting a potential role for this LuxR in pyruvate metabolism via the glyoxylase pathway.
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The results obtainedF{gure 3.108) showed noppul6R2autoregulation of the operon,

neither in the early logphase or stationary phase.

In summary, these studies revealed that most commonly, the IuxR solos are not
autoregulated and do not regulate adjacent genes under the conditioaiswere tested

here Figure 3.1®).

P. putida 16A (log-phase) P. putida 16A (stationary-phase)
3001
=0 E= pMP220
MP220
E!Jﬁ ::Pppu16R 220 pPppu16R_220
N 2004

10004

Miller units

1004

Miller units

3
g
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Figure 3.10 Gene promoter activity ifP. putidal6A andDppuR_2.b-Galactosidase activities (Mil
units) of theppuR_Zoromoter transcriptional fusion were determined to compare the expression |
between WT andppuR_2.The WT andppuR_2strain with empty plasmid pMP220 was usec
control. The promoter activity was calculatd@) after 4 hrs (logphase) and(B) after overnigh
(stationaryphase). All experiments were performed in triplicate. Statistical analysis was calculate
onegl & ! bh+! F2fft2¢6SR o0& ¢dz1 SeQa YdzZ 6ALX S O
error bars indicate standard deviations.
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QS LuxR solos are a subfamily ol @&R proteins that are very widespread in protebacteria
and maintain the Nerminal IBD and ®&rminal HTH domain and occur without a cognate
LuxtAHL synthaseTo date, only a few LuxR solwsve been studied which has shown that

they can be involvet intra-species, inteisspecies, and intekingdom signaling.

The main aim of thistudywas to investigatehe distribution and conservation of LuxR solos
among members of the fluorescemPseudmonas group, many of which are plant
commensals being studied for their biocontrol and plant growth promotion prope(tiess
and Défago, 2005)Our analysis of over 600 genomes revealed that the majority of
fluorescentPseudomonasarry one or more LUxR sol@&ased on their adjacent gene context
and primary structure, they have beatustered into nine sugroups The modeling analysis
revealed that the majority show substitutions at the invariant amino acids of the ligand
binding pocket, raising the possibility of binding to MHL ligands or fution independently

of any ligand.

Only 14.5% of the fluoresceRseudomonasanalyzed harbored a complete AHL QS system
in its genome, whereas more than half (50.5%) harbor amiR solosThis result is in line
with a previous study (Subramoni et al.,, 2015that demonstrated that many
Gammaproteobacteria carried multiple LuxR solos, particularly jaasbciated and
environmental isates. In addition,the isolation and analysis of a set of twenty rice
rhizosphericP. fluorescenssolates further confirmed the trend for the high occurrence of
LuxR solos, sincemong these genomesnly luxR sologgenes and no complete AHL QS
systemshawe been identified This result suggests a specific role for single or multiple LuxR

solos in bacterial species that colonize plassociated niches. RhizosphdPeeudomonas
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spp. rarely harbor a complete AHL QS system, and its lack of conservation and the
unpredictable role played indicates that it is not part of the core gend®teindler and
Venturi, 2007)The absence of complete canonical Luxl/LuxR systems and the highly variable
LuxR solos organization can be due to the adaptation of these bacteria to live in mixed
communities and the ability to colonize several different environments. Unlike some bacteria
species that harbor LuxI/R systems, which colonize specific niches upon reaching high cell
densities, fluorescent pseudomonads may have increased their genetic plasticity to be part

of mixed complex communities.

Based on sequence similarity, invariamhiao acids of the IBD, and conservation of the
flanking genes, LuxR solsre placednto putative ortholog sulgroups. The identification
of a few LuxR solos which do not cluster into these-gudups having uncommon flanking
genes and primary structurguggests that other LuxR solo sgitoups exist. Nine different
sub-groups of LUxR solos have been mapped here, which included thetudikd subgroup

of PAB LuxR solos and the other eight uncharacterizedysulps. Several previous studies
have shownhat PAB LuxR solos regulate the adjacently locpipdjene in response to a
plant compound. Members of this subfamily are characterized by few substitutiotvgoof
important amino acids in the autoinducer binding gierluga et al., 2007; Zhang et al., 2007;
Subramoni et al., 2011; Chatnaparat et al., 20)r analysis revealed that PAB LuxR solos
are very widespread amorfg. fluorescensequenced genomes, especially améhgutida
probably due to its role in adagting to life next to the plants. Similarly, few members of the
sub-group A, characterized HyxR solo$lanked by two very conserved genes, encoding for
a ferrodoxinNADP reductase and a 23S rRNA methyltransferdseye been previously

described, such as PpoR frémputida(FernandemPifiar et al., 2011)These studies revealed
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that PpoR plays an important role in iron acquisition however, the molecular mechanism of
the response of this sufgroup of LuxR solos remains unknown. Thegup A is the most
widespread amongP. fluorescensspecies and could be involved in both inteand
intraspecific processes relevant to the fitness of Bhdluorescenbacterial group such as the
control of some oxidation reactions associated to the rhizosphere, where the levels of toxic
bioproducts of the aerobic metabolism of the plant are veryh(Laloi et al., 2004; Das and
Roychoudhury, 2014}-or all the other sugroups of LUxR solos, there are npogs on their
function and response/regulation. Interestinglyywas observed flexible rearrangement of

the genomic context flanking differeriuxR solosand also a variable distribution and
abundance of different sugroups among the species. It isgstble that LUxR solos with
different functions were acquired by these bacteria from different sources by horizontal gene
transfer or genomic rearrangement events, as it is known to be highly prevalent in many
Pseudomonaspp.(Qiu et al., 2006; Subramoni et al., 2015; Hesse et al., 2DARBR solos
present in the same genome showed different levels of relatednesach other, suggesting

possible different origins and also possible different ligand binding properties.

To date, there are very few functionally characterized LuxR solos with known ligands
(Subramoni and Venturi, 2009a; Brachmann et al., 2013; Brameyer et al., 2014, 2015;
Coutinho et al., 20180ur modeling analysis revealed that only two gmbups of LuxR solo

are likely to bind and respondtAHL signals. One of these is gmbup A, howeverpur
molecular and biochemical studies did not provide evidence for AHL binding. Alternatively
they may act independently of AHLs or may bind to different or modified-iddLmolecules
produced by neighboring bacteria living in the same mixed community. As thigreup is

widespread among fluorescent Pseudomonas isolated from the rhizosphere, thdceaiso
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be a possibility of sensing Atilke molecules produced by the plant host. Prior studies have
shown that AHL availability is higher in the rhizosphere compared to the bu(Baglet al.,
2006} it is most likely that varying concentrations or conditions of AHLs are needed for a
response by this sufjroup. Moreover, it cannot be excluded thatrse LuxR solos can act
independently without the need of an inducing ligand, as previously repdited Bodman

et al., 2003) Alternatively, it is also a possibility thatligand molecule is endogenously
produced upon a stimulus being an intracellular messengdditional studies are therefore
required to understand the molecular mechanisms of these LuxR solo subfaiMoies\HL
binding LuxR solo stdroupscould haveevolved to respond to different signals, playing
different roles in cefcell communication or having other more classic gene regulatory
mechanisms. In particular, differences in the binding pocket conformation possibly suggest
different inducer specificit and could result from the adaptation and evolutionary process

to colonize, compete and persist in different environments.

Ourin silicoanalysis showed that several LuxR solos occur in a transcriptional unit with the
neighboring genes; nevertheless, oexpressionanalysis of promoter regions of flanking
genes evidencethat most often their regulation is not under the nearby LuxR solos control.
This suggests that LuxR solos could have evolved for having different target functions or the
expression studie performed here could be influenced by the absence of the LuxR solo
ligands/signal molecules or the environmental growth conditions were not appropriate for

LuxR solo function.

In summary, this study provides a large picture of LuxR solo distributassifatation, and
abundance among the fluorescent pseudomonads group. The results highlight the existence

of novel LuxR solos belonging to different gyrbups that are likely to be involved in
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establishing possible novel communication networks or to hathers regulatory responses.
LuxR solos could have evolved away frQ®systems(SabagDaigle and Ahmer, 20)20

respond to other endogenous or exogenous signepanding the regulatory networks for
inter-species and intekingdom communicationFuture workneeds to establish their role

and the signals they respond to in the plaadsociated microbiome.
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Chapter IV

Genetics of a novel LuxR solo basedteell

cell signaling system

Keywords Quorum sensing, LUxR solos, Fluorescent Pseudomonads, signal molecules, pigments,

genomic islands
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Many proteobacteria possess -salled LuxR solos; these are quorum sensing-LuxR
family regulators that are not paired with a cognate Eaxhily synthas€Fuqua, 2006; Case
et al., 2008; Patankar and Gonzéalez, 2009; Subramoni et al.,.2008} solos can exist in
both AHL N-acythomoserine lactones) producing/communicating bacteria as well as in non
AHL producer§Ahmer et al., 1998; Chugani et al., 2001; Ahmer, 2004; Lequette et al., 2006;
Subramoni and Venturi, 2009)uxR solos are emerging as important players irqasll
communicationand interkingdom signaling as they result in alternative ways ofasll
communication(Venturi and Ahmer, 201550me LuxR solos respond to egdnous AHLSs
whereas some eavesdrop by responding to AHLs exogenously produced by other bacteria,
while others respond to a neAHL signals endogenously or exogenously produced
(Sperandio, 2010; Subramoni et al., 2011; Brachmann et al., 2013; Brameyer et al., 2015b)
LuxRfamily proteins sensing AHLs contain afieNninal AHEbinding domain having six
conserved amino acids essential for binding of AtSlmdel et al., 1990; Slock et al., 1990;
Choi and Greenberg, 199I1lowever, tiis conserved amino acid motif is altered in several
LuxRsolos, possibly enabling the sensing of different signaling molecules of yet unidentified
bacterial celto-cell communication systen{8rameyer et al., 2015aJhe role of LUxR solos
is still at large unclear; some have been shown to regulate secreted metabolites, including
siderophores, redoactive molecules, pigments, and antibiotics, whiclke axommonly
encoded in biosynthetic gene clusters (BGCs). In many cases where BGCs are regulated by
LuxRfamily proteins; thduxRgene is adjacently located, which is either part of a QS LuxI/R
complete system or is a LUxR s@wotherton et al., 2018)Commonlyclosely related LuxR

family proteins from different bacteria are associated with different types of BGCs. This
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suggests that LuxR homologs have evolved independently, probably via horizontal gene
transfer events and that the loss of the AHL synthase gena common evolutionary
trajectory (Brotherton et al., 2018)However, many open questions remain about the role

and mechanisms of LuxR solos in-cell communication.

The bioinformatic study presented in Chapte(Bez et al., 202Xevealed that LuxR solos are
predominant among thedluorescentPseudomoas spp. group with over 50% of the 600+
genomes analyzed harboring at least dmeRsolo gene. Aminacid sequence homology and
mapping of the adjacent genetic loci has allowed the subdivision of the majority of these LuxR
solos into 9 sulgroups. Only the 2.3% of the LuxR solo hits identified could not be grouped,
since they displayed niqueness in their primary structure and/or neighboring genomic
context. Among them, was xR solo belonging toP. fluorescent Ps_73train which is
located genetically adjacent to a large biosynthetic gene cluster consisting of fourteen genes.
This LuxRolo is the subject of this study as it could represent a novel-iatrd interspecies
signaling system inPseudomonasspp. important for microbiome formation and/or

establishment.

Members of thePseudomonafiuorescent group are ubiquitous; they are comanly found

in soil, foliage, plant root, freshwater, and seawat&arrideSanz et al., 2016; Garric®anz

et al., 2017) Their capacityo produce a wide array of bioactive secondary metabolites,
including antibiotics, plant hormones and pigments, is of particular interest as well as their
ability to exploit many different nutrition sources and have a high potential for adaptation
to changng environmental condition@Cornelis and Matthijs, 2002; Silby et al., 2009; Hofte

and Altier, 2010)
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P. fluorescenBs_77 is a blupigmenting strain isolated from mozzarella cheese and able to
cause food product discoloratiofAndreani et al., 2015b)A previs genomic and
transcriptomic study identified the biosynthetic pathway involved in the pigment production;

it is a genomic region that includes homologsrpABCDIgenes, suggesting that tryptophan

is involved in the production of the pigmefndreani et al., 2015b; Alneani et al., 2019)

The black/bluish pigment is released extracellularly in the media during the late logarithmic
phase/early stationary phase of growth and it is visible after 48 h of incubation. The biological
function and the chemical structure ois pigment is currently unknown; some bacterial
pigments play a role in oxidative stress resistance, in iron metabolism by functioningas iron
transport agents. This study presents the genetic and molecular characterizatiamafie

luxR solo located genetically adjacent to the large pigment biosynthetic operon of
Pseudomonag’s_77. Comparative genome analyssucturebased modeling, putative
target gene promoter expression analysis, anecatiure studies were performedResults
indicate that this LuxR solcs involved in the transcriptional regulation of the adjacent
biosynthetic operon. This locus of thexRsolo together with the biosynthetic operon is very
rare in bacteria and most likely constitutes a genomic island. It is leelithat this is anovel
bacterial communication mechanism since our experiments evidence that this system is
capable of intercellular signaling and the pigmelike molecule is most likely the signal for

the LuxR solo.
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The P. fluorescens Ps_7train used inthis work was previously isolatefiom
mozzarella cheese ant$ bluepigment production ability was described (Andreani et al.,
2015a; Andreani et al., 2019Fhe strain was grown liquid Luria. SNIi I yA o[ . 0 X YA
(KB), M9 medium, and PDA (Potato Desé agar) at 30 °C under moderate shaking (120
rpm) or without shaking.When required, antibiotics were added at the following
concentrations: nitrofurantoin (Nf) 100 pg it ampicillin (Amp) 100 ug m¥ The three
mutants generatedfluR DirpClike, Dluxl) have been grown usint00 pg it 'kanamycin
(Km) as antibioticE. coli5 | p h | ywBre rputinely grown at 37 °C in LB broth and
antibiotics were added when required at the following concentrations: Amp 100 fd' ml
tetracycline 15 ug #h Ygentamycin 15 pg b TheP. frederiksbergens®S210 3 was used
in the mixed ceculture experiment for demonstrating the crotalk. Its draft genome is
deposited to the Integrated Microbial Genomes and Metagenomes (IMG/M) database

(project ID Ga0314296 _11). The same growth conditions describe aboeeadepted.

The plasmids, constructs and set of primessg(naAldrich used in this study are
listed inTable 4.1 pGEMT Easy vector (Promega Corp., Madison, WI, USA) was used for
cloning. Whemecessary, fromo-4-chloro-3-indolyH -d-galactoside (>Gal) was added at a
final concentration of 80 pg b Routine DNA manipulation steps, such as digestion with

restriction enzymes, agarose gel electrophoresis, purification of DNA fragments, ligation with
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T4 DNA ligase and transformation Bf coli were performed as described previously

(Sambrook et al., 1989Flasmids were purified by using EuroGalimins (EuroClone, Pero,

Milan, Italy); total DNA was isolated by sarkgsydnase lysis, as described previou&egtter

etal., 1983p 5A3ISaildAiAzy
instructions (New England BioLabs, USA). DNA was ligated with T4 DNA ligase (New England

 A2[ o4z

{10 FOO2NRAY3 (2

Table 4.1 Plasmids and primers used in this study.

GAGK NBAGNAOGAZ2Y SyilevySa

0§KS YI ydzf I Ol dzNB NI

Plasmids/primers Relevant features References
or sources
pGEMT Cloning vector; Anip Promega
) ) (Spaink et
pMP220 Promoter probe vector; IncP;fc al., 1987)
pMPGFP Promoter GFP probe vector; IncPiTc (Z%i\;f)escow,
y . ) (Kovach et
pBBR1MGS Broadhost-range vector; G al., 1995)
y . ) (Kovach et
pBBR1IMGCS Broadhost-range vector; Tt al., 1995)
. . . ] (Alexeyev
PKNOCKmM Conjugative suicide vector; RKm
1999)
(Dreier and
pPEX19Gm Suicide vector for making deletion mutants, &m Ruggerone,
2015)
Addgene,
pUC4K pUCY derivative, Anffand Knf Watertown
, MA
PEX19luR fluRsequence depleted of 20 bp cloned in pEX19Gm This study
pEX19rpClike trpCGlike sequence depleted of 20 bp cloned in pEX19Gm  This study
pKNOCKixI Central region of théuxlsequence cloned in pKNO®Ih This study
pMP220pfluR fluRpromoter cloned in pMP220 This study
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pMP220pOperon
pPMPGFP@peron

pBBRSIUR

pBBRAIUR

fluRfor pEX

trpClikefor pEX

Biosynthetic operon promoter cloned pMP220
Biosynthetic operon promoter cloned in pMPGFP

CompletefluR and promoter sequence promoter cloned
pBBR1MGS

CompletefluR and promoter sequence promoter cloned
pBBR1MGS

ggtaccCAGTTTTTAAACGTCAAAATATTGGGAGCTTTTT!
ATTTGAAATTCATCTAGGTATAAAACTCTCAGGGGAAA(
ATAAAGGAATAACGATGCGCAACTGGTACAATGACCTC
GGGCTGGGCAGGTCGAGTCTGAAAATGATTTTTTGTAT
GCAAGCTTGCACAGTCATTGGAGTTTGAATGGTGCAG(
TCCAACCGCCCCTCCCCATTTCOARGETCGCCTTTGCA
CAATTATCCAAAGGCATGGCAGCGACGCTATCGCGAC
TGTGCAATTGGACCCGGTCGTCAAAAAGGCGCGGCTC
GCCCTTTGTCTGGGAAAGTACACTGCTCGAACAGGAA(
CTGGAAGGAAGCGGGTGACGCGGGCCTGAGGGggatct
GCAGCGGCACCTTCAGCATGTTGACGCTCGCCCGCAA
CGCTCACCATCBAATTGAATGACAAAGAGCTGAAAAT(
GGCTGGCCGATGCCACTCACGTTGCACTGAGCCGCCT
CGCAGGAACTCGAGGAATCCTACTGGCGGTTGACCGC
ATCGAGATCCTGCGCTGGACAGCCGACGGAAAAACCC
GATCTCACAAATTCTCTCGGTATCTTTCGACACCGTGA
AGTAAAAATGCTATCGCCAAGCTGGGCACTACCAATAA
GCCGTGGTGAGAGCGACCGTTCTGGGCGTGCTGGGC
CTGCTATCCTCTCATCAGGCCGCATGGCGCTCATCCC!
GGGCGtctaga

ggtaccTAATTTTTGTTGGGTGGCTTGTTCCATGACTGTC
ATAATTATATGCTTGAAGAGATCGTTGCGTTTAAGGCT(
CGGCCCAAAGGAAAAGTCATCACTCCTOGGIAGAGCG
GTATAGCTGATGCCAGGGCGCCGCGGGCGTTTGCCC:
GCGACCTCAAGCGTTGCGGTTATTGCAGAAGCCAAGT.
CCTTCAAAGGGCGTATTACGTGCCGACTATGATCCTC1
CCCATGCTTATCAGGCGGGCGGTGCCAGTGCGCTTTC
CCGATAGTCGGTTTTTCGGCAACGCACCCTACGTGGT!
TGGCGAATGCGCCGAGGBACCTGCCAGTGATGTACAAA
TTATTGTCGATGAGTTCCAGGTCTACGAGGCCCGCGC!
CTGACGCGATTCTGATCATCGTGCggatccCGACTCTAT!
CCTGGAATTGGGGCTCGACGTATTGGTGGAAACATTTC
TGATATAGACCAGGCCTTGAGTGTCGGCGCAGGGATC
CAATAACCGTGACCTGGATACATTCAAGGTCAACTTTG
GCTGAATTGTTTGAGTTGTTACCTGGTCAGGTCATTGG
GAAAGTGGTATCTCCGGAGTTGCCGATTTTAATCGGAT
ATCGGGTTTCGTGCGGCGCTGATGGGTGAATATTTATI
GAAGATCCAACTCGGCAGTTGCGTTTTTTGACCGCGG!
CCCAATTGACCCTGATGCACTCGATAATAATGGGCTAT
GCGGAAAGAACTTGCACCACGTATGtctaga

This study
This study

This study

This study

This study

This study
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CCAGCCCATTCAAGCAGGTCATTGTggatccACCAGTTG!
TATTCCTTTATCTACTGGTTTCCCCTGAGAGTTTTATAC
ATTTCAAATGGGAAGTAAAAAAGCTCCCAATATTTTGAC
AACTGACAGTTAGTTGGAGCTTTCGTGCTGCATTAAAT!
ATTCGTGTGGGATATTAAATGACATGGTGTCAATTGTA
GCAGTTTTTTAAAGGCTCAAGCGCCTACCCAACAAGGT
CGGGGTGCTGGCTTTTCCTTTTAATTAATTTGCTGCGA
GCTAGTTAGTTGTCGAGAATAACAAGGCGGGTTTGATT
TGGGGCTTTACCCAATAATTTTTGTTGGGTGGCTTGTT!
GTCATGCGAGATAATTATATGCTTGAAGAGgaattcATCG

prOperon This study

CGCAACGHFatccCTCTTCAAGCATATAATTATCTCGCAT
TCATGGAACAAGCCACCCAACAAAAATTATTGGGTAAA
GAAGAGAAATCAAACCCGCCTTGTTATTCTCGACAACT
CACTCTTTTCGCAGCAAATTAATTAAAAGGAAAAGCCAI
GTCTACCTACCTTGTTGGGTAGGCGCTTGAGCCTTTAA
priluR AACCAAGATACAATTGACACCATGTCATTTEATATBUGAA™ This study
AACGAGCCATTTAATGCAGCACGAAAGCTCCAACTAAC
TTTTAAACGTCAAAATATTGGGAGCTTTTTTACTTCCCA
TCATCTAGGTATAAAACTCTCAGGGGAAACCAGTAGAT
TAACGATGCGCAACTGGTgaattcACAATGACCTGCTTGE

TGG

Primers Sequence Source

Km_cassette Rvl CAACTCTGGCGCATCGGGCT This study
Km_cassette Rv2 GCGTAATGCTCTGCCACACA This study
FIUR_EXT_Fw ACC AGG CCCGGT TTG AAG TCG A This study
TrcP_EXT_Fw TGC CAT CTC AGG CAT GGC TTC This study
FluRcompl_Fw GCTCTAGA®RGCAACGATCTCTTCAAGCAT This study
FIUR_compl_Rv GGGGTACC GCT CAT TAG CCC AGC AC This study
Luxl_pKNOCK_Fw TCT AGA CAA CGC GAA TTC GA This study
Luxl_pKNOCK_Rv GGT ACC AGA ACC GAG GCG This study
Luxl_mut_control CGACAATTG CGATAAGGACA This study

In frame deletions of théluR solagene andrpClike gene were generated using the
PEX19Gm plasmid as described previo(idiyang et al., 1998Briefly, each gene sequence,

synthetized by Twist bioscience company (South San Francisco), is listedabkbd.1 The
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design of the constructs was performed as follows: internal fragments of 20 bp from each
gene of interest were deleted and replaced with a restriction site (BamHI) in order to clone
inside the Km gene cassette previously extracted from pUC4K. Sequethigafiagments

were excised with Kpn and Xbal restriction enzymes and cloned in the corresponding site in
PEX19GmThe resulting pEX19Gderivative plasmids, listed ihable 4.1 were introduced

by biparental conjugation in the correspondiRg fluorescenBs_77genome. Clones with a
chromosomal insertion of the pEX19Gm plasmids were selected on LB agar plates
supplemented with 4Qug mP "gentamycin (Gm) and 108y mP 'Nf. Plasmid excision from

the chromosome was subsequently selected on LB agar platetesuppted with 10% (w/v)
sucrose All the mutants were verified by PCR using prim&iab(e 4.) specific to the Km
cassette and to the genomic DNA sequences upstream and downstream from the targeted

genes.

Theluxkhomolog mutant was generated using the suicide vectors from the pKNOCK series
(Alexeyev, 1999)To generate Ps_DHux|, an internal fragment (415 bp¥ the luxl gene was
amplified by PCR using the primers listed'able 4.1and cloned as &pn-Xbalfragment

into the corresponding sites of pKNOKHK resulting in pKNOCKIukhis latter plasmid, was
delivered toP. fluorescent Ps_7f&nome by biparental conjugation and transformants were

selected after appropriate antibiotic selection (Km).

For complementation analysis, tHrIR full-length gene (including its gene promoter) was
amplified with the primers described ihable 4.1 the sequences were verified via DNA
sequencing and the resulting fragments were cloned in pBBRBWEStor and pPBBR1IMES
3 (Kovach et al., 1995The plasmids containing the fragments were individuallivdedd by

biparental conjugatiomn the mutant strains Ps_TfluRand selected for Kfrand Gnfor T®
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respectively and the resulting complemented mutant strains were named BfuR/

(pBBRUR). Mutants and complemented mutants were verified dglony PCR.

Transcriptional activity studies of twgene promotersfluR gene promoter and the
biosynthetic operon promoter) were studied B. fluorescens Ps_77 WF|uR, 2rpGlike
and Duxl. Gene transcriptional fusion plasmids were constructed in the pMP220 promoter
probe vector which harbors a promoterlelsgZgene(Spaink et al., 1987Jhe two promoter
sequences were synthesized by Twistbioscience company (South San Francisco), as described
in Table 4.1,and digested usin@amHIland EcoRand cloned in the corresponding sites in
LINE Y2 i SNJ @S Giamdidsitdaet activity 6. fliorescens Ps_7fansconjugants
harboring the transcriptional plasmid fusion constructs was determined as previously
described byMiller, 1972) with the modifications ofStachel et al., 1985petermination of
each promoter activity wasgsformed in independent biological triplicates and as control the

empty pMP220 promoter probe vector was used.

C2NJ Iylfeara 2F adlGAaaqAaoOlrt aArA3ayArAFTAaAol yOoS:

t-test or ANOVA and PG<05 was considered significant for all experiments.

The gfp reporter gene was also used for studying the promoter activities by co
cultures of P. fluorescens Ps_Awild type and derivative mutantsn order to further

investigate the possible involvement of the genomic island intoedkll signaling. Gene
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transcriptional fusion plasmids were constructed in the pMP@Fnoter probe vector
which harbors a promoterks gfp gene(da Silva et al., 2014; Devescovi et al., 20Thg
promoter sequence driving transcription of the bioglyetic operon was synthetized by
Twistbioscience company (South San Francisco), as describaolév.1and digested using
BamHland EcoRland cloned in the corresponding sites in promoter vector pMPGRP.
plasmid containing the promoter sequence was deliverediparental conjugationn the
Ps_77WT and in the two mutant straifsfluRand DirpClike and appropriately selectedis
control, the empty pMPGFP promoter probe vector viativered in thePs_7ANT and in the

two mutant strainsDfluR and DtrpClike. 6 different setups were used in the eoulture as
schematically shown in thEigure 4.1 Each single pure culture has been grown in liquid LB
separately for 18 hrs (GQB 1), diluted to Olo0.1 and then mixed with the same ratio of
another bacterial cliure (Figure 4.). After 48 hrs of cgrowth and the visible appearance

of the dark/bluish pigment production, the presence of GFP was visualized and/or quantified
by cytofluorimetry and confocal microsco. frederiksbergensf3S210_3 was also used in
the mixed culture experiment for demonstrating any possible ctais since it harbors a
highly similar biosynthetic operon anaxRsolo. The same experiment has been performed
also using the cefree supernatant of the bacterial cultures grown 48 lasd then added to

the pellet of 48 hrs grown constructs to test the presence of quorum sensing signal

compounds.
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Ps_77 WT (pMPGFP) | Ps_77 AtrpC (pPMPGFP)| Ps_77 AfluR (PMPGFP)

Ps_77 WT '
(PMPGFPprOperon)

- - 4 [ -
Ps_77 AtrpC i )
(pMPGFPprOperon) o

Ps 77 AR (- ’

(PMPGFPprOperon)

Figure 4.1 Schematic representation of the mixed cultures-gptfor evaluating the involvement
the LuxR solo and the entire genomic island in-twetiell signaling. Each experiment has &
performed in triplicate Figure created using Biorender.com

Cytofluorimetry

GFP fluorescence was analyzed using a FACS Calibur cytofluorimeter (Becton
Dickinson), equipped with the Argaan laser and operating at 488 nm. 5@AMSE green
fluorescence (FL1) was collected using 538D band pass filter. Data was collected using
logarithmic amplification either for FSC and SSC or FL1. A FSC threshold was set to gate out
debris and it has been gated in R1, while the - @&$ttive populatiorevents have been gated
in R2. For each sampéetotal of 100000 events have been acquired. The data were then

analyzed by CellQuest software from Becton Dickinson.

Confocal microscopy
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For the confocal microscopy detection, bacterial suspensions were washed twice in
PBS and diluted 1:1000; aroundvbof each sample weradded to a glass slide, and a cover
slip was glued onto the glass slide with nail polSamples were imaged using a confocal
YAONRaAO2LR &Sidzll 0%SA&aa ! ANBaAaOlyYy SIldzZA LIISR 67
images were processed using ZEN lite software. Images of green fluorescence were acquired
at an excitation wavelength of 488 nmsing the FITC filter. The images were acquired and

GFP expression was analyzed using ImageJ soffiNatmnal Institute of Health, U.S.A.).

Five webbased servers were used to build tB® structurebased homology model
of the IBD of FIuR solo. The tspore models generated by the servers were then ranked and
validated by the protein model quality predictor Pr¢@allner and Elofsson, 2008hd by
PSIPREBuchan et al., 2010pr the secondary structure predictiohe IntFOLD server
(Buenavista et al., 201pyoduced the highest quality 3Dadels forFluRfrom Pseudomonas
fluorescent Ps_7&ccording with the ranking obtained by ProQ being the predictedddée
and MaxSub value of 4.078 and 0.7@&spectively for FluRThe template used foFluR
modeling were SdiA fronk. coli(PDB_ID 4LGW_ANguyen et al., 20153nd CviR frmn

Chromobacterium violaceu(PDB_ID 3QP&Lhen et al., 2007)

Sequence alignment was performed IlBxpresso(Armougom et al., 2006)exploiting
structural aligners algorithms like SARaylor, 2000pr TMalign(Zhang and Skolnick, 2005)
Each sulgroup prototype was also aligned with all the canonicaL@&R proteinsyhose X
ray stuctures are available: TraR frof tumefaciengPDB_ID 1HONVannini et al., 2002)

and fromS. frediiNGR234 (PDB_ID 2QQChen et al., 2007, LasR (PDB_ID 3I¢®u and
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Nair, 2009) and QscR (PDB_ID 3%Uintz et al., 201})from P. aeruginosaCviR fronC.
violaceum(PDB_ID 3QRTChen et al., 200Y)and SdiA fronk. col(PDB_ID 4Y13Nguyen et
al., 2015) . The structurébased homology model of OryR fro¥ oryzagCovaceuszach et
al., 2013) the prototype of the sulgroup C, was also included in the structdpaked

multiple alignment.

The amino acid sequence of each gene of the complete genomic island were
concatenated and queried by a broadalast search, using the sequence aligner Diamond,
against all genomes in the US Department of Energy IGM/M database and NCBI (National
Center forBiotechnology Information). Only operons with 13 genes, without variations in the
order of the genes anstronger than Evalue of 1#°were retained in the analysis. The same
analysis has also been done retaining all the hits that have at least 7 @ geoes in the
operon. The concatenation of each protein has been done using the command union from
the Emboss package. The alignment of the operons has been performed using MAFFT v.7
software. The homologies were calculated using the pairwise comparistin MEGAX

program packagéKumar et al., 2018)
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The genome oP. fluorescens Ps_Tarbors one complete QiaxVluxRsystem and
three additionalluxR solos, one belonging to the Sgipoup A, one to the Sufroup C
(Chapter 3 and Bez et al.,, 202d0d one which is ungrouped, showing unigpgmary
structure and flanking gene contexthe latter, designated as FluR, is located in operon with
a gene encoding for an efflux pump on the (+) strand and genetically adjacent to a large
biosynthetic operon including fourteen genes on tRestrand.The expression of these two
operons is undea divergent promoter of 389 bA graphical representation of the genomic

organization of this locus is reportedkigure 4.2

FIuR

}
—Ea@dadE@El< e lodadad Do
| |

v

Biosynthetic operon

1. UDP-N-acetyl-D-galactosamine dehydrogenase (430 aaP. putative succinyl-diaminopimelate desuccinylase (424 aa)

2. Anthranilate phosphorybosiltransferase —trpD (321 aa) 10. Inosose dehydratase / Sugar phosphate isomerase/epimerase (289
3. Phosphorybosilantranilate isomerase-trpF (200 aa) aa)

4. Tryptophan synthase alpha chain-trpA (266 aa) 11. UDP-2-acetamido-2-deoxy-3-oxo-D-glucuronate aminotransferase
5. Tryptophan synthase beta chain (628 aa) (371 aa)

6. hypothetical protein (138 aa) 12. UDP-2-acetamido-2-deoxy-3-oxo-D-glucuronate aminotransferase
7. Glucose--fructose oxidoreductase precursor (305 aa) (377 aa)

8. putative oxidoreductase YjmC (361 aa) 13. Oxidoreductase family, NAD-binding Rossmann fold (352 aa)

14. Indole-3-glycerol phosphate synthase-trpC (262 aa)
15. LuxR (237 aa)
16. Efflux pump/transporter (208 aa)

Figure 42 Genes map and annotation of the genomic system studtéglire created using
Biorender.com
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FluR displays its highest identity (30.33%) in its primary structure with SdiA from the
Enterobacteriaceatamily and it has the two PFAM domains conserved among the QS LuxR
type family proteins, one autoinducer binding domain (PF03472) and one bacterial regulatory

protein, LUxR type DNBinding HTH domain (PF00196).

The biosynthetic operon (a total of 16,168sepairs) contains genes having homologies with
genes involved in -tryptophan biosynthesis:trpD ( ID 2742377930 Anthranilate
phosphoribosyl transferase)irpF (ID 2742377931 N-0 gphosphoribosyl) anthranilate
iIsomerase), trpA (ID 2742377932 Tryptoptan synthase alpha chain) antipC (ID
2742377932 Indole3-glycerol phosphate synthasepipplementary file S4)1 Genome
mining revealed the presence oftig gene cluster also in the core genome, suggesting that
this biosynthetic operon harbors accessory tryptophan related genes. The presence of ICEs
genes (integrative and conjugative genes) located upstream and downstream of this locus
and a significantly diéfrent GC content, hints the possibility that this is a genomic island

which has been acquired via horizontal gene transfer events (HGT).

Search studies of genome data banks showed that the complete locus is veaynddmmited

to only7 Pseudomonaspp.isolates; namelf. fluorescenstrains Ps_2ZRseudomonas445,

P. putidaNRRLE51, P. oryzihabitan©E0051Pseudomonas frederiksbergen§l$210_3,
Pseudomonas sgtrains FSL W03 and 11K1Rjgure 4.3 AB). This locus showed a variable
sequence retedness varying around 15 and 92% of identity. The most conserved sequence
compared toP. fluorescens Ps_Was found inPseudomonasp.7445 (sequence homology
92.78%), while the lowest conserved sequence was WitlputidaNRRLE51 (sequence

homology ofonly 15.53%)Rigure 4.3 AB).
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 putida NRRL B-251 | <7 K8 <9 1O 19> 15.53%
Pseudomonas | 9
 fluorescens 74475 | <3 6<7_K8 <9 [0 16> 92.78%
Pseudomonas | o
oryzinabitants | —<IEI<3]<@l@Ell¢ <7 8l 9 @ 16> 66.13%
DEOO5T |
Pseudomonas | 60.49%
frederiksbergensis m {7 K8 K9 KO 16> . °
0S210_3
6
frederick 60.49
e

—

—

]

Figure 4.3 A) Comparative genome analysis and homology. The concatenation of the prote
been performed using the package Emboss and the alignment using MAFFT v.7 s&®@aearviev
of the protein sequence homologies among the different hits obtained usingahe/ise comparisol
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In order to gain structural insightsnderlying substrate specificity of FluRultiple
structure-based sequence alignment and structdrased homology modelling were used.
The focus was on the specific substitutions of conserved amino acids within the inducer
binding domain (IBD) and in particular on the pocket residues dirautyaicting with the
ligand that are conserved and belongGtuster 1 and Cluster 2 (colored in green and in cyan,
respectively inFigure 4.4 and to the pocket residues identified as variable, belonging to

Cluster 3, colored in pink, @seviously descried (lbvaceuszach et al., 2013)

V V SV sV cccs c
1HOM_TraR LHIQ-———————————- HRHITAVTNEHROWES THBDKKFEALPBVVKRARSRKHIFTHSGE————
2000_TraR LQKD-———————————— GTQVRTFHSPGPRESIELGSDYFNIBBVEAEAKRRRDVEFTAD-——-
2IX3_LasR GLLP---KDSQD----- YENAFIVGNEPAARREHEDRAGYARVBBIVSHCTQSVLPIFREPS———-
3S2T_QscR GARA---PFPLT--——- APKYHJLSNEPGERKSREISEDYTSIBBIVRHGLLEYTPLINGE-——-
4LGW SdiA CVRH---PVPFT--——- RPKVARYTNEPEARVS YEOAKNFLATBBVEN PENFSQGHLMENDD-——-
3QPS_CV iR ALGRLNNQNQIQ--——- RLERVLNVSEPSDRLDQEMKENY AQHBBILR I HL-GQGPVMNEERFNRA
OryR_ DYAP----VPLSMEGALTPTVFMQRNAPGDMQHVWCEHGY YQHBBVQORATRRNTPFVISYR———~
F1luR HVQP---PLPIS--——- KPVIARASNEPKARERRERDMDY VQLBBVVKKARLTQLPFVEST-— -~

T dddd T

s s s c c
1HOM_TraR HE-—--- RPTLSKDERAEYDHASDFGERSEITIPIKTA-NGFMSMFEMASDKPVI-DLDRE-ID-A
2Q000_TraR AW---—- PARGSSPLRRERDEAISHGERCEVTIPVEGS-YGSAMMLEFASPERKV-DISGV-LDPK
2IX3_LasR IYy-——————- QTRKQHEEFEEASAAGEVYBLTMPLHGA-RGELGALSLSVEAENRAEANRF-MESV
3S2T_QscR DF—————————- QENRFEWEEALHHGIRHEWSIPVRGK-YGLISMLELVRSSESIA-ATEI-LEKE
4ALGW SdiA LF-————————- SEAQPEWEARRAHGERREVTQYLMLP-NRALGFLEFSRCSAR-E-IPILSDELQ
30PS CviR KG-————————— AEEKREIAEATONGMGSBITFSAASERNNIGSILSIAGRE-PGR-NA-—---ALV
OryR TDGDCAGVEYVGGQHRQVTRYLCDSGMGTEVTVPLHLP-GGAFATFSAAIDAVAA-EALRL-AESQ
FluR LL-—-——————- EQEPCEWKEBGDAGERVBWTCSSISS-SGTFSMLELARNEEPLT-ISEL-NDKE

b r p £ f

Figure 4.4 Structurebased multiple sequence alignment of the regulatory domains of FIuF
members of canonical QS LuxR family and LuxR solos. The residues belonging to Cluster 1,
2 and Cluster 3 are highlighted in green, cyan and in pink, respectiMedy3D architecture of tt
boundaries of the liganthinding site is schematized by{roof),f (floor), p (proximal wall) andl (dista
wall) and its tripartite topology bg (conserved core)k (specificity patch) and (variable patch).
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The followingprimary sequences were included in the multiple alignment: TraR from
Agrobacterium tumefaciensTraR At- (PDB_ID 1HOM_A(Vannini et al. 2002and from
Sinorhizobium fredMGR234TraR St (PDB_ID 2Q00_£Ghen et al. 200 f)rototypes of the
canonical Q&uxR proteinsSdiA fromEscherichia co(PDB_ID 4LGW_M&im et al. 2014)
QscR (PDB_ID 3SZT(lB)tz et al. 2011and LasRZou and Nair 2009yom P. aeruginosa,
prototypes of AHbiding LuxR solos ar@ryR fromXanthomonas oryzaeprototypes of the

Plant Associated Bacteria (PAB) LuxR solos subféigiyd 4.5.

According to the molecular cartography astlucture-based alignment, FIuR is very closely
related to the archetypical QS LuxRs. It maintained the two conserved hydrogen bonds
stabilizing AHL bindingrigure 4.5, namely one between thénitrogen of W57 (according to
TraR numbering) and the carbgroxygen of the lactone moiety and the second between the

8 oxygen of D70 and the nitrogen preceding the acyl moiety.

Figure 45 Comparison of the ligand binding site of the QS LuxRSuil (ID_4LGWA) with FluF
(B). Semitransparent cartoon representation, with the side chains of residues belonging to
1 and Cluster 2 highlighted in green and cyan, respectively. corsegg@lues are represented
lines while non conserved amino acids are highlighted by sticks. Figures produced b
(Schrédinger, 2010)
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