
 
 
 
 

Immunity-dependency of plant-microbiota dialogues 
 
 
 
 
 

Inaugural-Dissertation 
 
 
 
 
 

zur 
 

Erlangung des Doktorgrades 
Der Mathematicsch-Naturwissenschaftlichen Fakultät 

Der Universität zu Köln 
 
 

vorgelegt von 
 
 
 
 
 
 
 
 

 
Frederickson D. Entila 

aus Metro Manila, Philippinen 
 
 
 
 
 
 
 
 
 

Köln 
2023 



 

 ii 

Die vorliegende Arbeit wurde am Max-Planck-Institut für Pflanzenzüchtungsforschung in 
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ABSTRACT 
 
Despite the beneficial effects of plant microbiota, these assemblages also comprise 

potentially detrimental microbes. How the plant immunity regulates its microbiota to 

promote plant health under these conditions remains poorly navigated. We found that 

commensal bacteria isolated from healthy Arabidopsis thaliana plants can induce varying 

immune responses with which is tailored in a strain-specific manner and does not coincide 

with their phylogeny. We have revealed that the immune output RBOHD-generated ROS 

selectively restricted colonization of potentially pathogenic Xanthomonas L148. Through 

random genome-wide mutagenesis, we found that the Xanthomonas L148 gspE, 

encoding a type II secretion system (T2SS) structural component, is essential for 

Xanthomonas L148 to elicit diseases on rbohD mutant plants. In planta bacterial 

transcriptomics revealed that RBOHD suppresses most carbohydrate-active enzymes 

(CAZymes) and T2SS gene expression including gspE. Xanthomonas L148 colonization 

protected plants against a foliar pathogen and its protective function is independent of its 

pathogenic potential. Thus, plant-derived ROS turns a potentially detrimental leaf 

commensal into a beneficial bacterium for the host plant by suppressing T2SS. 
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2. SIGNIFICANCE 

With the climate change, environmental deterioration, and population explosion, high risk 

for food security is imminent. The increasing pressures to mitigate food shortage had 

resulted to rampant and unregulated use of fertilizer and pesticides that had paradoxically 

aggravated the health of the people and the planet (Erisman et al, 2008; Stehle et al, 

2013; Beketov et al, 2013). Likewise, the unprecedented poleward epidemic shift of 

pathogens and pests due to global warming further threatens food security (Bebber et al, 

2013). These global issues substantiate the urgent need to enhance adaptation of 

agriculture crops in an ecological manner (Howden et al. 2007; Godfray et al. 2010; Foley 

et al. 2011). Recent studies had revealed the existence of a defined microbial 

communities in plants that could improve the holistic performance of crops through 

protective conditioning against pathogens, increased nutritional sustenance, and 

resilience to abiotic stresses (Ritpitakphong et al, 2016; Vogel et al, 2016; Castrillo et al, 

2017; Duran et al, 2018). The direct mechanisms by which the plant host recruits and 

accommodates the structured microbial assemblage is still unclear. Dissecting plant-

microbe interactions is quite complex and is greatly influenced by the local environment.  

 

 

3. INTRODUCTION 

3.1. Plant innate immunity: the supervisor and sculptor of microbiota 

Plants are perpetually exposed to a plethora of microbes and have to constantly survey 

the environment for external threats in order to thrive and survive which is the fundamental 

role of immunity (Chrisholm et al, 2006). The tenet of immunity function among 

organisms, in this case plants, is that the organism has an evolutionary programmed 

capability to recognize self from non-self, and the detection of non-self signatures alarms 

its system to mount the protective immune responses against the potential intruder 

(Nurnberger et al, 2004). Plants have evolved mechanisms of recognizing well conserved 

microbe associated molecular patterns (MAMPs) as non-self signals through cell surface 

displayed pattern recognition receptors (PRRs) to constitute the pattern-triggered 

immunity (PTI, Jones and Dangl, 2006). The central involvement of PTI in the interaction 

of plant hosts with its pathogens or mutualists has been extensively described and 

comprehensively scrutinized (Dodds and Rathjen, 2010; Zipfel and Oldroyd, 2017; 

Antolin-Llovera et al, 2014; Gourion et al, 2014). In stark contrast, less is known regarding 

the fundamental role of PTI as the interface to its resident microbes despite its obviously 

conceivable participation in shaping and managing the plant microbiota. 
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3.1.1. Pattern-triggered immunity: surveilling among the mayhem of microbial 

motifs 

The PTI pathway as the first layer of active defense, is initiated upon the perception of 

specific MAMPs by its cognate cell surface localized PRRs. For instance, the MAMP 

flg22, well conserved N-terminus peptide of bacterial flagellin, is perceived by the PRR 

leucine-rich-repeat receptor kinase (LRR-RK) FLAGELLIN SENSING 2 (FLS2) in 

Arabidopsis thaliana (Zipfel et al, 2004). The MAMP elf18, an abundant and well 

conserved acetylated N-terminus region of bacterial Elongation Factor Thermo-unstable 

(EF-Tu) is recognized by the PRR LRR-RK EF-TU RECEPTOR (EFR) which is restricted 

to Brassicaceae lineage (Zipfel et al, 2006). BRI1-ASSOCIATED RECEPTOR KINASE 1 

(BAK1) and its close homolog BAK1-LIKE 1 (BKK1) function as co-receptors for LRR-

RLK-type PRRs such as FLS2 and EFR (Roux et al, 2011). The LysM-RLK CHITIN 

ELICITOR RECEPTOR KINASE 1 (CERK1) is an essential co-receptor for the MAMPs 

fungal chitin and bacterial peptidoglycans (Miya et al, 2007). These co-receptors are 

prevalent and highly conserved in land plants and are crucial for PTI (Ngou et al, 2022).  

The formation of MAMP-PRR complex and the subsequent oligomerization with the 

respective co-receptors result in a cascade of signals and a series of physiological events 

that comprise the PTI response which is historically characterized with a number of 

physiological hallmarks (Ngou et al, 2022; Boller et al, 2009) which include calcium ion 

influx (Blume et al, 2000), generation of reactive oxygen species (ROS, Doke et al, 1985), 

MITOGEN-ACTIVATED PROTEIN (MAP) kinase activation (Nühse et al, 2000; 2007), 

ethylene production (Spanu et al, 1994), transcriptional reprogramming (Zipfel et al, 2004; 

2006; Libault et al, 2007), stomatal closure (Melotto et al, 2006), production of defense 

phytohormones and antimicrobials (Tierens et al, 2001; Tateda et al, 2014; Clay et al, 

2009; Yi et al, 2014; Millet et al, 2010), mesophyll dehydration (Dalal et al, 2021), and 

callose deposition (Gomez-Gomez et al, 1999), which culminates to the restriction of 

microbial growth in host tissues (Zipfel et al 2004; 2006). The energetically costly 

appropriation to the defense program upon its activation results in the restriction of plant 

growth and is often interpreted as the defense-growth trade-offs (Gomez-Gomez et al, 

2000). 

Plants intimately associate with their microbiota which display a catalogue of MAMPs that 

are also exhibited by pathogens (Teixiera et al, 2019; Garrido-Oter et al, 2019). For 

example, genomic inspection of bacterial strains isolated from healthy A. thaliana leaves 

and roots revealed that the microbiota members harbor potentially immunogenic MAMP 

epitopes for flg22, elf18, nlp20, and csp22 (Teixiera et al, 2019). In silico analysis via 

sequence conservation and predictive structural modeling of potential flg22 variants 

within the Proteobacteria indicates a continuum of immunogenicity among the clades 
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suggestive of MAMP diversification. Experimentally validated, the flg22 epitopes derived 

from β- and γ-Proteobacteria, which contain many phytopathogenic strains, evokes very 

strong ROS outburst, while the flg22 epitopes from the α-, ε-, and δ-Proteobacteria elicited 

weak to no ROS outburst in A. thaliana (Cheng et al, 2021). Indeed, the A. thaliana 

microbiota members encode substantially diverse flg22 epitopes which mostly pervades 

PTI detection by the host and variably activates and prompts different PTI branches 

(Colaianni et al, 2021). Moreso, the evolution of the flg22 epitopes was strongly driven by 

the interaction of the microbiota members with FLS2 receptor of the plant host, wherein 

strains adapt by compromising bacterial motility or stalling the signaling transduction 

module of the host receptor, both, to purposely elude immune detection (Parys et al, 

2021). Convergently, the FliC bacterial flagellins derived from most human gut microbiota 

strains bind to the corresponding human TOLL-LIKE RECEPTOR5 (TLR5) but weakly 

stimulates the downstream immune signaling which allows host tolerance to these 

commensals while maintaining responsiveness to potent immunostimulatory flagellins 

from pathogenic strains (Clasen et al, 2023). Moreso, 277 human gut microbiota derived 

bacterial strains evokes an array of cytokine signatures and preferentially activate 

different TLR innate immune branches (Spindler et al, 2022). These evidences deduce 

that microbes rely on a catalogue of MAMPs to consequentially activate different 

combinations of host immune receptors simultaneously and evoke synergized and 

complex immune responses. In humans, microbes can be detected via bacterial-derived 

RNA through host immune TOLL-LIKE RECEPTOR 7 (TLR7) and elicit host-protective 

interferon response (Mancuso et al, 2009). However, E. coli evade host detection by 

modifying its RNA through 2’-O-methylation, effective to inactivate human but not murine 

innate immunity (Rimbach et al, 2015). More so, the bacterial RNA derived from the 

pathogen P. syringae DC3000 can be perceived as MAMPs and consequentially activate 

PTI (Lee et al, 2016). Bacterial cGAS/DncV-like nucleotidyltransferases (CD-NTases) 

produces diverse types of cyclic (di- or tri-) nucleotides for the modulation of bacterial 

metabolism and virulence which can be perceived as MAMPs by the mammalian RECON 

and STING receptors (Whiteley et al, 2019). It has been recently shown that plants can 

also produce similar small molecules (ADPr-ATP or di-ADPr, 2’-cADPRs, 2’, 3’-cGMP and 

2’, 3’-cAMP) upon activation of the effector-triggered immunity through intracellular 

TOLL/INTERLEUKIN-1 RECEPTOR nucleotide-binding, leucine-rich immune receptors 

(TIR-NLRs) to enhance defense stance (Yu et al, 2022; Wan et al, 2019; Huang et al, 

2022; Jia et al, 2022). Nevertheless, the role of microbiota-derived nucleotide metabolites 

as immune-elicitor for plant innate immunity remains terra incognito in the plant microbiota 

field.  

 

Certain members of the microbiota can be pathogenic only in conducive conditions 

(Jochum et al, 2020). Therefore, to allow co-existence with seemingly innocuous 

commensal communities, plants must control the microbiota colonization and tailor 



 

 5 

immune responses to these diverse microorganisms (Parys et al, 2021; Colaianni et al, 

2021). Though the molecular mechanism of discrimination among microbe is still a 

scantily navigated territory, recent advances in the field partly illuminate the processes 

that underly discrimination of the plant host against harmful pathogens whilst favoring 

accommodation of innocuous microbial partners. The requirement of the concurrent 

activation of both the MAMP- and damage associated molecular pattern- (DAMP) 

triggered immunity pathways in the roots spare the native microbiota from the hostile plant 

host defenses (Zhou et al, 2020). Also, the spatial distribution of MAMP receptors and the 

topological and biochemical features of the different root cell types are physiologically 

relevant to the physical containment of immune responsiveness with the interacting 

microbes (Zhou et al, 2020; Emonet et al 2021). Furthermore, plant innate immunity 

differentiates the pathogenic Pseudomonas fluorescens N2C3 from the beneficial P. 

fluorescens WCS365 independent of their almost indistinguishable MAMPs but through 

the pathogen-produced toxins or with the aftermath damages by the toxins (Thoms et al, 

2023).  

The MAMP repertoire of the microbes as communication signal and the plant host 

cognate receptor proteins, at certain circumstances dictates the fate of interaction 

wherein either the defense or symbiosis programs will be switched on. The co-perception 

of fungal chitooligosaccharides (COs, such as chitin) and lipochitooligosaccharides 

(LCOs, particularly nodulation [Nod] factors) by the receptors MtCERK1 and MtLYR4 

enhances symbiosis signaling while dampening defense signaling allowing proper 

mycorrhizal establishment on Medicago truncatula roots (Feng et al; 2019). Analogously, 

the Lotus japonicus receptors of chitin and Nod factors, LjCERK6 and LjNFR1 

respectively, transduces different programs: immunity for LjCERK6 and symbiosis for 

LjNFR1. These receptors share strikingly similar structures albeit, the LysM ectodomains 

define specificity to the ligands which is exclusively crucial and strictly directs the signal 

towards microbial extermination or accommodation (Boszoki et al, 2020). 

 

3.1.2. Pattern-triggered immunity:  commandeering the microbial occupants.   

In principle, the assembly of microbiota can be explained by either stochastic or 

deterministic processes (Stegen et al, 2012). The growth of plants may provide 

unoccupied niches (eg. root or leaf exudations) which can hypothetically be exploited by 

any microbe with the genetic malleability to utilize these substrates, and so eventually 

climaxes to a manufactured microbial community via random colonization (Sieber et al, 

2019; Theis et al, 2016; Chase et al, 2011). Alternatively, this process can be driven by 

selection pressures imposed by the plant host resulting to an active recruitment of specific 

set of microbes for which through time co-evolved to confirm the intimate interaction 

(Vellend et al, 2010; Theis et al, 2016). However, the consistently defined taxonomic 
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patterns of plant microbiota supports the idea that the processes responsible for the 

assembly of microbiota is largely deterministic (Lundberg et al, 2012; Bulgarelli et al, 

2012; Thiergart et al, 2020; Hamonts et al; 2018; Edwards et al, 2015; Fitzpatrick et al, 

2018). 

The composition, diversity, and function of the rhizosphere and phyllosphere microbiota 

is to some extent determined by the host genotype and developmental stage, and is also 

largely influenced by environmental factors which include climate, geography, soil 

physico-chemistry and history (Lundberg et al, 2012; Thiergart et al, 2020; Coleman-Derr 

et al, 2016; Wagner et al, 2016; Dombrowski et al, 2017; Edwards et al, 2015; Mendes et 

al, 2011). Genome wide association studies (GWAS) using 196 natural accessions of A. 

thaliana grown in natural fields revealed plausible genetic determinants of phyllosphere 

and rhizosphere microbiota which are mostly involved in immunity and cell wall properties 

(Horton et al, 2014; Bergelson et al, 2019). These evidences put forward the notion that 

the holistic attribute of the host including innate immunity, is the preponderant factor in 

sculpting its microbiota.  

Microbiota profiling of the rhizosphere compartment of PTI receptor mutants showed that 

root microbial diversity is conditioned by FLS2 and weakly by EFR but not with CERK1 

(Fonseca et al, 2022). More so, the defense hormone salicylic acid modulates the root 

endosphere microbiota composition since a consistent shift in relative abundances in 

specific bacterial taxa is observed with SA-repleted hyperimmune mutants (cpr5 and 

cpr6) and SA-depleted hypoimmune mutants (sid2 and pad4) using natural soil and 

synthetic microbial communities (Lebeis et al, 2015). The ethylene defense signaling 

mutant ein2 had an altered phyllosphere microbiota associated with increased 

proliferation of Variovorax strains (Bodenhausen et al, 2014).  

Quite recently, a quadruple mutant mfec defective of PTI (co)receptors: FLS2, EFR, and 

CERK1; and AtMIN7 vesicle trafficking pathway in A. thaliana recruited a dysbiotic 

phyllosphere microbiota of poor microbial diversity (Firmicutes depleted and 

Proteobacteria dominated) and the abnormal microbial assemblage is causative of the 

disease-like symptoms (Chen et al, 2020). Similarly, a dysbiotic microbiota and disease 

symptoms were also observed in plant with mutation in CONSTITUTIVELY ACTIVATED 

CELL DEATH1 (CAD1), a membrane attack complex/perforin (MACPF) domain protein 

which suggest a genetic framework where PTI and AtMIN7 vesicle trafficking converge 

through CAD1 to control microbiota homeostasis in the phyllosphere (Chen et al, 2020). 

The receptor FERONIA (FER), is required for the nanoscale organization of the FLS2-

BAK1 complex assembly to transduce immunity signals (Gronnier et al, 2022). FER is 

essential in restricting the Pseudomonas strains in the rhizosphere through induction and 

enhancement of basal ROS levels (Song et al, 2021). Moreso, the engagement of the 

endogenous ligand RAPID ALKANIZATION FACTOR 23 (RALF23) peptides with its 

cognate receptor FER allows flourishment of the beneficial Pseudomonas fluorescens 
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strain indicating its essential role in the maintenance of root microbiota and recruitment 

of beneficial microbes (Song et al, 2021). Similarly, the EFR-mediated ROS production is 

essential for the activation of auxin secretion by the beneficial microbe Bacillus velezensis 

FZB42 to neutralize the damaging effects of ROS to the bacterium consequentially 

allowing proper root occupation (Tzipilevich et al, 2021). In plant-pathogen interactions, 

the receptor-mediated activation of RESPIRATORY BURST OXIDASE HOMOLOG D 

(RBOHD) determines the early PTI response ROS outburst (Kadota et al, 2014). 

Alterations in RBOHD results in substantial aberrations to the phyllosphere microbiota, 

and enrichment of potentially pathogenic members in the microbiota, notably 

Xanthomonas L131, which further leads to the onset of plant disease (Pfeilmeier et al, 

2021). These evidences imply the overarching influence of PTI, especially the ROS 

pathways, in the recruitment and maintenance of a balanced plant microbiota. 

 

3.1.3. Microbiota and the auxiliary tiers of defense: from fortified walls to chemical 

armaments. 

There is a myriad of host attributes that can selectively screen microbes and imminently 

influence the microbiota assembly. These plant host factors may include but not limited 

to physical barriers (eg. cell walls and cuticle), specialized secondary metabolites (eg. 

coumarins and glucosinolates), and anatomical structures (eg. stomata and trichomes). 

The plant cell wall serves as the primary defense that physically excludes microbes. 

Though cell walls could serve as a potential source of nutrition by many phytopathogens 

via action of degradative enzymes, the subsequent release of DAMPs activates the DTI, 

an additional layer of active defense thus implicative of the integrated role of physical 

barriers with the plant innate immunity in response to pathogen attack (Bacete et al, 2018; 

De Lorenzo et al, 2018). Comprehensive characterization of disease resistance 

phenotypes of 34 A. thaliana cell wall mutants with varying cell wall chemistries against 

3 pathogens with parasitic lifestyles ranging from necrotrophism to biotrophism revealed 

an enhanced resistance due to auto-activated DTI, however at the expense of plant 

growth and fitness (Molina et al, 2021). Metagenomic rhizosphere investigation of field 

cultivated wheat, cucumber, and maize showed substantial enrichment of cell wall 

degrading enzymes on the rhizosphere signifying that microbial activity at the root vicinity 

involves degradation of host barriers for source of nutrition and/or endophytic access 

(Ofek-Lalzar et al, 2014; Li et al, 2014).  

Mutations in cuticle formation, in particular LONG-CHAIN ACYL-COENZYME A 

SYNTHASE 2 (LACS2) enzyme for cutin biosynthesis; and PERMEABLE CUTICLE 1 

(PEC1) the transporter of cutin precursors, results to higher bacterial load on the 

phyllosphere as compared to wild-type Col-0 plants (Bodenhausen et al, 2014). Likewise, 
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the A. thaliana eceriferum mutant plants with abnormal cuticle having aberrations on the 

genes: putative very-long-chain aldehyde decarbonylase (CER1), β-keto-acyl-CoA-

Synthase (CER6), and putative E3 ubiquitin ligase (CER9), harbored distinct phyllosphere 

microbial communities in comparison to the wild-type Ler plants, and were facilely 

inhabited by numerous bacteria due to breached cuticle, immediate leaching of nutrients, 

or accumulation of cutin substrates with nutritional value (Reisberg et al, 2013). The 

regulatory network that modulates the establishment of endodermal root diffusion barriers 

also affects the root microbiota assembly. Reciprocally, the rhizosphere microbiota 

influences the root endodermal barriers via repression of the phytohormone abscisic acid 

(ABA) signaling pathway enabling the plant host to cope situations of scarce mineral 

nutrients (Salas-Gonzalez et al, 2021). Repression of lignin biosynthesis in Populus trees 

resulted to accumulation of lignin precursor ferulic acid and significantly impacted the 

stem and root endosphere microbiota whereby P. putida capable of exploiting the lignin 

precursors predominate (Beckers et al, 2016). These evidences support the fundamental 

function of cell walls as the main gate of filtering microbes, working as a physical 

barricade, potential carbon source for sustenance, or potentiator of DTI. 

Plant roots exude a wide-range of compounds of varying properties and activities into the 

surrounding soil with which mediates its interaction with the microbes, and this intentional 

modulation of root environment is referred as the “rhizosphere effect” (Bais et al, 2006; 

Jones et al, 2009; Bulgarelli et al, 2013). The MYB72/BGLU42-dependent release of the 

coumarin compound scopoletin selectively impacts the rhizosphere microbiota (Stringlis 

et al, 2018). Moreso, under iron deficient soil conditions, coumarin exudation allows the 

recruitment of a facilitative rhizosphere microbiota consequentially alleviating iron stress 

and conferring growth promotion dependent on the plant iron transport and the secretion 

of the coumarin fraxetin (Harbort et al, 2020). The cyp79b2/b3 mutants impaired of 

tryptophan-derived specialized metabolites, which includes glucosinolates, were 

extremely susceptible to root fungal microbiota members, however the deleterious effects 

of fungi are countered by the bacterial members of the microbiota, indicating the 

importance of tryptophan metabolism and bacterial commensals in controlling fungal load 

to promote plant growth and survival (Wolinska et al, 2021). Under nitrogen deprivation, 

maize roots secrete flavones which enriches the root rhizosphere with Oxalobacteriaceae 

strains to improve plant performance (Yu et al, 2021). The exudation of flavonoids in roots 

globally affect the A. thaliana rhizosphere microbiota, and the flavonoid naringenin 

preferentially attracts Aeromonas strains which can potentially enhance plant tolerance 

to drought (He et al, 2022). On the other hand, the specialized metabolite triterpenes: 

thalianin, thalianyl fatty acid esters, and arabidin are essential for the direct recruitment 

and attunement of Arabidopsis-specific root microbiota (Huang et al, 2019). 

Pathogens have been classically demonstrated to invade the plant internal tissues 

through natural openings such as the stomata and hydathodes (Turner et al, 1969; Mino 
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et al, 1987). The pathogen P. syringae DC3000 secretes coronatine, a molecular mimic 

of the phytohormone JA-Ile to forcibly re-open the stomata and enables intrusion to the 

apoplastic space (Melotto et al, 2006). Also, the pathogen P. syringae B728a uses 

syringolin A instead to inhibit proteolysis of the SA signaling protein NPR1 which leads to 

re-opening of the stomata (Schellenberg et al, 2010). Phyllosphere profiling of 24 plant 

species grown in gardens revealed distinct differences in the leaf microbial composition 

and structure between the abaxial and adaxial sides of the leaf, wherein the abaxial side 

housing denser stomata harbored less variable phyllosphere microbiota suggestive of a 

stronger host selection effect (Smets et al, 2022). This finding indicates that the stomata 

may act to modulate phyllosphere microbiota by affecting the micro-environment (eg. 

leaching nutrients, moisture) or as the main gateway to the leaf internal compartment. 

However, synthetic community experiment using A. thaliana plants with mutation in OPEN 

STOMATA 1 (OST1) a SNF1-related protein kinase recruited similar phyllosphere 

microbiota composition with the wild-type Col-0 plants (Bodenhausen et al, 2014). The 

pathogen Xanthomonas campestris pathovar campestris (Xcc) targets the hydathodes as 

the entry point to vascular tissue of plants (Hugouvieux et al, 1998). It was recently shown 

that hydathode immunity confines bacterial proliferation through the BAK1 and EDS1-

PAD4-ADR1 modules preventing further spread to the vasculature (Paauw et al, 2023). 

Microscopic examinations of the arid-adapted resurrection plant Myrothamnus flabellifolia 

showed colonization of resident fungal species Aspergillus and Penicillium into the 

hydathodes, more likely allowing the fungi to feed on moisture or leaf exudates so as to 

persist in highly desiccated environments (Moore et al, 2011).  

Trichomes are specialized epidermal appendages on the leaf characterized with the 

production and storage of secondary metabolites (Huchelmann et al, 2017). Recent 

finding revealed that trichomes operate as mechano-sensors, wherein plants perceive 

rain as a forecast for impending disease outbreak and correspondingly primes immunity 

to detect and protect against future infection (Matsumura et al, 2020). Trichomes provide 

a micro-niche on the leaf surface of tomato Solanum lycopersicum that potentially drives 

the general make-up or spatial distribution of the phyllosphere microbiota (Kusstatscher 

et al, 2020). In contrast, trichomes does not seem to shape the A. thaliana phyllosphere 

microbiota (Reisberg et al, 2012).  

Altogether, it is not clear if the resident phyllosphere microbiota utilizes the same 

mechanisms or uses the stomata and/or hydathodes to gain entry to the endophytic leaf 

compartments. More so, evidence is lacking on the potential mechanisms of trichome-

mediated modulation of the phyllosphere microbiota. Since the leaf is a highly 

heterogenous, hostile, and oligotrophic habitat (Schlechter et al, 2019), it is feasible that 

these leaf features may provide a more favorable niche as entry points to the nutrient-rich 

apoplast or access points for potential source of subsistence and in turn influence the 

structure and define spatial distribution of phyllosphere microbial residents. It is more 
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likely that these focal sites serve as colonization ground since leaf microbes tend to form 

aggregates (Remus-Emsermann et al, 2014).  

3.2. Microbial maneuvers: eluding the plant perception and reaction 

General suppression of the plant host defenses is a pre-requisite for efficient colonization 

of pathogens and symbionts (Dodds and Rathjen, 2010; Jacobs et al, 2011; Gourion et 

al, 2014). Moreso, a handful of pathogens avoid activation of the immune responses by 

preventing detection of their MAMPs (Wang et al, 2022), while symbionts have developed 

a specific set of signaling molecules (Nod factors) to inform the plant host and 

correspondingly dampen immunity (Antolin-Llovera et al, 2014). Microbes have evolved 

a multitude of mechanisms to dodge host detection or stifle host defenses. These 

mechanisms can be broadly categorized as PTI evasion or PTI suppression.  

 

 

3.2.1. PTI evasion: MAMP diversification, decoration, and degradation 

Microbes can simply elude host recognition by mutating MAMPs, for instance the bacterial 

pathogen Ralstonia solanacearum had evolve polymorphisms on its flg22 peptide 

sequence rendering it undetectable by various plants belonging to Brassicaceae (A. 

thaliana) and Solanaceae (tomato cultivar Moneymaker S. lycopersicum; tobacco 

Nicotiana tabacum and N. benthamiana; eggplant Zebrina; and pepper cultivar California 

Wonder Capsicum anuum) lineage but is recognized by soybean Glycine max (Wei et al, 

2018; Wei et al, 2020). Similarly, phytopathogens encode varying elf18 epitopes with 

different ROS elicitation signatures in A. thaliana leaf (Lacombe et al, 2010). Genomes of 

the bacterial microbiota from A. thaliana revealed tremendous diversification of MAMPs, 

in particular the flg22 epitopes, with which have varying immune-elicitation properties 

(Teixiera et al, 2019, Cheng et al, 2021). The flg22 sequence modifications resulting to 

faint or no immune responses are either associated with compromised motility (indicative 

of antagonistic pleiotropy) or allosteric antagonism of FLS2-BAK1 oligomerization (Parys 

et al, 2021). Moreso, diversified flg22 epitope evokes different immune outputs (Colaianni 

et al, 2021). Pervasion of PTI detection of flg22 epitopes is also observed in the bacterial 

members of the human gut microbiota (Clasen et al, 2023). Another way of preventing 

host recognition is deliberately suppressing the production of MAMPs. The bacterial 

pathogen P. syringae promotes infection by AlgU-dependent suppression of flagellin fliC 

thus reducing PTI activation (Bao et al, 2020). In another study, the elevated cyclic-di-

GMP in the pathogen P. syringae DC3000, potentially pathogenic P. aeruginosa PAO1, 

and commensal P. protegens Pf-5 suppresses flagellin synthesis to evade activation of 

FLS2-mediated immunity in A. thaliana and N. benthamiana (Pfeilmeier et al, 2016). The 

fungal pathogen Collelotrichum graminicola down-regulates its cell wall-derived MAMP 
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synthesis of β-glucans by KRE5 and KRE6 resulting to attenuated immune response of 

maize Zea mays cultivar Mikado (Oliveira-Garcia t al, 2016). 

 

Some pathogens preclude detection by decorating their MAMPs or inhibit host-mediated 

pre-processing of MAMPs. The pathogen P. syringae DC3000 ΔhQ inhibits the action of 

N. benthamiana BGAL1 deglycosylation of the bacterial flagellin to liberate MAMPs 

disabling host detection (Buscaill et al, 2019). In contrast, P. syringae B728a escapes 

recognition by altering its flagellin glycosylation profile (Buscaill et al, 2019). The fungal 

tomato pathogens Fusarium oxysporum, V. dahliae, and Botrytis cinerea cleave host 

chitin-binding domain (CDB) chitinases of the host thus preventing release of fungal chitin 

subjugating host immune detection (Jashni et al, 2015). More so, the fungal pathogen V. 

dahliae also secretes PDA1 to deacetylates its own chitin into inactive chitosan precluding 

the PTI of cotton Gossypium hirsutum cultivar Xinluzao No.16 (Gao et al, 2019). The 

mutualist Rhizobium leguminosarum 3841 structurally modifies it lipopolysaccharide 

(LPS) under low oxygen conditions or in nodules displaying different immunochemical 

properties which might be important for evading host defenses (Kannenberg et al, 2001). 

Bacterial strains from the human gut microbiota display LPS of varying structural moieties 

with different immunomodulatory attributes (Vatanen et al, 2016).  

 

Some pathogens can degrade or neutralize their own MAMPs to escape host recognition. 

The fungal pathogen Cladosporium fulvum releases the effector ECP6 that competitively 

binds to the released fungal chitin cloaking its recognition (Jonge et al, 2010). 

Contrastingly, the pathogen P. syringae DC3000 degrades its own flagellin monomers 

through its AprA alkaline protease (Pel et al, 2014). Moreso, timely dissociation with plant 

tissues through lifestyle transition from biofilm assemblage to a free-living state could 

repress the sustained PTI activation. The beneficial bacterium P. fluorescens WCS365 

requires a putative diguanylate cyclase/phosphodiesterase MorA and putrescine 

aminotransferase SpuC, to repress biofilm formation and promotes detachment from the 

plant roots (Liu et al, 2018).  

 

 

3.2.2. PTI suppression: secretion of immune-modulatory factors  

Pathogens and mutualist have been historically documented to modulate the plant 

immunity in order to colonize host tissues, usually through the type-3-secretion system 

(T3SS) for most bacterial phytopathogens. A classic example is the pathogen P. syringae 

DC3000 which releases a concoction of type 3 effectors (T3Es) that specifically target 

PRRs. For example, the bacterial effector E3 ubiquitin ligase AvrPtoB cleaves the kinase 

cytoplasmic domains of receptors FLS2 and EFR, and to some extent, the co-receptors 

BAK1 and BRI1 (Göhre et al, 2008). The bacterial effector HopU1, a mono-ADP-
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ribosyltransferase, binds to the FLS2 and EFR transcripts disrupting the interaction with 

GRP7 to form translational machinery leading to reduced FLS2 and EFR protein 

accumulation (Nicaise et al, 2013). The bacterial effector HopA1, a tyrosine phosphatase 

reduces the activated phosphorylation of EFR attenuating the subsequent immune 

responses (Macho et al, 2014). The bacterial mutualist Sinorhizobium sp. NGR234 

releases the T3E NODULATION OUTER PROTEIN L (NopL) thwarting defense 

responses in the host by interfering with the MAP kinase cascades in beans Phaseolus 

vulgaris cultivar Tendergreen (Bartsev et al, 2004; Ge et al, 2014).  

There is a growing body of evidences that the plant microbiota or its members can 

intercept and temper plant immunity. Around 41% of A. thaliana rhizosphere bacterial 

strains can suppress the root growth inhibition triggered by the MAMP flg22 or the 

endogenous DAMP AtPEP1 indicating that the rhizosphere microbiota can modulate host 

immune status (Ma et al, 2021; Garrido-Oter et al, 2018). The root commensal Dyella 

japonica MF79 requires the type 2 secretion system (T2SS) components GspD and GspE 

to release immunomodulatory factors for effective root colonization and eventually opens 

the gates for other root commensals in A. thaliana (Teixeira et al, 2021). Nevertheless, 

the exact identity of the immunomodulatory effectors or compounds and their mode of 

action remains to be elucidated.  

In plant root apoplast, the extracellular pH mediates the defense-growth balance whereby 

at acidic pH, the peptide ROOT GROWTH FACTOR (RGF) acquires a protonated 

sulfotyrosine promoting its interaction with the RGF receptor (RGFR) and eventually 

hetero-oligomerizes with the SERK co-receptor which culminates to encourage root 

meristematic growth (Liu et al, 2022). While at alkaline pH, the peptide RGF is 

deprotonated, disrupting the RGF-RGFR-SERK complex, and residues of PEP receptor 

(PEPR) gets protonated allowing binding of PEP, a DAMP which is triggered by MAMPs 

(Yamaguchi et al, 2010), provoking the defense machinery (Liu et al, 2022). Recent 

studies in rhizosphere microbiota indicate that majority of the its members can subdue 

immune response, potentially by altering the root pH environment (Yu et al, 2019). 

Various Pseudomonas species, including the beneficial microbe P. capeferrum WCS358 

downplay root immune responses by gluconic-acid mediated acidification of root milieu. 

The bacterial lowering of pH depends on the pyrroloquinoline quinone (pqq) as co-factor 

for gluconic acid anabolism (Yu et al, 2019). Mutations on core pqq synthesis genes (eg. 

PqqF, a putative protease) and ubiquinol cytochrome b03 oxidase CyoB, a regulator of 

carbon metabolism, both important for gluconic acid synthesis, abolishes root immunity 

suppression (Yu et al, 2019). In contrast, the beneficial Pseudomonas simiae WCS417 

dampens root immune response in a gluconic acid-independent manner wherein the 

bacteria prevent accumulation of alkaline precursors, potentially through the production 

of specific amino acids such as arginine by ArgF ornithine carbamoyl transferase (Liu et 

al, 2023). However, we still lack a clear understanding of how the plant microbiota kneads 
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plant immunity and so identifying the genetic mechanisms of microbiota-mediated plant 

immunity suppression remains a task at hand. 

 

3.3. The functional microbiota: the host-microbiota social contract 

The plant microbiota has been implicated to confer beneficial services to its host and 

augment holistic plant performance ranging from growth promotion, pathogen protection, 

nutritional provision, and abiotic stress resilience (Trivedi et al, 2020). It has also been 

found that under sub-optimal situations, the plant hosts actively recruit beneficial 

microbes, deliberately re-engineering its microbiota as needed, a phenomenon referred 

to as “cry-for-help” strategy (Liu et al, 2021; Pascale et al, 2020). Interestingly, the stable 

beneficial microbiota persists in the soil and is inherited trans-generationally as the soil 

legacy, such for the case of disease-suppressive soils (Raaijmakers et al, 2016). 

Synthetic community experiments revealed that the bacterial components of the root 

microbiota alone promote plant growth and also alleviates the detrimental effects of the 

fungal members of the microbiota (Duran et al, 2018, Wolinska et al, 2021). Moreso, the 

microbiota is important for ensuing proper root developmental programs by modulating 

exogenous auxin levels (Finkel et al 2020, Conway et al, 2022). The root commensal 

Variovorax allows the maintenance of the stereotypical root growth by degrading auxin 

produced by other members of the rhizosphere microbiota (Finkel et al, 2020).  The 

binding of MarR transcriptional regulator with bacterial auxin results to its activation and 

drives the expression of auxin degrading iad-like operons in Variovorax or auxin-

catabolizing strains (Conway et al, 2022).  

It was recently demonstrated that the A. thaliana rhizosphere microbiota recruited under 

low-light conditions alleviate the growth retardation but resulted to reduced microbiota-

induced shoot defense against foliar pathogens and the microbiota-root-shoot axis 

modulation of the growth-defense balance depends on the plant transcription factor 

MYC2 (Hou et al, 2021). It is tempting to speculate that the existence of the shoot-root-

microbiota circuitry is necessary for immune-training the aerial tissues against 

forthcoming infections. The plant conditioning of the soil in response to stress is 

implicative of a feed-back mechanism. It was exhibited that the transplantation of the 

rhizosphere microbiota recruited by the wilt-tolerant tomato S. lycopersicum cultivar 

Hawaii 7996 is sufficient to confer tolerance against the wilt pathogen R. solanacearum 

SL341 for the wilt-susceptible S. lycopersicum cultivar Moneymaker (Kwak et al 2018). 

Moreso, pathogenic P. syringae DC3000 infection of A. thaliana leaves results in the 

increased root exudation of L-malic acid which attracts and promotes root colonization of 

the beneficial Bacillus subtilis FB17 consequentially inducing systemic resistance against 

the foliar pathogen (Rudrappa et al, 2008). Poaceae species such as maize release 
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benzoxazinoids to alter the rhizosphere microbiota and elevates shoot JA-defense 

against herbivory of army worm larvae Spodoptera frugiperda and the protective effects 

of the trained soil is retained for the following planting season (Hu et al, 2018). The root 

endophytic fungal commensal Colletotrichum toefieldiae channels phosphate to the host 

and promote growth only under phosphate starved conditions as mediated by the host’s 

PHOSPHATE STARVATION RESPONSE (PSR) machinery and tryptophan-derived 

secondary metabolism (Hiruma et al, 2016). Accordingly, a root microbial synthetic 

community in A. thaliana induces PHOSPHATE STARVATION RESPONSE 1 (PHR1) 

activity under phosphate-scarce conditions to prioritize nutritional augmentation over 

defense response (Castrillo et al, 2017). The A. thaliana secretion of coumarins in iron-

deficient soils assembles a rhizosphere microbiota that facilitates host coumarin-

dependent iron-mobilization to alleviate stress (Harbort et al, 2020; Stringlis et al, 2018). 

The transplantation of the flavone-conditioned microbiota enriched with 

Oxalobacteriaceae strains by the Zea mays cultivar C2 wild-type plants under nitrogen 

limitation promotes the growth of the flavone-deficient Colorless2-Inhibitor diffuse (C2-idf) 

mutant plants defective of chalcone synthase (Yu et al, 2021). The recruited A. thaliana 

rhizosphere under mineral scarce conditions modulate ABA-mediated suberization of the 

endodermis to improve ion import by the plant host (Salas-Gonzalez et al, 2021). These 

evidences support the idea that under nutrient scarce conditions, the plant host redesign 

its microbiota in a way to recruit specific groups of facilitative microbes that caters to 

ameliorate nutritional burden and assist plant growth. 

There is a growing body of evidences indicating that microbiota can boost the adaptive 

responses of the plant host in face of environmental perturbations to facilitate survival.   

Microbiome profiling of 30 diverse plant species under drought stress revealed substantial 

enrichment of Streptomyces amplicon sequence variants (ASVs) belonging to 

Actinobacteria in the endosphere and is associated with drought acclimation response 

(Fitzpatrick et al, 2018). Similarly, microbiome profiling of 18 agriculturally important 

Poaceae lines with varying drought-tolerance showed a consistent enrichment of 

Actinobacteria (Naylor et al, 2017). The direct mono-inoculation of drought-enriched 

rhizosphere strains, in particular Streptomyces coelicolor Sc1 and Streptomyces 

ambofaciens Sc2 promoted modest growth advantages to Sorghum bicolor under drought 

stress (Xu et al, 2018). The artificial inoculation of a synthetic community derived from the 

rhizosphere microbiota of the desert legume Indigofera argentea confer salinity tolerance 

to tomato S. lycopersicum cultivar Moneymaker (Schmitz et al, 2022).  

Microbes have an inherent capability to sequester heavy metals to bioremediate soil and 

potentially assist persistence of its plant hosts on polluted soils (Kour et al, 2021). 

Glomalin from arbuscular mycorrhizal fungi Glomus mosseae sequestered Cu2+ from 

copper toxic soils from Sorghum vulgare cultivar KS 524 roots (Gonzalez-Chavez et al, 

2004). Also, the beneficial Pseudomonas putida KNP9 promotes growth of mung bean 
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Phaseolus vulgaris cultivar PM-2 and prevented host accumulation of toxic heavy metals 

under Cd2+ and Pb2+ toxic soils (Tripathi et al, 2005).  

 

 

3.4. “Pathobionts” in dysbiosis: microbial beasts lurking within the microbiota 

Plants interact with a diverse set of microorganisms from its surrounding environment and 

develop an intimate symbiosis along a continuum of beneficial to harmful relationships 

(from mutualist to commensals to pathogens) however, these interactions through the 

course of co-evolution could potentially oscillate indicating a dynamic transition across 

these lifestyles (Drew et al, 2021). Conceptually, the term “pathobiont” is defined as a 

symbiont that is able to cause diseases given a set of environmental conditions and due 

to the host genetic predisposition (Mazmanian et al 2008; Chow et al, 2010). The literature 

sometimes alternately used the pathobiont with opportunistic pathogens in different 

contexts (for example, pathobionts are “commensal-derived opportunistic pathogens”, Yu 

et al, 2018). “Opportunistic pathogens” are microbes that can cause diseases following 

perturbations to the host (eg. administration of antibiotics, immune-deficiency) for which 

can rise from the microbiota or externally acquired from the surroundings (Brown et al, 

2012). These distinctions get lost in translation and due to the lack of precision, scientific 

consensus, and the slack use of these terms, it causes more obscurity. More so the 

definition of “opportunistic pathogen” is disputed for the fact that technically every member 

of the microbiota can potentially become an opportunistic pathogen, as we have not 

exhaustively assessed the infinite sets of conditions at which this will hold true. As pointed 

out by Jochum and Stecher (2020) in their review, the term ‘pathobionts’ and also 

“opportunistic pathogens” attaches a negative stereotype to the microbe and ignores the 

possibility that in a different setting it could exert beneficial effects; for example, some 

previously identified “pathobionts”: Enterococcus faecalis (Lengfelder et al, 2019), 

Helicobacter hepaticus (Danne et al, 2017), and Mucispirillum schlaedeiri (Caruso et al, 

2019; Herp et al, 2019) were found to exert positive outcomes to their hosts in certain 

conditions. In plants, the strain Rhodococcus L278 induces blight symptoms and hyper-

infection in bi-associations with the foliar pathogen Pto while the latter had reduced 

colonization, however, in a synthetic community context, Rhodococcus L278 protects A. 

thaliana plants against P. syringae DC3000 infection, and the removal of Rhodococcus 

L278 from the microbial community abolished the protective effect (Vogel et al, 2021). 

These examples indicate that beneficial function is an emergent community property 

which brings emphasis on the importance of microbe-microbe interaction within the 

microbiota wherein a pathogenic strain in mono-associations turns to a beneficial one in 

a community depending on the co-occurring strains. In this thesis we would like to adopt 

the term “potentially pathogenic” strain as proposed by Jochum and Stecher (2020) to 
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describe bona-fide members of the microbiota that can cause disease-like symptoms to 

the host at a given set of conditions in light of avoiding confusion.  

Ecological and reductionist studies had revealed that potentially pathogenic strains 

populate their plant hosts in natural habitats without causing disease and are considered 

as bona fide constituents of the plant microbiota (Bai et al, 2015; Jakob et al, 2002; Agler 

et al, 2016; Duran et al, 2018; Karasov et al, 2018). These potentially detrimental strains 

are deleterious and in certain cases even fatal to the plant host when tested in laboratory 

settings in mono-associations or highly reduced functionality in microcosms (Agler e al, 

2016; Duran et al, 2018; Ma et al, 2021; Shalev et al, 2022; Wolinska et al, 2021; 

Pfeilmeier et al, 2021). However, the adverse effects of these provisionally pathogenic 

microbes depend on the host status, the prevailing environment, and the concurring 

microbes (Shalev et al, 2011; Duran et al, 2018; Wolinska et al, 2021; Getzke et al, 2023; 

Vogel et al, 2021). It is an attractive thought that the potentially pathogenic members of 

the microbiota are evolutionarily tolerated by the plant host because they improve plant 

fitness in the wild.   

Interestingly, there is growing evidence demonstrating that the microbiota itself 

jeopardizes its host to parasites (Stevens et al, 2021). For instance, the gut commensal 

Lactobacillus taiwensis heightens the regulatory T cell (Treg) production assisting 

infestation of the parasitic helminth Heligmosomoides polygyros in mice (Reynolds et al, 

2014). The interaction of gut commensal (such as E. coli) via type 1 fimbriae FimH 

promotes egg hatching of the parasite whipworm Trichuris muris in mice leading to 

infestation (Hayes et al, 2010). Comparably, there are certain examples that the cost of 

maintaining a microbial mutualist outweighs the profits the host can acquire from the 

supposedly beneficial reciprocation. Though the legume host sanctions non-productive 

rhizobia with fitness penalties (Westhoek 2021; Kiers et al, 2003), some “cheater” strains 

of Bradyrhizobium species isolated in the wild confer no net benefit to their legume plant 

hosts Acmispon stigosus, A. heermanii and Lotus strigosus despite gaining superior in 

planta fitness as compared to other productive rhizobacteria (Gano Cohen et al, 2019; 

Sachs et al, 2010). Moreso, the bacterial endosymbiont Hamiltonella defensa protects the 

aphid host Aphis fabae from parasitoids but results to a shorter lifespan of the host 

(Vorburger et al, 2011). The bacterial endosymbiont Wolbachia confers resistance to virus 

infection to the fruit fly host Drosophila simulans but at the expense of its lifespan and 

fecundity (Martinez et al, 2015). 

A dysbiotic microbiota is defined as a microbial community that is sufficient to confer 

disease onset on host and is associated with the domination of potentially pathogenic 

members of the microbiota, loss of key microbiota members, and poor microbial diversity 

(Levy et al, 2017). The observations that A. thaliana mfec mutant plants with defects on 

genes for PTI perception (PRRs fls2, efr, and cerk1) and AtMin7 for vesicle trafficking 

pathway have an increased susceptibility to avirulent P. syringae ΔhrcC and an increased 
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endosphere bacterial load coinciding with necrotic lesion symptoms on leaves under high 

humidity has led to the discovery of the existence of dysbiotic microbiota in plants (Xin et 

al, 2016). It has been revealed that the mfec mutant harbored a dysbiotic microbiota with 

very low microbial diversity (Proteobacteria dominated and Firmicutes depleted) resulting 

to disease-like symptoms (Chen et al, 2020). Moreso, transplantation of the dysbiotic 

mfec-derived microbiota is sufficient to instigate disease on to the wild-type Col-0 plants 

indicating that the dysbiotic microbiota is causal to the disease onset. 

 

4. THESIS OBJECTIVES 

Convincing evidence from the group revealed significant variations in the alteration of the 

host transcriptomic terrains 6 hours post-infiltration with microbiota-derived strains, a mid 

PTI hallmark, concomitant to the global alterations of microbial metabolic activities at the 

transcript level (Nobori et al, 2022). This key finding together with the growing body of 

evidences in the prevalent literature, prompts us to an inquest on the fundamental 

contribution of PTI as the principal selection pressure in mediating the plant-microbiome 

communications.  

This project aims to gain insight on the interconnection of the plant host immune response 

with the microbiota member behaviors with an auspicious and strategic prospect of 

underpinning specific mechanisms entailing successful microbial accommodation with 

emphasis on aerial tissues (Figure 1). Specifically, we aim to: ① determine the potential 

of the individual microbiota members to activate and evoke classical immune responses 

to the host, and ② determine the effects of these induced host immune responses to the 

individual microbiota members. With this broad objectives and the perspective of trait 

discovery, immune-compromised mutants, largely represented by receptor-defective 

genotypes (fls2, efr, cerk1, fls2 efr cerk1 [fec], bak1 bkk1 cerk1 [bbc], and rbohD) together 

with the wild-type Col-0 accession (please see Supplementary Table S1 for the plant 

material details) were challenged in mono-association with 20 bacterial strains derived 

from the AtSPHERE culture collection (please see Supplementary Table S2 for the strain 

details; Bai et al, 2015), a catalogue of bacterial strains isolated from seemingly healthy 

A. thaliana plants grown in wild environmental setting across Europe (Figure 1; Bai et al, 

2015) and were phenotyped for PTI outputs and bacterial colonization capacities. We 

have revealed that the microbiota members have varying capacities to induce different 

PTI responses through distinct PRRs and we have shone light on to the molecular 

mechanisms of plant ROS mediated regulation of microbial behavior. We have revealed 

that plant ROS allowed co-habitation of a potentially pathogenic commensal via 

suppression of bacterial T2SS and CAZyme expression. 
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Figure 1. Pattern-triggered immunity in plants. Microbes encode a suite of well-conserved microbe 

associated molecular patterns (MAMPs) that can be perceived by plant host encoded, usually cell-surface 

bound pattern recognition receptor (PRRs) that results to a cascade of signals and a series of physiological 

events that constitutes the pattern-triggered immunity (PTI). It is characterized by a number of physiological 

responses such as ROS outburst, Ca2+ fluxes, transcriptional reprogramming, callose deposition, among 

others and ultimately culminates to the restriction of microbial growth. In this thesis, a nominated panel of 

taxonomically diverse bacteria comprising of 20 strains derived from the AtSPHERE culture collection (Bai 

et al, 2015) will be used as elicitors against the wild-type Col-0 plants and immune-compromised mutants 

fls2, efr, cerk1, fec (fls2 efr cerk1), bbc (bak1 bkk1 cerk1), and rbohD to measure PTI outputs and microbial 

colonization.  

 

5. RESULTS 

 

5.1. CHAPTER 1: Microbiota members elicits varying immunogenicity 

discordant with their phylogeny 

We have nominated a panel of phylogenetically diverse strains that have been previously 

isolated from healthy-looking Arabidopsis thaliana leaves, roots, and its surrounding soil 

in wild (Bai et al, 2015) with which have been previously profiled for co-transcriptomes of 

plant and bacteria (Nobori et al, 2022). All of these strains despite of their isolation origins 

can colonize the shoot of the host plant (Figure 2e). In CHAPTER 1, we aimed to 

investigate the variations in the immune responses triggered upon mono-inoculation of 

these bacterial strains with the wild-type Col-0 leaves and its dependencies on immunity 

genes by assaying for the following read-outs:  ROS outburst (early PTI response), 
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transcriptome reprogramming (mid PTI response, dataset from Nobori et al, 2022); 

callose deposition (late PTI response); and the bacterial colonization capacities. 

 

5.1.1. Microbiota members manifest variegated immune-profiles to their plant host 

ROS outburst, an early PTI response was measured ex planta upon triggering Col-0 leaf 

disks with mono-cultures of microbiota members and measurements were immediately 

obtained after elicitation for an hour (Figure 2a). Results showed that pure MAMPs flg22 

and elf18 provoked abrupt, strong, and pronounced ROS peaks in Col-0 as compared to 

chitinDP7 elicitor indicative that the different MAMPs elicit varying degrees of ROS 

outputs and the host plants have inherently different amplitude of response to these motifs 

and the signal was lost depending on the absence of their cognate receptors and the 

rbohD gene (Supplementary Figure S1).  

Upon elicitation with microbiome members, ROS outbursts assume different signatures 

and dynamics revealing variations in the capacities among microbiome members to 

induce immediate PTI responses in Col-0 leaves (Figure 2e, Supplementary Figure S2). 

Among the microbiome members that activate ROS, Pseudomonas strains L127 and L15 

elicited the strongest response in Col-0 leaves. Likewise, Xanthomonas L148 elicited 

ROS response in a relatively subdued but persistent fashion. Surprisingly, some strains 

such as Flavobacterium R935 and Erwinia L53, did not induce any detectable ROS 

signals (Figure 2e, Supplementary Figure S2). These observed variations in ROS 

outbursts can be plausibly explained by the MAMP polymorphisms or the rate at which 

MAMPs are liberated to be accessible for plant host detection, nevertheless the use of 

intact live cells as elicitors cannot capture the full immunogenic profile of these strains 

due to immuno-latency from potential evasion and/or suppression mechanisms. 

To have a closer inspection of the potential immunogenicity profile of these strains, 

harshly heat-killed cells were used as inputs for ROS outburst bioassay. This was done 

with the presumption that upon heat treatment of bacterial cells, MAMPs which are 

thermo-stable will then be fully released. Most strains that were initially not inducing ROS 

outburst with live intact cells, elicited very strong and distinct ROS peaks in the context of 

heat-treated cells (resembling ROS outputs with MAMP elicitors) for instance, members 

of Gammaproteobacteria:  Erwinia L53, Pseudomonas L48, Bulkholderia L177, and 

Xanthomonas L70 (Figure 2e, Supplementary Figure S2). These results imply that 

microbiome members encode considerably immunogenic MAMP repertoire and the 

disparity on the outputs from live intact cells and heat-treated cells strongly suggests 

deterrence of ROS responses through evasion or suppression mechanisms. Conversely, 

Flavobacterium R935 consistently did not induce ROS outburst in both live and heat-

treated versions, indicative that its MAMP repertoire is weakly or not immunogenic at all. 
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Likewise, Pedobacter L176 which considerably activated ROS outburst with live cells, 

failed so upon heat-treatment, implicating that its MAMP repertoire (or majority of it) is 

thermo-labile. 

To gain insight on the potential evasion mechanisms deployed by microbiota members to 

escape immune detection of self-derived MAMPs, we hypothesized that a considerable 

reduction of ROS outputs induced by heat-killed cells in the presence of live cells could 

be interpreted as a signature for an active interference of ROS outburst by the live 

bacterial strains. We then performed similar ROS bioassays in different doses of bacterial 

cells and in combination of live and heat-killed cells. Interestingly, we were able to 

granularize the potential ROS evasion strategies being implemented by some of the 

microbiota members.  Some of the strains directly suppress ROS outburst elicited by their 

self-derived MAMPs: ROS outburst is only observed with heat-killed cells but this 

response is significantly dampened in the presence of live cells, as for the case of Erwinia 

L53 and Burkholderia L177 (Supplementary Figure S3). These clearly suggest an evasive 

mechanism (here we categorized as “immune-evasive1”). Other strains that can only 

trigger ROS outburst in heat-killed form, such as Microbacterium L1 and Xanthomonas 

L70 (Supplementary Figure S3) convincingly supports evasion of host recognition via 

preclusion or delayed release of self-derived MAMPs (here we categorized as “immune-

evasive2”).  
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Figure 2. Microbiota members manifest varying immunogenic potential to the wild-type Col-0 plants. 

a-d, schematic diagram of PTI hallmarks induced by the selected microbiota members. a, ROS outburst, 

an early PTI event was assayed ex planta; leaf disks were cored from mature Col-0 plants and were 

triggered with either live or heat-treated microbiota-derived strains (OD600=0.50), measurements were 

immediately obtained for an hour. b, transcriptional reprogramming, a mid PTI event was profiled in planta, 

leaves of mature Col-0 plants were infiltrated with monocultures of microbiota-derived strains (OD600=0.50) 

and were harvested after 6 hpi wherein bacterial cell populations remain similar across all strains, and were 

profiled for RNA-Seq, data were published in Nobori et al, 2022. c, callose deposition, a late PTI event was 

assessed in vivo, leaves of mature Col-0 plants were infiltrated with monocultures of microbiota members 

(OD600=0.20) and were cored and stained with aniline blue to visualize callose structures with the aid of a 

fluorescence microscope. d, colonization capacities of the microbiota members were determined by flood-

inoculating axenic 2-week-old Col-0 plants with monocultures (OD600=0.005) and plated for leaf total and 

endophytic compartments 5 dpi. e, phylogenetic relationship of the selected microbiota members and the 
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violin plots of their corresponding ROS burst profiles using live and heat-killed cells, callose deposition, and 

their respective colonization capacities in leaves of Col-0. Colors of the tips in the phylogenetic tree 

represent the taxonomic classes. Experiments were repeated at least two times each with 8 biological 

replicates for ROS assay, 2-3 biological replicates for callose deposition, and 3–4 biological replicates for 

colonization assays (See Supplementary Figures S2, S5, and S7 for the full ROS outburst, callose 

production, and colonization profiles, respectively; see Supplementary Table S2 for detailed descriptions 

of the strains included). Red violins indicate significantly different from the mock treated samples while grey 

violins indicate no significance (ANOVA with post hoc Tukey’s test, P ≤ 0.05). Some illustrations were 

created with BioRender.  

 

Plant transcriptome reprogramming, a mid PTI event was profiled by hand infiltrating Col-

0 leaves with the microbiota members in mono-association context and were harvested 

6 hpi (Figure 2b, Dataset from Tatsuya et al, 2022). The foliar pathogen Pto induced a 

distinct plant transcriptomic profile, wherein surprisingly, the avirulent Pto D36E prompts 

an extensive plant transcriptional terrain closely resembling some of the leaf commensals, 

in particular Xanthomonas strains L148, L70; and Pseudomonas strains L127, L48, and 

L58 (Figure 3a). Principal component (PC) analysis revealed that PC1 and PC2 can 

explain 91.3% of the variations in the plant transcriptome (Figure 3). It also subscribed 

with the observation that some of the commensals elicit strong transcriptional 

reprogramming which is reminiscent of the plant transcriptome induced by the Pto strains 

(Figure 3). It is also interesting that some of the commensals induced very weak plant 

transcriptomic remodeling like for the case of Agrobacterium L155, Acinetobacter L130, 

Chryseobacterium L404, and Flavobacterium R935 (Figure 3a). Moreover, these 

expression profiles coincide with the transcriptomic changes upon elicitation with a MAMP 

flg22 (Nobori et al, 2022; Hillmer et al, 2017) which indicates that these commensals 

induce the PTI pathway at the transcript level. With these, we then rationalized to use the 

transcriptome PC1 and PC2 values as a proxy for transcriptional reprogramming with 

which low PC1 values or high PC2 values indicate strong transcriptional reprogramming. 

The transcriptional reprogramming reflects some degree of phylogeny since most of the 

Gammaproteobacteria induced stronger transcriptional changes perhaps due to 

overrepresentation of the clade in the panel (Figure 3b). Nevertheless, due to this 

observed pattern, we then investigated the conservation of the MAMPs flg22 and elf18 

and interrogated the concordance with the transcriptional reprogramming. Indeed, a 

significant correlation exists between the conservation of these canonical MAMPs with 

the alterations in the plant transcriptional terrains (Figure 3c-d), implicative that the 

variations in the MAMPs harbored by these commensals drive the transcriptional 

response of the plant host upon encounter (Nobori et al, 2022). 
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Figure 3. Microbiota members induced transcriptional reprogramming to Col-0 and correlates 

significantly with either early or late PTI outputs. a, heatmap representation of the Col-0 leaf 

transcriptomic profile upon infiltration with microbiota-derived strains (OD600=0.50) 6 hpi. Module 

memberships of the genes were calculated using WGCNA. Gene expressions were correlated with the PTI 

read-outs, ROS outburst for live and heat-killed cells (ROS_live and ROS_HK), callose number 

(callose_no), and colonization capacities on the total and endophytic leaf compartments (total_cfu and 

endo_cfu, respectively) were represented as color bars. The annotated defense genes are marked. Color 

side bars indicate phylogenetic affiliations of the strains. Side-bar plots represent the mean of the absolute 

values for log2 fold-changes (logFC, strain vs. mock) for each of the strain tested with the pathogenic Pto 

DC3000 and avirulent Pto D36E as controls. b, principal component (PC) analysis of the transcriptomic 

responses of Col-0 to the microbiota-derived strains, wherein the PC values reflects the degree of host 

transcriptional re-modelling (transcriptome_PC1 and PC2). c-d, correlational analysis among the PTI read-

outs and the sequence conservation of the classical MAMPs flg22 and elf18 peptides (flg22_conv and 

elf18_conv, respectively, R is the coefficient of determination, p ≤ 0.05). 
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Callose deposition, a late PTI response was measured in planta upon challenging Col-0 

leaves with mono-cultures of microbiota members and sampled after 18-20 hpi (Figure 

2c). Results for the controls showed that Col-0 formed callose deposits upon leaf 

infiltration with MAMP elicitors and in a greater extent for the avirulent Pto strains (D36E, 

deficient of 36 effectors; ΔhrcC, lacks functional T3SS), which are in agreement with 

previous publications (Supplementary Figure S4). Moreover, the receptor mutants did not 

form significant amount of callose structures in response to their corresponding MAMPs. 

The triple mutants fec and bbc exhibited less callose formation for all of the MAMPs 

(Supplementary Figure S4).  

Significant variations in the callose structure induction were observed upon Col-0 leaf 

infiltration with the microbiota members wherein Pseudomonas strains L48, L15, L127; 

Erwinia L53, Microbacterium L1, and Exiguobacterium L187 stimulated significant callose 

formation, some of which were far more intense than the avirulent Pto versions 

suggesting intense activation of defense by these commensal strains (Figure 2, 

Supplementary Figure S5). Intriguingly, a number of strains, such as Pedobacter L176, 

Flavobacterium R935, and Burkholderia L177 induced virtually no callose deposits 

supporting the notion of their weak immunogenic nature (Figure 2e). Moreover, upon 

comparison of the distribution of callose sizes as stimulated by the microbiota members 

with that of avirulent Pto D36E (Kolmogorov-Smirnov statistics, D; Supplementary Figure 

S6), all of the strains induced significantly distinct callose profiles. Though many of the 

strains prompted production of callose structures, only few strains can induce 

considerable amount of larger callose deposits comparable to Pto D36E (arbitrary 

threshold callose area of 8.3µm2), namely Microbacterium L15, and Pseudomonas strains 

L1 and L48 (Supplementary Figure S6). This callose profile is reminiscent of basal 

defense response mounted against non-host adapted Pseudomonas pathogens (Ham et 

al, 2007). 

Summing up these findings, microbiota members can be categorized into four distinct 

classes of immunogenicity on the basis of the intensity, degree, and tempo of the PTI 

outputs being elicited to their native host. First, immuno-active strains can induce robust 

PTI responses for both live and heat-killed cells, for instance Pseudomonas L127 induces 

strong ROS outburst with live and dead bacteria, substantially triggers callose formation, 

and significantly reprograms plant transcriptome landscape. Second, immuno-evasive1 

strains can induce immune responses only when heat-killed and can seemingly subdue 

in an active fashion the immune outputs when live cells are present like for the case of 

Burkholderia L177 which dampens ROS outputs of dead cells in the presence of live cells. 

These suggest that the strains belonging to this category can either neutralize or digest 

their self-derived immunogens to cloak recognition or release factors that directly target 

and suppress plant immunity sectors. Third, immuno-evasive2 strains can also induce 

immune response only when heat-killed and the addition of live cells does not result to 
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the attenuation of the PTI response such as for Xanthomonas L70 which only induces 

ROS when heat-killed and also weakly stimulates callose formation. This signature 

indicates that these strains evade detection via preclusion or delayed liberation of 

MAMPs. And lastly, immuno-quiescent strains do not induce any observable immune 

outputs in both live or dead cell context for all the PTI read-outs measured as represented 

by Flavobacterium R935.  

 

5.1.2. Microbiota members differentially occupy distinct leaf compartments 

Since PTI pathway eventually culminates to the restriction of microbial growth, it is 

imperative to determine the colonization behaviors of these strains (Figure 2d). Results 

revealed that all of the strains were able to colonize the leaf albeit few strains can occur 

in considerable population sizes in the apoplast. The strains Acinetobacter L130, 

Chryseobacterium L404, and Burkholderia L177 can effectively colonize and persist on 

the surface of the leaf and into some extent the endophytic compartments in mono-

associations indicative of their efficient general colonization capacities (Figure 2e, 

Supplementary Figure S7). This finding is in agreement with the previous publication 

wherein the phyllosphere strains Burkholderia had been found to colonize the leaf 

consistently while Chryseobacterium served as a keystone species since its absence 

resulted to drastic changes in composition and structure of the leaf synthetic bacterial 

communities (Carlström et al, 2019). More so, strains Agrobacterium L155, 

Microbacterium L1, Arthrobacter S763, and Xanthomonadaceae R604 can subsist 

substantially in the apoplast and also on the surface of the leaf, indicative that these 

strains adapted to both endophytic and epiphytic habits (Figure 2e, Supplementary Figure 

S7). However, there are strains that have preferential colonization of the leaf surface as 

for the case of Pseudomonas L15, L58, and Acinetobacter L130, suggestive of their 

epiphytic lifestyle (Figure 2e). 

 

5.1.3. Plant gene expression networks upon microbiota elicitation are tightly 

regulated and are pertinent to PTI responses 

With the plant transcriptomic data, we then ventured onto dissecting the gene expression 

networks that govern the transcriptional reprogramming upon commensal interaction and 

to address this, the weighted gene co-expression network analysis (WGCNA) was 

conducted to discover modules of highly correlated plant host genes and relate these 

expression profiles to the corresponding phenotypic responses, in this case PTI read-

outs. The resulting modules usually comprised of genes involved in the same biological 

pathways, and more likely to share regulatory factors (Langfelder and Horvath, 2008). 
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Module content pathway analysis could uncover specific and even novel processes and 

functions condensed within modules (Farber, 2013). 

Network analysis revealed 4 distinct gene modules: M1 turquoise with 5934 genes; M2 

blue with 1569 genes; M3 brown with 78 genes; and M4 yellow with 60 genes (Figure 4a-

c, please see Supplementary Dataset S1 for details). M1 turquoise and M3 brown 

clustered with the traits ROS with live cells and bacterial colonization capacities; M2 blue 

groups closely with ROS heat-killed and colonization capacities, while M4 yellow clusters 

with callose deposition (Figure 4d). Remarkable enrichments were revealed upon module 

content characterizations. The genes in M1 turquoise are substantially enriched for 

functions related to defense, response to biotic stimulus, and photosynthesis. The M2 

blue module is significantly associated with regulation of transcription and translation. The 

M4 yellow module is mostly involved in protein transport and localization. Lastly, M3 

brown module is mostly composed of genes with unknown functions (Figure 4e, please 

see Supplementary Dataset S2 for the list of GO terms for each module). Correlation of 

the gene significance parameter for the PTI outputs (GS, correlation of the gene 

expression within the module with the PTI trait in question) with the module membership 

were substantial (except for M4 yellow with ROS HK trait) indicating that these modules 

were pertinent to the PTI response (Supplementary Figure S8). 

Next, support vector machine classifier with recursive feature elimination (SVM-RFE) 

was implemented on the expression profiles within the identified modules to nominate 

genes that predict the PTI read-outs upon interaction with microbiota members. 

Profoundly, a number of WRKY transcription factors in modules M1 turquoise and M2 

blue appeared to have expression signatures that concur with PTI responses, WRKY53 

for ROS outburst; WRKY39, WRKY48, and WRKY66 for transcriptional reprogramming; 

and WRKY30 for callose (Supplementary Dataset S3). Many of these WRKY transcription 

factors (specifically WRKY39, 48 and 53) are immediately induced upon flg22 treatment 

(Birkenbihl et al, 2018). More so, expression profiles of MAPK genes MAPKKK1 and 

MPK10 within the M1 turquoise module and MPK8 in M2 blue module also predicts 

callose deposition, endophytic colonization, ROS outburst, respectively (Supplementary 

Dataset S3). MPK8 has been implicated in the negative regulation of RBOHD-mediated 

ROS (Takahashi et al, 2011). Similarly, MAPKKK δ-1 is required for full immunity against 

bacterial and fungal pathogens (Asano et al, 2020). The genes implicated in cell-death 

pathways NCA1 and BAG6 belonging to modules M2 blue and M3 brown were predictive 

of bacterial colonization (Hackenberg et al, 2013; Li et al, 2016). The expression profile 

of IBS1 in M4 yellow module, a gene involved in priming defenses was also prognostic of 

ROS outburst (Ton et al, 2005). These genes could be potentially host genetic modulators 

of the PTI-dependent plant-microbiota dialogues and thus warrants future validation and 

investigation (See Supplementary Dataset S3 for the list of genes relevant to PTI 

responses identified through machine learning). 
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Figure 4. Weighted gene co-expression network analysis (WGCNA) reveals distinct and tightly 

connected gene modules associated to specific biological functions and pathways. a-d, WGCNA 

results for the Col-0 transcriptomic profiles upon microbiota mono-associations.  a, hierarchical clustering 

and b, multi-dimensional scaling revealed 4 distinct modules: M1 turquoise, M2 blue, M3 brown, and M4 

yellow. M0 grey module contains genes that are generally poorly connected. c, gene network connectivity 

within the modules and their corresponding network sizes. d, eigengene dendrogram and network heatmap 

representing adjacencies of the gene modules with the PTI traits: ROS outburst with live and heat-killed 

cells (ROS_live and ROS_HK, respectively), callose production (callose_no), and bacterial colonization of 

the total and endophytic leaf compartments (total_cfu and endo_cfu, respectively). e, pathway enrichment 

analysis within the modules (hypergeometric test, p-values ≤ 0.05). 
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5.1.4. Immunogenicity is dissonant with phylogeny and is strain-specific 

With the PTI readouts (including colonization behaviors), correlational analysis reflected 

very poor association among traits (Figure 3c). The early heat-killed cell induced ROS 

outburst significantly correlates with the mid-response plant transcriptome 

reprogramming PC2 (R= 0.65**, Figure 3c). Conversely, the late callose deposition 

response correlates significantly with the mid response transcriptome reprogramming 

PC1 (R=0.55*, Figure 3c). The substantial association of the host transcriptional 

landscape re-modelling with the early and the late PTI responses argues a fundamental 

link that connects these temporally separated distinct PTI events. Conversely, microbiota 

colonization, in particular in the leaf endophytic compartment only substantively correlates 

with transcriptome reprogramming PC2 (Figure 3c). The lack of response-wide correlation 

of PTI responses signifies that physiological consequences and the fate of the host-

microbiota interaction are far more complicated and further highlights that the perception 

of the nuanced compendium of stimuli, triggering the cascade of signals, and the eventual 

reactions are at a certain degree, differentially fine-tuned and tailored for each strain. 

Also, our understanding of the interdependencies of these PTI outputs were pathogen- 

or symbiont-focused, lacks clear definition or refinement (eg. one being a prerequisite to 

other thus occur in a sequence or a separate branch), and remains fragmented (Bigeard 

et al, 2015). However, one cannot exclude the possibility that these results could also be 

partially attributed to the inherent limitations of the experimental features (eg. timing of 

the response, age of samples, nature of assay, different experimental systems). Previous 

findings have revealed substantial correlation in the MAMP conservations with the gene 

clusters functionally associated with defense response, indicative of corollary 

dependence of transcriptional reprogramming to MAMP immune-potency (Nobori et al, 

2022). Only the ROS outburst as induced by heat-killed cells, the transcriptome PC1 and 

PC2 had a significantly positive correlation with percent conservation of the classical 

MAMPs flg22 and elf18, which implicates that other MAMP epitopes might explain the 

variations observed in the PTI read-outs (R ≥ |0.53|**, Figure 3c).  

To gain insights on the evolution of immunogenicity of the microbiota members, 

phylogenetic Principal Component (pPC) analysis was conducted. Results revealed that 

though pPC1 entirely explains the variations existing among the PTI traits (99.9%, 

generally positive scores for colonization and negative scores for immunogenicity, Figure 

5a-b), there was no clear emerging pattern that coincides with the kinship, which further 

supports the notion of strain-specificity of the responses 

Since evidence points out the possibility that PTI responses towards the microbiota are 

under stabilizing selection (Colaianni et al, 2021; Parys et al, 2021), l1ou analysis, a 

model-based approach was performed. This method follows the Ornstein-Uhlenbeck 

process which assumes that traits are phylogenetically correlated and selection pressure 

simultaneously acts upon these traits; likewise, anomalies on these assumptions are 
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detected as “adaptive shifts” (Bastide et al, 2018, Khabazzian et al, 2016). Results 

revealed lineage-specific patterns and evolutionary shifts were detected in the 

Gammaproteobacteria clade for Acinetobacter L130; and the Pseudomonas strains L15, 

L48, L58, and L127 (Figure 5c). Moreover, the α scores (adaptation rate) for ROS outburst 

with dead cells and callose number are relatively low indicating low selection pressure 

(deviates largely from the optima) allowing diversity on these phenotypes which puts 

forward the notion that the plant hosts have a variegated defense program depending on 

the strain (Figure 5c). However, δ2 scores (variance rate) for phyllosphere colonization 

were high implying high stochasticity and/or plasticity for this trait which can be 

attributable to external factors (eg. environmental condition). With the weak concordance 

among PTI responses and with the phylogenetic relationship, these results support the 

idea that the evolutionary trajectory of the underlying processes governing PTI responses 

to microbiota members is shaped in a strain-specific manner. 
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Figure 5. PTI traits are phylogenetically discordant and strain-specific. a-b, phylogenetic principal 

component analysis (pPCA) of the PTI traits: ROS outburst for live and heat-killed cells (ROS_live and 

ROS_HK); callose deposition (callose_no); transcriptional reprogramming (transcriptome _PC1 and 

transcriptome_PC2); and bacterial leaf colonization of the total and endophytic compartments (total_cfu 

and endo_cfu, respectively). a, heatmap representation of the eigenvalues for each PTI traits and the 

variance explained (var explained) by each of the pPCs. b, pPCA plot of pPC1 and pPC2 which explains 

the variations in the PTI traits accounting for the phylogenetic relationships among the tested microbiota-

derived strains. c, l1ou analysis of the PTI traits revealed 5 evolutionary shifts for immune responses had 

occured, marked in * on the phylogenetic tree. The adaptation rate ⍺, and variance rate δ2 are represented 

in a heatmap for each of the PTI read-out.  

 

5.1.5. Immuno-compromised mutants have attenuated immune responses towards 

microbiota members 

Since the focus of this research is to understand the quantitative contribution of PTI 

pathways, with emphasis on pattern-recognition-receptors and ROS, the microbiome 

members were profiled for PTI readouts using the mutants fls2, efr, cerk1, fec, bbc, and 

rbohD. Results showed that most of these strains elicited subdued ROS outbursts from 

these mutants, particularly in a greater extent for the higher order mutants fec and bbc, 

(Figure 6, Supplementary Figure S2). As expected, all of the strains were not able to 

induce ROS efflux in rbohD, for both living or dead cells as stimulants (Supplementary 

Figure S2). Different dependencies of commensal bacteria-induced ROS were noted for 
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the MAMP (co)receptors. For instance, ROS production by both live and heat-killed 

Exiguobacterium L187 and Janibacter R563 were dependent on EFR but not on FLS2 

and CERK1 (Figure 6, Supplementary Figure S2). This EFR dependency for commensal 

bacteria-induced ROS production was observed for most of the strains, but we detected 

no or only weak effects of mutations in FLS2 and CERK1 alone (Figure 6, Supplementary 

Figure S2). These results suggest that the recognition of EF-Tu-derived peptides via EFR 

is the prevalent mechanism for ROS production by commensal bacteria in A. thaliana 

leaves. However, there were commensal bacteria such as Pseudomonas L127 that 

triggered ROS in higher order fec and bbc mutant plants (Supplementary Figure S2), 

indicating that MAMPs other than flg22, elf18, and peptidoglycans are responsible for 

ROS production upon host detection. Profoundly, no detectable ROS efflux was 

consistently observed for Flavobacterium R935 upon challenging all the mutants 

indicative of its very weak immunogenicity (Figure 6, Supplementary Figure S2). 

In general, all the (co)receptor mutants induced attenuated deposition of callose 

structures upon elicitation with the microbiota members. A significant reduction of callose 

formation was observed for strains Pseudomonas L15, Pseudomonas L48, and 

Enterobacteriaceae L50 for all the single receptor mutants, fls2, efr, and cerk1 indicating 

that callose formation upon detection of these strains rely on these receptors (Figure 6, 

Supplementary Figure S5). Consistently, many of the strains have a substantial decrease 

in callose induction, in particular Acinetobacter L130, Agrobacterium L155, Janibacter 

R563, and Arthrobacter S763 only for efr mutant plants indicating that elf18 MAMPs 

served as the primary epitope for callose formation (Figure 6, Supplementary Figure S5). 

Seemingly, the flg22 peptide is the main callose elicitor for Xanthomonas L148 due to a 

significant subdual of callose production in fls2 mutant leaves. Moreover, induction with 

strains Pseudomonas L58 and Bacillaceae R147 did not result to a pronounced change 

in the callose response (Figure 6, Supplementary Figure S5). 

The bacterial titers of different commensals in leaves of mutant plants were also 

assessed. To our surprise, while we observed increased colonization of some commensal 

bacteria in some of the MAMP (co)receptor mutants compared with Col-0 wild-type plants, 

we mostly did not see effects of rbohD mutation on either total or endophytic commensal 

colonization (Figure 6 and Supplementary Figure S7). This suggests that plants recognize 

commensal bacteria and produce ROS that do not have detectable effects on most 

commensal bacterial colonization. Consistently, the efr mutant harbored higher 

populations of the strains Burkholderia L177, Acinetobacter L130, Agrobacterium L155, 

Erwinia L53, and Pseudomonas L58 on the total leaf compartment as compared to the 

wild-type Col-0 leaves (Figure 6 and Supplementary Figure S7). Furthermore, only 

Acinetobacter L130 and Agrobacterium L155 significantly colonized the apoplast of efr 

mutants as compared to Col-0, indicative that efr recognition of the elf epitopes from these 

strains are vital for restricting microbial proliferation on the surface and in the internal leaf 
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tissues (Figure 6 and Supplementary Figure S7). In sharp contrast, however, both total 

and endophytic colonization of Xanthomonas L148 was dramatically increased in the 

rbohD mutant compared with Col-0 wild-type plants (Figure 6 and Supplementary Figure 

S7), suggesting that RBOHD-mediated ROS suppress Xanthomonas L148 colonization, 

which is consistent with a recent finding (Pfeilmeier et al, 2019).  

 

Figure 6. Immunocompromised mutants have attenuated immune response to the microbiota 

members. Heatmap representation of the PTI responses of the immune-compromised mutants: fls2 lacks 

the receptor recognizing flg22, efr lacks the receptor for elf18, and cerk1 lacks the co-receptor for chitinDP7; 

fec (fls2 efr, cerk1) and bbc (bak1 bkk1 cerk1) are triple mutants lacking the MAMP (co) receptor; rbohD 

lacks a functional NADPH oxidase for ROS. Experiments were repeated at least two times each with 8 

biological replicates for ROS assay, 2-3 biological replicates for callose deposition, and 3–4 biological 

replicates for colonization assays (See Supplementary Figures S2, S5, and S7 for the full ROS outburst, 

callose production, and colonization profiles, respectively; see Supplementary Table S2 for detailed 

descriptions of the strains included). Data used for ANOVA with post hoc Tukey’s test, P ≤ 0.05. Side color 

bars indicate phylogenetic affiliations of the microbiota-derived strains. Boxplot represent mean PTI 

responsiveness of the plant genotypes for each of the PTI traits with the boxes spanning the interquartile 

range (IQR, 25th to 75th percentiles), the mid-line indicates the median, and the whiskers cover the minimum 

and maximum values not extending beyond 1.5x of the IQR. 

  

 



 

 33 

 

5.2. CHAPTER 2: Plant reactive oxygen species licenses co-habitation with a 

potentially pathogenic leaf commensal 

We have revealed that among the microbiota-derived strains tested, the rampant 

colonization capacity and pathogenicity of the leaf commensal Xanthomonas L148 is 

linked with the PTI output ROS outburst as mediated by the NADPH oxidase gene 

RBOHD. In CHAPTER 2, we aimed to comprehensively and systematically dissect the 

ROS-dependency of the interaction with Xanthomonas L148 in light of determining the 

genetic and molecular mechanisms that govern this process. We also aspire to gain 

insight on how plant-derived ROS modulate the behavior of a potentially detrimental 

commensal and tame it and eventually confer beneficial services to the plant host. 

 

5.2.1.  Xanthomonas L148 is detrimental to rbohD mutant but not Col-0 wild-type 

plants 

Leaf colonization of rbohD mutants with live Xanthomonas L148 leads to mortality within 

5 dpi and this visual observation did not occur with the wildtype Col-0 plants (Figure 7a 

and c). In an orthogonal system, we infiltrated leaves with Xanthomonas L148 and 

observed disease-like symptoms only in rbohD inoculated leaves at 3 dpi (Figure 7b and 

d). It is important to note that Xanthomonas L148 activated ROS outburst in Col-0 leaves 

but not in rbohD, linking restriction of Xanthomonas L148 pathogenicity by ROS pathway 

(Figure 7e).  Furthermore, Xanthomonas L148 does not only persisted on the leaf surface 

but aggressively colonized the apoplast of the rbohD mutants as compared to Col-0 at 3 

dpi (Figure 7f). These evidences support the impression that Xanthomonas L148 is 

potentially pathogenic and its deleterious effect depends on the absence of RBOHD gene. 
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Figure 7. Xanthomonas L148 is detrimental to rbohD mutant but not to Col-0 wild-type plants. a, c. 

Representative images (a) and quantification of green tissue area (c) as the plant health parameter. 14-

day-old Col-0 and rbohD plants grown on agar plates were flood-inoculated with mock and live and heat-

killed (HK) Xanthomonas L148 (OD600=0.005). Samples were taken at 5 dpi (4 independent experiments 

each with at least 5 biological replicates). b, d. Representative images (b) and quantitation of percentage 

green tissue of leaves (d) hand-infiltrated with mock, Xanthomonas L148 and Pto (OD600=0.2). Samples 

were taken at 3 dpi (2 independent experiments each with 3-4 biological replicates). e, ROS burst profile of 

leaf discs of 5-to-6-week-old Col-0 and rbohD plants treated with live and heat-killed Xanthomonas L148 

(OD600=0.5) (at least 4 independent experiments each with 8 biological replicates). f, Infection dynamics of 

Xanthomonas L148 upon flood-inoculation of 14-day-old Col-0 and rbohD plants grown in agar plates 

(OD600=0.005). Leaf samples were harvested at 0 to 3 dpi for total and endophytic compartments (2 

independent experiments each with 3-4 biological replicates). Results in c and d are depicted as box plots 

with the boxes spanning the interquartile range (IQR, 25th to 75th percentiles), the mid-line indicates the 

median, and the whiskers cover the minimum and maximum values not extending beyond 1.5x of the IQR. 
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Results in f are shown as line graphs using Locally Estimated Scatter plot Smoothing (LOESS) with error 

bars and shadows indicating the standard errors of the mean. c,d,f, ANOVA with post hoc Tukey’s test. 

Different letters indicate statistically significant differences (P ≤ 0.05). This figure was adopted from Entila 

et al, (in preparation). 

 

5.2.2. Xanthomonas L148 is largely insensitive to radicals 

ROS, due to its highly reactive nature could directly oxidize bacterial components 

resulting to extensive cellular injuries which could possibly explain the observed 

phenomenon in Col-0 but not in rbohD plants. We then tested the sensitivity of 

Xanthomonas L148 to ROS compounds via H2O2 or O2
-1 instantaneous in vitro 

exposures. As opposed to our hypothesis, Xanthomonas L148 seemingly tolerates acute 

treatments with ROS compounds due to its retained viability (Figure 8a-b). More so, the 

same findings were obtained when a ROS generating compound, paraquat (PQ, Figure 

8c) was used. It can be argued that the adverse effects of ROS compounds can only be 

observed upon prolonged ROS treatment. Convincingly, results showed no significant 

effects on the growth rates of Xanthomonas L148 upon chronic contact with PQ in liquid 

medium (Figure 8d). This plainly suggests that the rampant proliferation of Xanthomonas 

L148 in rbohD plants is not due to the direct microbiocidal effects of ROS but possibly by 

other mechanisms.  
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Figure 8. Xanthomonas L148 is not sensitive to in vitro exposure to ROS compounds. a-c, Recovery 

of Xanthomonas L148 bacterial cells (initial inoculum OD600=0.02) upon acute exposure with ROS 

compounds H2O2 (a), O2
-1 (b), and PQ (c) in different concentrations (0-2000 µM). H2O2 treatments of 

different doses were done for 30 min. With 1 mol of xanthine is converted to 1 mol O2
-1 with 1 U xanthine 

oxidase at pH 7.5 at 25 °C in 1 min, O2
-1 treatment was done by commencing the reactions and sampling 

for bacterial cells for different time points: 0, 2, 4, 10, 20, 60, and 80 min to produce 0, 50, 100, 250, 500, 

1000, and 2000 μM  O2
-1 , respectively. d, Growth curves of Xanthomonas L148 in TSB upon chronic 

exposure of 0 or 10 µM PQ for 4000 min. a-d, Data were from at least 2 independent experiments each 

with 3-4 biological replicates. Different letters indicate statistically significant differences (ANOVA with post 

hoc Tukey’s test, P ≤ 0.05). This figure was adopted from Entila et al, (in preparation). 

  

5.2.3. Xanthomonas L148 pathogenic potential was dampened by the presence of 

other leaf microbiota members 

It is with intrigue and dissonance to note that a potentially pathogenic Xanthomonas L148 

was isolated from healthy-looking Arabidopsis plants grown in its natural habitat indicating 

that it is a genuine constituent of its natural leaf microbiota. It could be postulated that in 

a microbial community setting, Xanthomonas L148 is disarmed and so rbohD plants will 

become asymptomatic. To test this, we have constructed a synthetic bacterial community 

which consists of nine leaf-derived isolates that were found to be robust leaf colonizers, 

important keystone species, were prevalent, and covers the major phyla in the natural 
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microbiota (Carlström et al, 2019; Thorsten et al, 2019) with which we refer as LeafSC 

(Figure 9a, please see Supplementary Table S2 for the list of strains). We also assessed 

the dose-dependence of the disease onset by using different proportions of Xanthomonas 

L148 in relation to the composition of the entire LeafSC with L148P1 as a dose equivalent 

to that of each synthetic community member (L148/LeafSC, 1:9) while L148P9 is a dosage 

that is the same with the entire bacterial load of the synthetic community (L148/LeafSC, 

9:9). Results showed that flood inoculation of plants with the LeafSC does not result to 

any observable onset of disease symptoms nor conspicuously different with the mock 

treatment. As expected, rbohD plants inoculated with Xanthomonas L148 resulted to 

substantial mortality, on the other hand Col-0 plants still subsist though with lighter shoot 

tissues and this decline corresponds with the elevated Xanthomonas L148 population 

density in the initial inoculum (Figure 9b-c). To some extent, the killing effects of 

Xanthomonas L148 is reduced or maybe delayed in rbohD plants when other functional 

microbiota strains are present but this counter-effect is overcome when Xanthomonas 

L148 exists in higher populations (Figure 9b-c). These findings imply that the functional 

leaf microbiota contributes to the partial subdual of the disease symptoms caused by 

Xanthomonas L148 in rbohD plants potentially through niche occupancy, resource 

competition, or antibiosis. 

 

 

Figure 9. Xanthomonas L148 pathogenic potential was partially suppressed by the presence of 

other leaf commensal. a, Phylogenetic relationship of the strains comprising the leaf-derived synthetic 

community (LeafSC) which consists of strains that are robust and prevalent leaf colonizers, and 

taxonomically represents diverse members of the leaf microbiota. b, c, Representative image (b) and the 

measured shoot fresh weights (c) of Col-0 and rbohD plants flood-inoculated with mock, LeafSC, L148P1 + 

LeafSC (equal portions of Xanthomonas L148 with each strain: L148/LeafSC, 1:9, final OD600=0.01), L148P9 

+ LeafSC (portion of Xanthomonas L148 equals the bacterial load of the all strains: L148/LeafSC, 9:9, final 

OD600=0.01), and the equivalent doses of Xanthomonas L148 (L148P1 and L148P9, P9 is 9 times the dose 



 

 38 

of P1). The pies indicate the relative proportion of the Xanthomonas L148 = yellow and LeafSC = green. 

Data from 2 independent experiments each with 3-4 replicates were used. Different letters indicate 

statistically significant differences (ANOVA with post hoc Tukey’s test, P ≤ 0.05). The white horizontal bar 

= 1cm. This figure was adopted from Entila et al, (in preparation). 

 

5.2.4. Xanthomonas L148::Tn5 mutant screening unveils plausible genetic 

determinants of pathogenic potential 

It is clear that Xanthomonas L148 is a conditional pathogen and its virulence is unlocked 

in the absence of functional rbohD gene in plants. With this, we aimed to identify the 

bacterial genetic determinants of this trait through a genome-wide mutant screening. In 

order to carry out the forward genetic study, we developed and optimized a robust high-

throughput screening protocol (Supplementary Figure S9a-c) and generated and 

validated a Xanthomonas L148 Tn5 mutant library (Supplementary Figure S9d-f). This 

Tn5 mutant compendium was phenotyped for the loss-of-rbohD mortality using the 

developed high-scale system. From 6,862 transposon insertional mutants, 214 candidate 

strains consistently not decimated rbohD mutant plants (Figure 10a, See Supplementary 

Dataset S4 for the complete list of the candidate mutant strains). Most of the 214 strains 

did not exhibit significant defects in their in vitro growth parameters (growth rate, biofilm 

formation, and motility) in rich TSB medium or minimal XVM2 medium (Figure 10b). We 

found that out of the 214 strains, only 124 had transposon insertions on genes with 

functional annotations. Moving forward, these strains were re-tested in the typical square 

plate agar format and found that 18 bacterial mutants exhibited consistent loss-of-rbohD 

mortality. Out of the 18 strains, three showed very strong phenotypes namely gspE::Tn5, 

alaA::Tn5, and rpfF::Tn5 (Figure 10c and e). The candidate gene gspE encodes a core 

ATPase component of the type II secretion system (T2SS); alaA encodes an alanine-

synthesizing transaminase involved in amino acid metabolism; and rpfF encodes 

synthase for diffusible signaling factor (DSF) constituting the quorum sensing machinery 

in bacteria (Figure 10d). 
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Figure 10. Xanthomonas L148::Tn5 mutant screening unveils genetic determinants of its 

pathogenic potential. a, Schematic diagram of the optimized high-throughput genetic screening for the 

Xanthomonas L148::Tn5 mutant library. Bacterial strains were inoculated onto 2-week-old rbohD plants 

followed by phenotyping at 5 dpi. b, Genomic coordinates of genes disrupted in the 214 Xanthomonas 

L148::Tn5 candidate strains. Total of 6862 Xanthomonas L148::Tn5 strains were screened for no rbohD 

killing activity in a 96-well high-throughput format (2 independent experiments). 124 strains had functional 

annotations and were subsequently screened using the agar plate format, which resulted in 18 strains with 

robust phenotypes. Finally, 3 strains were selected as the best-performing candidate strains. c, In vitro 

phenotypes of the 214 candidate strains: growth rates, biofilm production, and motility in rich TSB medium; 

growth rates and biofilm production in a minimal XVM2 medium. Data from 2 independent experiments 

each with 2-3 biological replicates were used for ANOVA with post hoc Least Significant Difference (LSD) 

test. Red and blue bars indicate significantly higher or lower than the wild-type Xanthomonas L148 (P ≤ 

0.05), respectively. d, f. Representative images (d) and quantification of green tissue area (f) as plant health 

parameter of Col-0 and rbohD plants flood mono-inoculated with Xanthomonas L148::Tn5 strains 

(OD600=0.005). Samples were harvested at 5 dpi. Data from at least 4 independent experiments each with 

3-4 biological replicates were used for ANOVA with post hoc Tukey’s test. Different letters indicate 

statistically significant differences (P ≤ 0.05). e, Graphical representation of the functions of the candidate 

genes. Results in f are depicted as box plots with the boxes spanning the interquartile range (IQR, 25th to 

75th percentiles), the mid-line indicates the median, and the whiskers cover the minimum and maximum 
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values not extending beyond 1.5x of the IQR. Some of the illustrations created using BioRender. This figure 

was adopted from Entila et al, (in preparation). 

 

5.2.5. Secretion, amino acid metabolism, and quorum sensing underpin 

conditional pathogenicity of Xanthomonas L148 

 

We re-evaluated the candidate mutant strains using leaf-infiltration assays. Results 

showed that the disease progression required live Xanthomonas L148 as heat-killed 

bacteria did not elicit the same response, excluding the possibility of hypersensitive 

response (Figure 11a). Concurring with the previous systems (high-throughput and 

square plate set-ups), the mutant strains lost their capacity to cause disease symptoms 

in rbohD mutant plants (Figure 11a). It can be postulated that the absence of symptoms 

in rbohD plants is due to the aberration in the colonization capacities of these mutant 

strains. As shown before, wild-type Xanthomonas L148 exhibited increased colonization 

in both total and endophytic compartments of rbohD leaves. In contrast, gspE::Tn5 mutant 

exhibited colonization capacities comparable to Xanthomonas L148 wild-type in Col-0 

leaves however failed to establish on the same levels in rbohD plants (Figure 11b). On 

the other hand, alaA::Tn5 mutants had a compromised colonization capacity in Col-0 

plants while rpfF::Tn5 mutant strains colonized rbohD leaves similar to the wildtype 

Xanthomonas L148. Nonetheless, all of the mutant strains did not just persist but were 

able to actively colonize in the leaf endosphere (Figure 11b). These indicate that the 

gspE::Tn5 mutant retained its general colonization ability but specifically compromised its 

capability to efficiently colonize rbohD plants as compared to the wild-type Xanthomonas 

L148. Additionally, the mutant strains have retained the ability to induce ROS outburst on 

Col-0 leaves though in an attenuated manner using live cells. However, the mutant 

strains, except alaA::Tn5, have comparable ROS outburst induction in Col-0 leaves using 

heat-killed cells as trigger (Figure 11c). All of the strains did not elicit any detectable ROS 

outburst signal for rbohD leaves. Correlation analysis revealed a negative association 

between colonization and plant health indicating that the observed leaf symptoms can be 

explained by the aggressive colonization of the strains (Figure 11d). 
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Figure 11. T2SS, amino acid metabolism, and quorum sensing underpin conditional pathogenicity 

of Xanthomonas L148 in rbohD plants. a, Quantification of green tissue area of hand-infiltrated 5 to 6-

week-old Col-0 and rbohD leaves with Xanthomonas L148::Tn5 mutant strains using live and heat-killed 

cells as inoculum (OD600=0.2). Samples were collected at 3 dpi (2 independent experiments each with 3-4 

biological replicates). b, Infection dynamics in axenic Col-0 and rbohD plants flood-inoculated with 

Xanthomonas L148::Tn5 mutant strains (OD600=0.005). Samples harvested at 0 to 3 dpi for total and 

endophytic leaf compartments (2 independent experiments each with 3-4 biological replicates).  a,b, 

ANOVA with post hoc Tukey’s test. Different letters indicate statistically significant differences (P ≤ 0.05). 

Results in a and b are depicted as box plots with the boxes spanning the interquartile range (IQR, 25th to 

75th percentiles), the mid-line indicates the median, and the whiskers cover the minimum and maximum 

values not extending beyond 1.5x of the IQR. c,d, Pearson correlational analyses of plant health 

performance measured as green tissue area against bacterial colonization capacities in the total (c) and 

endophytic (d) compartments (R2, coefficient of determination). This figure was adopted from Entila et al, 

(in preparation). 
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All of the three mutant strains were not defective in growth, biofilm production, and motility 

in rich TSB medium (Figure 12a-c). Also, the mutant strains remained insensitive to PQ 

treatment, indicating retained tolerance to chronic ROS exposure (Figure 12a-b). In vitro 

growth phenotypes were also unchanged in minimal XVM2 medium apart from an 

increase in biofilm production for gspE::Tn5 and alaA::Tn5 mutant strains (Figure 12d). 

The Xanthomonas L148::Tn5 mutants were also assessed for auxotrophy in a minimal 

XVM2 medium for amino acids involved in alaA function: alanine, glutamic acid, and 

arginine. Though there were no significant changes in the growth rates among the 

L148::Tn5 mutants with the wild-type strain in general, alaA::Tn5 mutant seem to 

approach the death phase in a rapid fashion in the presence of glutamic acid indicating 

that alaA::Tn5 is sensitive to or is unable to utilize this amino acid (Supplementary Figure 

S10). 

Secretion of extracellular enzymes acting on plant cell walls is a canonical feature of plant 

pathogens to breach the host physical barriers (Salmond, 1994). Bacterial pathogens 

often utilize T2SS to deliver these enzymes to their plant host (Cianciotto et al, 2005). We 

conducted enzyme secretion plate assays to test the proficiency of these strains to 

degrade different substrates (carbohydrates, protein, and lipids). The wildtype 

Xanthomonas L148 was able to secrete extracellular enzymes that can degrade the 

proteinaceous substrates gelatin and milk; and the carbohydrates pectin and 

carboxymethyl-cellulose. Notably, the gspE::Tn5 mutant unsuccessfully degrade these 

substrates as compared to the wild-type and other mutant strains, indicative of ineffectual 

secretion activities (Figure 12e-f). This insinuates the possibility that the lack of disease 

progression in rbohD plants with the gspE::Tn5 mutant strain can also be explained by its 

inability to extracellularly secrete enzymes via T2SS to degrade the host plant cell walls. 
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Figure 12. The Xanthomonas L148 gspE::Tn5 mutant compromises extracellular secretion 

activities. a,b, Growth curves (a) and rates (b) of Xanthomonas L148::Tn5 candidate mutant strains in 

TSB upon chronic exposure to 0 or 10µM PQ for 4000 min (2 independent experiments each with 3 

biological replicates). c, Biofilm production and motility of Xanthomonas L148::Tn5 candidate mutant strains 

in TSB medium (2 independent experiments each with 2-3 biological replicates). d, Growth curves, growth 

rates, and biofilm production of Xanthomonas L148::Tn5 candidate mutants in XVM2 (2 independent 

experiments each with 2-3 biological replicates). e, Exemplary images of plate assays for secretion activities 

of bacterial strains (1 = wildtype Xanthomonas L148; 2 = gspE::Tn5; 3 = alaA::Tn5; 4 = rpfF::Tn5; 5 = 

Xanthomonas campestris pv. campestris [Xcc]; 6 = X. oryzae pv. oryzae [Xoo]; 7 = P. syringae pv. tomato 

DC3000 [Pto]; 8 = E. coli HB101 [Eco]; and 9 = mock) for the carbohydrates pectin and 

carboxymethylcellulose, and the proteins gelatin and milk. f, Enzymatic indices for bacterial strains grown 

on TSB supplemented with 0.1 % substrates (proteins: gelatin and milk; carbohydrates: pectin, 

carboxymethyl-cellulose, α-cellulose, xylan, and starch; lipids: Tween20) after 2 day-incubation at 28 °C (3 

biological replicates). The enzymatic indices were calculated by subtracting the size of the colony with the 

zone of clearance, indicative of substrate degradation by the strain after 2-3 d.  b,d, the growth rate, μ was 

calculated by running rolling regression with a window of 5 h along the growth curves to determine the 

maximum slope. b-d, f, Different letters indicate statistically significant differences (ANOVA with post hoc 
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Tukey’s test, P ≤ 0.05). Results in b, c and d are depicted as box plots with the boxes spanning the 

interquartile range (IQR, 25th to 75th percentiles), the mid-line indicates the median, and the whiskers cover 

the minimum and maximum values not extending beyond 1.5x of the IQR. This figure was adopted from 

Entila et al, (in preparation). 

 

With the in planta, ex planta, and in vitro evidences, emphasis and comprehensive 

characterization was placed over the gspE::Tn5 mutant. To unrefutably show genetic 

causality that gspE determines rbohD-dependent pathogenicity, we generated two 

independent gspE deletion mutant strains (ΔgspE_1 and ΔgspE_2) via homologous 

recombination. Both of the gspE deletion mutants as the gspE::Tn5 mutant, showed loss 

of secretion activities and failed to cause disease in rbohD plants (Figure 13a-b). Taken 

together, gspE, an integral component of T2SS, is conclusively required to deploy 

Xanthomonas L148 pathogenicity in rbohD mutant plants. 

 

 

Figure 13. The T2SS component gspE gene is a genetic determinant for the loss of the rbohd-

dependent pathogenicity of Xanthomonas L148. a, Images of axenic Col-0 and rbohD plants flood-

inoculated (OD600=0.005) with the wildtype Xanthomonas L148, gspE:;Tn5 mutant and 2 ΔgspE lines at 5 

dpi. Plate images of secretion activities of the bacterial strains grown on TSB with either milk or pectin as 

substrate after 2-3 days. b, Measured green tissue area as the plant health parameter for Col-0 and rbohD 

plants flood-inoculated with the bacterial strains at 5 dpi (2 independent experiments each with 3-5 

biological replicates). Different letters indicate statistically significant differences (ANOVA with post hoc 

Tukey’s test, P ≤ 0.05). Results in b are depicted as box plots with the boxes spanning the interquartile 

range (IQR, 25th to 75th percentiles), the mid-line indicates the median, and the whiskers cover the minimum 

and maximum values not extending beyond 1.5x of the IQR. This figure was adopted from Entila et al, (in 

preparation). 



 

 45 

5.2.6. Plant reactive oxygen species modulates cooperative behavior of 

Xanthomonas L148 

Since Xanthomonas L148 pathogenicity is provisionally exerted in the absence of ROS 

through RBOHD and that in vitro results dispute against the general cellular toxicity of 

ROS, it can be posited that RBOHD-mediated ROS production suppresses virulence of 

Xanthomonas L148 (Figure 7 and 8). To gain insight into this, we conducted in planta 

Xanthomonas L148 bacterial transcriptome profiling for Col-0 and rbohD plants (Nobori 

et al, 2018a). Plants were flood-inoculated with Xanthomonas L148 and shoots were 

sampled at 2 dpi wherein bacterial titers were still indistinguishable at this time point but 

later became significantly different between Col-0 and rbohD leaves at 3 dpi (Figure 7f). 

Thus, with the bacterial transcriptomes observed at this time window, one can exclude 

the expression differences attributable to the different bacterial population densities, 

known to affect bacterial transcriptome (Nobori et al, 2018b). 

Principal component (PC) analysis revealed that in planta Xanthomonas L148 

transcriptomes were distinct in Col-0 and rbohD plants (Figure 15b). Statistical analysis 

revealed 2946 differentially expressed genes (DEGs) upon comparing in planta bacterial 

transcriptomes in Col-0 with rbohD leaves (threshold: q-values ≤ 0.05), with which 546 

genes were up-regulated and 2400 genes were down-regulated in Col-0 compared with 

rbohD plants (Figure 14a, See Supplementary Dataset S5 for the details on DEGs). 

Strikingly, most T2SS apparatus genes were down-regulated in Col-0 as compared to 

rbohD, specially gspE (Figure 14c-e). The DEGs were significantly enriched for the 

candidate genes detected from the Xanthomonas L148::Tn5 mutant screening (29 up-

regulated and 73 down-regulated out of 214 genes in Col-0 as compared to rbohD 

inoculated plants, hypergeometric test, p-value = 1.00E-10***), which further strengthens 

the concurrence of the genetic evidence with the obtained bacterial transcriptomic profiles 

in planta (Figure 14a). The DEGs were also significantly over-represented for 

carbohydrate-active enzymes (CAZyme, 4 up-regulated, 49 down-regulated out of 135 in 

Col-0 as compared to rbohD colonized plants, hypergeometric test, p-value = 9.54E-8***, 

Figure 14a), which is consistent with the notion that CAZymes function in virulence. More 

so, 6 Xanthomonas L148::Tn5 mutants have insertion in genes annotated as CAZymes, 

5 of which are significantly down-regulated in Col-0 as compared with rbohD inoculated 

plants. The significantly down-regulated CAZymes in Col-0 plants can potentially degrade 

plant cell wall components cellulose, pectin, arabinan, α-glucan, β-glucan, and β-mannan 

(Figure 14c, Supplementary Figure S11). Pathway enrichment analysis revealed that 

upregulated gene clusters such as clusters 3, 9, and 14 are enriched for biological 

functions related to chemotaxis and attachment (K15125, K13924, and K05874), while 

gene clusters down-regulated in Col-0 such as clusters 8, 10, and 12 are enriched for 

pathways involved in transport and detoxification processes (K02014 and K00799, Figure 
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14f, See Supplementary Dataset S6 for the clustering membership and the enriched GO 

terms).  

With a closer look, the identified candidate genes gspE and alaA were substantially 

repressed while rpfF was marginally subdued in Col-0 juxtaposed to rbohD, which 

supports the hypothesis that these genes are required and thus tightly regulated by the 

immune-competent wild-type Col-0 plants to prevent disease progression (Figure 14g). 

These findings were re-confirmed in independent experiments using qRT-PCR where all 

the candidate genes were suppressed in Col-0 compared to rbohD plants (Figure 14h). It 

can be postulated that ROS directly regulate the expression of these genes. Therefore, 

Xanthomonas L148 bacterial cells were grown in vitro in the presence of PQ and 

conducted gene expression analysis. We found that the expression of the candidate 

genes gspE, alaA, and rpfF is suppressed in Xanthomonas L148 upon chronic exposure 

to ROS (Figure 14i). Taken together, these findings suggest that Xanthomonas L148 

colonization triggers RBOHD-mediated ROS production which directly inhibits the 

expression of genes related to virulence, in particular the components of T2SS in Col-0 

plants. Contrastingly, the absence of ROS production in rbohD mutant plants switches on 

the pathogenicity of Xanthomonas L148 leading to disease onset. 

 

To gain insight on the evolution of the pathogenicity of Xanthomonas L148, available 

genomes of other Xanthomonadales members, including the potentially pathogenic 

close-relative Xanthomonas L131 (Pfeilmeier et al, 2021) and the commensal 

Xanthomonas L70 in the AtSPHERE culture collection, together with some pathogenic 

Xanthomonas strains (except X. massiliensis, an isolate from human feces) were 

interrogated for the occurrence of secretion systems and their potential CAZyme 

catalogues. In general, all Xanthomonadales strains encode both T1SS and T2SS genes 

but the latter have increased copies for the pathogenic and potentially pathogenic strains 

(Supplemental Figure S12a). Moreso, the pathogenic and potentially pathogenic 

Xanthomonadales strains have expanded its CAZyme repertoire with proclivities for plant 

cell wall components: α-, β-glucans, β-mannans, arabinan, cellulose, and pectin 

(Supplemental Figure S12b-c). These indicate that though secretion systems are 

prevalent among the Xanthomonadales members, CAZyme repertoire expansion is key 

feature of pathogenic and potentially pathogenic strains. 
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Figure 14. Plant ROS suppress T2SS genes including gspE of Xanthomonas L148. a, Heatmap 

representation of in planta bacterial transcriptome landscape of the wildtype Xanthomonas L148 in Col-0 

and rbohD plants. Leaves of 2-week-old plants were flood-inoculated with L148 and samples were taken 

at 2 dpi. Gene clusters were based on k-means clustering of the normalized read counts. DEGs were 

defined based on |log2FC > 1| and q-value < 0.05.  Sidebars indicate the log2 fold changes of Col-0 

compared with rbohD, Xanthomonas L148::Tn5 candidate genes (the 214 candidates), and the genes 

annotated as CAZyme. b, Principal component (PC) analysis of the in planta Xanthomonas L148 

transcriptome for DEGs in Col-0 and rbohD plants. c, Volcano plot of the DEGs with which T2SS component 

genes were labelled and CAZymes highlighted. d, Genomic architecture of the T2SS genes. e, Graphical 

representation of T2SS assembly. f, KEGG pathway enrichment analysis of the gene clusters (indicated in 

numbers) in a. g, RNA-Seq normalized counts of gspE, alaA, and rpfF. h, Independent qRT-PCR 

experiments for in planta expression profiling of gspE, alaA, and rpfF. Experiments were performed as in 

RNA-seq with 2 independent experiments each with 3–4 biological replicates. i, qRT-PCR in vitro 

expression profiling of gspE, alaA, and rpfF in Xanthomonas L148 wildtype strain grown in TSB ± 10 μM 

PQ for 24 h (2 independent experiments each with 3–4 biological replicates). h,i, Gene expression was 
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normalized against the housekeeping gene gyrA. Different letters indicate statistically significant differences 

(ANOVA with post hoc Tukey’s test, P ≤ 0.05). Results in g–i are depicted as box plots with the boxes 

spanning the interquartile range (IQR, 25th to 75th percentiles), the mid-line indicates the median, and the 

whiskers cover the minimum and maximum values not extending beyond 1.5x of the IQR. Some illustrations 

were created with BioRender. This figure was adopted from Entila et al, (in preparation). 

 

5.2.7. Protective function of Xanthomonas L148 is genetically uncoupled to its 

pathogenic potential 

Core members of the phyllosphere microbiota are known to confer protective function 

against foliar pathogens (Vogel et al, 2021) and it is attractive to assess if a conditionally 

pathogenic microbiota member can offer beneficial services to its plant host. To address 

this question, Col-0 and rbohD plants were pre-colonized with the Xanthomonas L148 or 

gspE::Tn5 mutant strain for five days and then were challenged with the bacterial 

pathogen Pto. Bacterial titers of Xanthomonas L148 and Pto were determined for the 

endophytic and total leaf compartments at 0 and 3 dpi. As Xanthomonas L148 killed 

rbohD mutant plants, we were not able to measure Pto titers in this condition. Pre-

colonized Col-0 plants with either the wildtype Xanthomonas L148 or gspE::Tn5 mutant 

had increased resistance against Pto (Figure 15a). Interestingly, rbohD mutant plants pre-

colonized with gspE::Tn5 strains showed increased resistance against Pto, mimicking 

Xanthomonas L148 pre-colonized Col-0 plants (Figure 15a). More so, Col-0 and rbohD 

plants pre-colonized with gspE::Tn5 had marginally better plant performance as 

compared with the non-inoculated plants after Pto challenge (Figure 15c-d), suggesting 

that the strain promotes plant fitness in pathogen encounter. This also indicates that the 

protective role of Xanthomonas L148 is genetically uncoupled from the gspE-dependent 

pathogenic potential, even so that protection by this strain is not reliant on the RBOHD 

gene. Invasion by Pto did not result in a significant decline in Xanthomonas L148 and 

gspE::Tn5 populations (Figure 15b), denoting a strong colonization competence and 

resistance of the commensal Xanthomonas L148 against pathogen invasion. In summary, 

these results revealed that RBOHD-produced ROS turn the potentially harmful 

Xanthomonas L148 into a beneficial bacterium, thereby protecting the plant from the 

aggressive pathogen colonization. 
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Figure 15. RBOHD-mediated ROS turn Xanthomonas L148 into a beneficial bacterium. a, b, 14-day-

old Col-0 and rbohD plants grown on agar plates were flood-inoculated with wildtype Xanthomonas L148 

and gspE::Tn5 (OD600=0.005) for 5 days followed by spray infection with Pto. Bacterial titers were 

determined at 0 and 3 dpi (a, Pto; b, L148) (2 independent experiments each with 6 (a) or 3-5 (b) biological 

replicates). c, d, Representative images (c) and quantification of shoot fresh weight as a plant health 

parameter (d). 14-day-old Col-0 and rbohD plants grown on agar plates were flood-inoculated with wildtype 

Xanthomonas L148 and gspE::Tn5 (OD600=0.005) for 5 days followed by spray infection with Pto. Samples 

were taken at 5 dpi (2 independent experiments each with 3–5 biological replicates). Different letters 

indicate statistically significant differences (ANOVA with post hoc Tukey’s test, P ≤ 0.05). Results in a-b, d 

are depicted as box plots with the boxes spanning the interquartile range (IQR, 25th to 75th percentiles), the 

mid-line indicates the median, and the whiskers cover the minimum and maximum values not extending 

beyond 1.5x of the IQR. This figure was adopted from Entila et al, (in preparation). 
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6. DISCUSSION 

6.1. CHAPTER 1: Microbiota members elicits varying immunogenicity 

discordant with their phylogeny 

In this study we have profiled a handful of taxonomically diverse strains for their potential 

to trigger PTI responses, in particular ROS outburst, transcriptional reprogramming, and 

callose deposition, and also microbial growth. We have shown that the microbiota 

members can induce varying PTI outputs and can also colonize the leaf compartments 

though in varying extents. Based on the immune responses, in particular ROS burst 

profiles, most plant microbiota members can elicit ROS effluxes especially when MAMPs 

are heat released indicating their immunogenicity although intriguingly few strains did not 

induce any response (Figure 2; Supplementary Figures S2 and S3). These strains can 

be broadly categorized onto 4 classes of immune reactivity (summarized in Figure 16): 

immune-active strains can immediately elicit immune responses with intact cells (eg. 

Pseudomonas L15); immune-evasive1 strains only induce immune outputs when 

MAMPs are released but the presence of live cells can dampen the immune response 

indicative of active interception by the commensal potentially through release of factors 

that degrade self-derived MAMPs or halt immune-signaling (eg.  Burkholderia L177); 

immune-evasive2 strains can only evoke immune response with heat-killed cells 

indicating that these microbes escape recognition by precluding release of MAMPs (eg. 

Xanthomonas L70); and immune-quiescent strains which do not elicit observable 

immune responses even when the MAMPs are liberated (eg. Flavobacterium R935). We 

propose the term “quiescent” as opposed to “silent” since Gauthier et al (2021) had used 

“silent” in a context that connotes no intention for the microbe to adapt to the target host 

immunity, to describe immunogenicity of MAMPs from microbes isolated from extreme 

environments (eg. deep sea) against unnatural hosts (eg. mice or human) from which 

neither have overlapping ecologies, share the same habitats, nor the microbe virtually 

encounter these hosts. Quiescent indicates dormancy and contingently suggests the 

potential to become immunogenic as the microbiota member and the host hitherto co-

evolve.  

 

We have revealed that these immune responses are attuned in a strain-specific manner 

as indicated with the poor association of PTI outputs with microbial colonization in general 

and the detected “adaptive shifts” across the lineages (Figure 5a-c). These signify that 

physiological consequences and the fate of the host-microbiota interaction are far more 

complicated and further highlights that the perception of the nuanced compendium of 

stimuli, triggering the cascade of immune signals, and the eventual restriction of microbial 

colonization or reconfiguration of host physiology are distinct events that to a certain 

degree, differentially or autonomously fine-tuned and tailored for each strain. Previous 

findings have revealed a substantial correlation in the MAMP conservations with the gene 

clusters functionally associated with defense response, indicative of corollary 



 

 51 

dependence of transcriptional reprogramming to MAMP immune-potency (Nobori et al, 

2022). A number of studies had dissected host responses with a single MAMP peptide 

derived from the microbiota members (Parys et al, 2021; Colaianni et al, 2021; Clasen et 

al, 2023; Vatanen et al, 2016) which might dismiss the possibility that the combination of 

MAMPs has synergistic effects or some components of the microbe act as an adjuvant to 

amplify immune reactivity. Moreso, MAMP responsiveness does not necessarily ensue 

changes in plant host phenotype (such as susceptibility or resistance to diseases) nor the 

type of interaction (beneficial or detrimental) since MAMPs derived from pathogenic or 

mutualistic bacterium can induce the same PTI responses (Veluchamy et al, 2014; 

Stringlis et al, 2018). Also, different types of MAMPs or its variants can elicit quantitatively 

different intensities of immune responses and detection of these molecular patterns might 

not essentially result to the same immune outputs, indicative of different underlying gene 

networks, and each immune readouts are tailored to the MAMP epitope or to the 

catalogue of MAMPs a particular microbe possesses (Parys et al, 2021; Colaianni et al, 

2021; Clasen et al, 2023; Spindler et al; Hacquard et al, 2017). For instance, 

Xanthomonas L148 activates ROS burst mainly via FLS2 while EFR for callose 

production, on the other hand Acinetobacter L130 activates both ROS burst and callose 

deposition through EFR perception (Supplementary Figure S2 and S5). As we have also 

revealed, some strains, in particular Pseudomonas L127 still elicit immune responses 

despite the absence of critical co-receptors indicating that there are other yet-to-be-

characterized MAMP-PRR partners involved in the microbiota recognition 

(Supplementary Figure S2). 

 

We have also revealed potential host regulators of the PTI response through 

implementation of combined gene network analysis and machine learning approach to 

our plant transcriptomic data (Supplementary Figure S8, Supplementary Dataset S3). We 

have uncovered the potential link of WRKY transcription factors, MAP kinases, and cell-

death pathways in the modulation of PTI responses with the resident microbiota and have 

extended its fundamental role of immunity against pathogens. In agreement with our 

findings, WRKY30 has been identified to be induced by a wide range of phyllosphere 

microbiota members as part of the general non-self response and by the rhizosphere 

microbiota (Maier et al, 2021; Ma et al, 2021). Likewise, it has been recently shown that 

the microbiota or its metabolite modulate ROS and cell-death in mammals (Castillo-Ruiz 

et al, 2018; Tintelnot et al, 2023). Nevertheless, these candidate genes need to be further 

assessed and experimentally validated. 

 

Here, we observed that generally, most microbiota members of A. thaliana are perceived 

through the EFR receptor (Supplementary Figures S2 and S5), indicative that EF-Tu 

peptides serve as the main motif of recognition to elicit appropriate defense programs 

upon recognition of the resident microbiota. So much so, a number of strains have 
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increased colonization in efr mutants which emphasizes the fundamental link of microbial 

perception with bacterial colonization (Supplementary Figure S7). This observation also 

coincides with the GWAS finding that efr (and also rbohD) is a plausible genetic 

determinant for response to varying MAMP epitopes in A. thaliana natural populations 

(Vetter et al 2016). Although EFR is a Brassicaceae lineage specific innovation (Zipfel et 

al, 2006), other fragments of the EF-Tu peptide seem to be recognized by yet-unknown 

receptors and were immunogenic to some rice cultivars (Furukawa et al, 2014). Also, the 

interfamily transfer of the EFR to Solanaceous species is sufficient to confer broad 

spectrum resistance to pathogens indicating that the downstream genetic components of 

EFR is evolutionarily conserved (Lacombe et al, 2010). These findings suggest that EF-

Tu peptides might be a prevalent microbial motif for host detection across the plant 

kingdom. 

 

 
Figure 16. Immunological model of microbiota members. Microbiota members can be classified into 4 

classes of immunogenicity: immune-active strains can induce PTI with live intact cells; immune-evasive1 

strains only induces PTI with heat-killed cells and the live cells actively reduce the immune response 

suggestive of mechanisms involving sequestration or degradation of self-derived MAMPs and/or release of 

factors dampening immune responses; immune-active2 only induces PTI with heat-killed cells indicative of 

evasion via preclusion of MAMP release; and immune-quiescent strains do not induce observable PTI 

responses. 
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6.2. CHAPTER 2: Plant reactive oxygen species licenses co-habitation with a 

potentially pathogenic leaf commensal 

We have identified from our screening Xanthomonas L148 as a potentially pathogenic 

member of the phyllosphere microbiota, and its deleterious effect depends on the plant 

host RBOHD function (Figures 7a-d) wherein the plant ROS licenses co-habitation with 

the conditional pathogenic microbiota member. Our results strongly entail that the plant 

host “domesticates” and instructs its microbial members by means of ROS as a molecular 

message and harness it for its own benefits. The stringent control of the host over the 

potentially pathogenic members of their microbiota has been currently exemplified in 

animal systems. For example, the host secreted intestinal immunoglobulin T (sIgT) 

maintains microbiota homeostasis. The depletion of sIgT results in expansion of 

potentially pathogenic microbiota members, tissue inflammation, and susceptibility to 

pathogens (Xu et al, 2020). Likewise, the intestinal immunoglobulin IgA arm of adaptive 

immunity favorably targets and suppresses the pathogenic filamentous morphotypes of 

Candida albicans, thus encouraging mutualism and improving its competitive fitness in 

the gut (Ost et al, 2021).  

It has been demonstrated that pathogens and beneficial microbes manipulate the PTI 

responses of the host to allow successful colonization. However, we have limited 

information on how the triggered PTI readouts affect pathogenic microbes as well as the 

members of the plant microbiota. In this study, we have provided a molecular mechanism 

by which the immune output RBOHD-mediated ROS acts as a signaling cue to selectively 

control the potentially harmful Xanthomonas leaf commensal, thereby helping 

accommodate a potential foe and turn it into a friend. Our in vitro experiments support the 

notion that ROS as produced by RBOHD modulates the behavior of the Xanthomonas 

L148, however it can’t be excluded that other functions of plant RBOHD apart from its 

role in defense (Torres et al, 2002), for instance cell wall fortification (Denness et al, 2011; 

Fujita et al, 2020), host signaling (Miller et al, 2009), and stomatal responses (Kwak et al, 

2003; Sierla et al, 2016) might contribute to the restriction of the pathogenicity of the 

microbial partner. In mice, depreciation in the mitochondria-derived ROS due to 

senescence or pharmacological intervention, is associated with the increased gut 

microbiota diversity (Yardeni et al, 2019). Also, ROS produced via NOX1 pathway in the 

colon is consumed by Citrobacter rodentium to drive anaerobic growth and in turn 

remodels the epithelial milieu (Miller et al, 2020). In plants, ROS induces auxin secretion 

of a beneficial bacterium Bacillus velezensis FZB42 to sequester the damaging effects of 

ROS in the bacteria and allows efficient root occupation (Tzipilevich et al, 2021). Similarly, 

FER up-regulates ROP2-mediated ROS production in roots which preferentially 

constrains Pseudomonas establishment in the rhizosphere (Song et al, 2021). It has also 

been genetically shown that the plant NADPH oxidase RBOHD for ROS production is 

integral in maintaining microbiota homeostasis by keeping opportunistic bacterial 
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members at bay (Pfeilmeier et al, 2021). Though it appears to be a universal pattern 

across multicellular organisms that ROS as the component of immunity or an intrinsic 

developmental feature, modulates the structure, composition, and function of microbiota, 

little is known regarding the actual machineries that underly these processes.  

We have revealed that apart from the strong effect of the plant host, other members of 

the phyllosphere microbiota can partially contribute onto the alleviation of the deleterious 

effects of Xanthomonas L148. It has been shown that close-kin innocuous strains within 

the plant microbiota out-competes or antagonizes it potentially pathogenic counterparts 

preventing disease progression but allowing persistence and co-existence among the 

strains in nature (Karasov et al 2018; Shalev et al, 2022). The microbe-microbe 

interactions somehow explain the rarity of plant microbiota dysbiosis in the wild. However, 

this phenomenon is accession and strain specific as these commensal-mediated 

protection is lost in some plant genotypes and a particular harmful Pseudomonas strain 

predominates the microbial community (Shalev et al, 2022). The existence of potentially 

pathogenic members within the natural A. thaliana microbiota has been recently 

documented and the list is continually growing, such examples are Xanthomonas L131, 

Pseudomonas R401, Streptomycetaceae R107 and R187, P. viridiflava OTU5 strains 

(P1-P7), Serratia L50, Williamsia L354, Rhodococcus L278, Arthrobacter L145, Bacillus 

L49, and Bacillus L75 (Pfeilmeier et al, 2021; Ma et al, 2021; Shalev et al, 2022, Vogel et 

al, 2021). 

 

We have demonstrated in this study that the pathogenic potential of Xanthomonas L148 

depends on the T2SS component gspE gene. The loss of killing effect to rbohD mutant 

plants of the gspE::Tn5 mutants strains can be explained by its compromised secretion 

activities and hampered colonization of rbohD leaf tissues (Figure 10c, e, and Figure 12e-

f). T2SS is often utilized by plant pathogens to deliver CAZymes which degrade plant cell 

walls allowing intrusion of barriers so as to efficiently colonize the host and promote 

disease (Cianciotto et al, 2005). In addition, T2SS allows a human pathogen Shiga-

toxigenic E. coli and the root commensal Dyella japonica MF79 to efficiently colonize roots 

and is also required for the virulence of leaf pathogen Dickeya dadantii (Teixiera et al, 

2021; Holmes et al, 2020; Expert et al, 2018). These findings suggest a paramount role 

of T2SS in the establishment of microbial residence in the host tissues, making it 

conceivable that it is targeted by the host to manipulate microbial behavior. The secreted 

CAZymes could also trigger immune responses such as ROS burst via direct recognition 

of the CAZyme as a MAMP or the release of recognized plant-derived DAMPs due to its 

enzymatic action (Expert et al, 2018; Ma et al, 2015; Wang et al, 2018; Gui et al, 2017). 

Indeed, we have shown that live T2SS-deficient gspE::Tn5 L148 mutant triggers less 

ROS as compared with wild-type L148 while heat-killed wild-type L148 and gspE::Tn5 

mutant triggered undistinguishable ROS burst, implying that T2SS-mediated CAZymes 

secretion might further enhance ROS response (Figure 11c). Plant ROS might act as a 
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counter-defense to curb L148 invasion via CAZymes by suppressing the T2SS 

expression (Figure 11c, Supplementary Figure 8a-b). Considering that the wild-type 

Xanthomonas L148 and the gspE::Tn5 mutant had similar leaf colonization patterns in 

wild-type Col-0 plants (Figure 4b), this retaliation likely functions to dampen T2SS activity 

and makes Xanthomonas L148 a commensal bacterium in wild-type Col-0 plants. We 

propose a model that the interaction of Xanthomonas L148 and the Col-0 plants lies in a 

delicate balance driven by the host ROS levels resulting in a negative feedback loop to 

control the potentially pathogenic commensal (Figure 17).  

 

 

Figure 17. Mechanistic model for plant ROS licensing of co-habitation with a potentially pathogenic 

Xanthomonas L148 commensal. The Xanthomonas L148 releases MAMPs that are perceived by plants 

and trigger ROS production. The T2SS delivers CAZymes to the host to degrade cell wall liberating DAMPs 

and/or the CAZymes act as a MAMP, which both can potentially bolster ROS generation. The ROS then 

acts as a molecular beacon for Xanthomonas L148 to suppress its pathogenicity, in particular by dampening 

the activity of T2SS resulting in a negative feedback regulation of the bacterial activity by the plant host. 

We propose that in wild-type Col-0 plants, the ROS- and the microbiota-mediated suppression of 

Xanthomonas L148 promotes the cooperative behavior of L148 with the host plant and in turn confers 

protective function against subsequent invasion by foliar pathogens. In the case of rbohD mutant plants 

wherein plant ROS is absent, Xanthomonas L148 virulence is unlocked, resulting in disease. Some 

illustrations were created with BioRender. This figure was adopted from Entila et al, (in preparation). 
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We have also shown evidences that a significant portion of the Xanthomonas L148 

CAZyme repertoire is also down-regulated by plant ROS indicating that the host also 

targets the expression of these microbial effectors to disable its virulence (Figure 14a, c, 

and Supplementary Figures S11a-b). The ROS-responsive CAZyme families can 

possibly utilize canonical components of the plant cell wall, in particular cellulose, pectin, 

arabinan, glucans, and mannans (Zablackis et al, 1995; Cosgrove et al, 2005). Five of 

the significantly down-regulated CAZymes were also identified in the forward genetic 

screening: 3 copies of malZ (maltodextrin glucosidase), CBH2 (cellobiohydrolase), and a 

hypothetical protein (Supplementary Figure S11b). Nonetheless, it remains to be 

investigated if the amplification of the plant ROS response is due to the perception of 

these CAZymes as MAMPs increasing PTI, its function to degrade host barriers releasing 

DAMPs activating DTI, or both. Interestingly, the CAZyme endoglucanase which 

potentially degrades glycan components of plant cell wall is up-regulated in Col-0 which 

might indicate its importance in general colonization and epiphytic persistence. Also, 

CAZymes have been also important for microbial fitness outside the host during 

saprophytic phase (Gamez-Arjona et al, 2022).  

 

We observed that despite the prevalence of the T2SS in Xanthomonadales regardless of 

lifestyle (Supplementary Figure S12a), the CAZyme repertoire of pathogenic and 

potentially pathogenic strains have greatly diversified and increased enabling these 

strains to degrade host cell walls to promote infection. The types of CAZymes does not 

seem to distinguish potential pathogens from full-pledged pathogens (Supplemental 

Figure S12b-c), however the regulation of CAZyme expression might demarcate the two 

groups. The fundamental role of CAZymes in the virulence of Xanthomonas has been 

extensively documented (Giuseppe et al, 2023). Comparative analysis of 49 fungal 

genomes revealed wide variety of CAZymes but fungal pathogens tend to encode copious 

CAZyme genes (Zhao et al, 2013). More so, a distinct set of CAZymes were upregulated 

in fungal members of the A. thaliana rhizosphere microbiota upon engagement with the 

plant roots, and the CAZyme gene family PL1_7 pectate lyase are essential for 

aggressive root colonization of detrimental fungi (Mesny et al, 2021). Moreso, though 

CAZymes are enriched for both symbiotic and pathogenic fungi, there is an increased 

representation of CBM18, chitin-binding CAZyme modules in the genomes of mutualistic 

fungi Colletotrichum toefildae, Piriformospora indica, and Harpophora oryzae which might 

be essential to sequester fungal chitin and evade plant host immunity (Hacquard et al, 

2017). 

 

Emerging evidence suggests that plant immunity modulates microbial processes required 

for virulence in addition to its effects on general microbial metabolism including protein 

translation (Nobori et al, 2018; 2020). For instance, the secreted aspartic protease SAP1 

inhibits Pto growth by cleaving the Pto protein MucD in A. thaliana leaves (Wang et al, 
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2019). Plants target the iron acquisition system of Pto to inhibit Pto growth during effector-

triggered immunity (Nobori et al, 2020). The defense phytohormone salicylic acid and the 

specialized metabolite sulforaphane inhibit the type III secretion system (T3SS) in the 

pathogenic Pto (Nobori et al, 2018; Wang et al, 2020). Our finding that RBOHD-mediated 

ROS targets Xanthomonas T2SS adds an additional mechanism and proposes an 

extended concept that plant immunity supervises members of the plant microbiota from 

pathogens to potentially detrimental commensals. 

 

The impression that a potentially pathogenic strain is maintained in the plant microbiota 

is paradoxical, nonetheless they serve some ecological function. We have shown 

evidences that Xanthomonas L148 confers protection against a foliar pathogen Pto, which 

suggest that the host interaction with this potentially pathogenic commensal is retained 

due to its offered benefits and its behavior is then tightly modulated by the plant-derived 

ROS keeping it on leash (Figure 15). Moreover, the plant protective function against the 

pathogen is genetically uncoupled with gspE-dependent pathogenic potential since the 

gspE::Tn5 mutant can still confer significant resistance against Pto in both Col-0 and 

rbohD mutant plants (Figure 15a, c-d). The mechanisms by which the ROS-tamed 

Xanthomonas L148 confers pathogen protection, via direct antagonism or through host 

immune-training warrants further investigation. Taken together, our findings have 

advanced our understanding of plant-microbiota dialogues in the context of plant 

immunity and have provided a mechanistic framework for plant ROS-mediated strict 

control of potentially pathogenic members of the microbiota, converting it to a commensal 

with beneficial service to the plant host. 

 

 

7. MATERIALS AND METHODS 

Plant materials and growth conditions 

The A. thaliana Col-0 accession was the wild-type and the genetic background of all the 

mutants utilized in this study. The mutants fls2 (SAIL_691C4, Zipfel et al, 2004), efr 

(SALK_068675, Zipfel et al, 2006), cerk1 (GABI_096F09, Miya et al, 2007), fec (Xin ete 

al, 2016), bbc (Xin et al, 2016), and rbohD (atrbohD D3, Torres et al, 2002) were 

previously described. For agar plate assays, seeds were sterilized with Cl2 gas for 2 h 

(Lindsey et al, 2017). Seeds were then stratified for 2-3 days at 4 °C on 0.5x Murashige 

and Skoogs (MS) medium agar with 1% sucrose, germinated for 5 days, and 

subsequently transplanted to 0.5x MS plates without sucrose. Plants were grown in a 

chamber at 23 °C / 23 °C (day/night) with 10 h of light. Then, 14-day-old seedlings were 

inoculated with bacterial strains and were harvested or phenotyped at the indicated time 

points. For ROS burst and infiltration patho-assays, plants were grown in greenhouse soil 



 

 58 

for 5-6 weeks in a chamber at 23 °C / 23 °C (day/night) with 10 h of light and 60% relative 

humidity (See Supplementary Table S1 for details of the plant genotypes used). 

 

Bacterial strains and growth conditions 

All the bacterial strains derived from the AtSPHERE were previously described20. 

Pseudomonas syringae pv. tomato DC3000 (Pto), D36E (Wei et al, 2018), ΔhrcC (Morello 

et al, 2009), and Pto lux (Matsumoto et al, 2022) were described previously. All bacterial 

strains were grown in 0.5x Tryptic Soy Broth (TSB) for 24 h, harvested through 

centrifugation, washed twice with sterile water, and diluted to the appropriate OD600 (See 

Supplementary Table S2 for the list of bacterial strains used). 

 

ROS burst measurement 

ROS burst was determined as in Smith and Heese (2014) with slight modifications. 

Concisely, bacterial strains were grown in TSB at 28 °C for 16-18 h with shaking at 200 

rpm. Cells were harvested, washed twice with sterile water, and diluted to OD600=0.50 in 

sterile water. Heat-killing of the bacterial cells was done by incubating the suspension at 

99 °C for 1 h. The day before the assay, leaf discs (4 mm) from leaves of the same 

physiological state and size from 5-to-6-week-old plants grown in a chamber at 23 °C / 

23 °C (day/night) with 10 h of light were harvested, washed twice with sterile water every 

30 min, immersed on sterile water in 96-well plates, and incubated in the same growth 

chamber for 20 h. Prior to the assay, the elicitation solution was prepared by adding 5 µL 

500x horseradish peroxidase (HRP, P6782-10MG, Sigma-Aldrich) and 5 µL 500x luminol 

(A8511-5G, Sigma-Aldrich) in 2.5 mL of bacterial suspension, 1 µM MAMP solutions 

(flg22 [ZBiolab inc.], elf18 [Eurofins], chitinDP7 [N-acetylchitoheptaose, GN7, Elicityl]),  or 

sterile nanopure water as mock. During the assay, the water was carefully removed from 

the 96 well-plate and 100 µL of the elicitation solution was added into the 96-well plate. 

With minimal delay, the luminescence readings were obtained for 60 min using a 

luminometer (TrisStar2 Multimode Reader, Berthold). 

 

Callose deposition assay 

Callose deposition, a late PTI readout, was determined in planta following Jin and Mackey 

(2017) with slight modifications. Briefly, bacterial strains were grown in TSB for 16-18 h 

at 22 °C, 200 rpm shaking, and cells were harvested and washed twice with sterile water 

and finally diluted to OD600=0.20 in sterile water. Leaves of the same physiological state 

and size from 5-to-6-week-old plants were hand-infiltrated with needleless syringe on the 
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abaxial side with the resulting bacterial suspensions (20 strains, in mono-association) or 

controls (mock, 1 µM flg22, 1 µM elf18, 1mg mL-1 chitin; and Pto strains DC3000, D36E, 

and ΔhrcC at OD600=0.20). Leaf discs (6mm diameter) were cored out from the inoculated 

leaves after 18-20 h and were decolorized and fixed in 1:4 (v/v) glacial acetic acid (A6283, 

Sigma-Aldrich): ethanol (20821.321, VWR) for 24 h. The cleared leaf discs were washed 

with water twice then 1mM MES buffer (M1503.1000, Duchefa Biochemie) pH 9.5 for 30 

min, stained with 0.01% aniline blue (415049-50G, Sigma-Aldrich) in 1 mM MES buffer 

pH 9.5 for at least 2 h with initial vacuum infiltration of 5min. The stained leaf discs were 

mounted in 50% glycerol (7530.1, Roth), and were stored at 4°C temporarily. Micrographs 

were taken using epifluorescence microscope (Zeiss, AxioImager A2) with UV light and 

DAPI filter at 10x objective, with 3 frames for each disc. The images were processed and 

analyzed using ImageJ software and callose deposition was expressed as counts mm-2 

or percent area. 

 

Commensal bacterial colonization assay 

To prepare the bacterial inoculum, all bacterial strains were grown in 0.5x TSB for 24 h, 

harvested through centrifugation, washed twice with sterile water, and suspended in 

sterile water (final OD600=0.005). Two-week-old seedlings grown on 0.5x MS medium 

agar in a chamber at 23 °C / 23 °C (day/night) with 10 h of light were flood-inoculated with 

these bacterial suspensions and incubated in the same growth chamber. Leaf samples 

were aseptically harvested at 3 to 5 dpi, weighed, and plated for two compartments: for 

the total compartment, leaves were directly homogenized in 10 mM MgCl2 with a 

homogenizer (TissueLyser III, Qiagen), serially diluted with 10 mM MgCl2, and plated on 

0.5x TSB agar; for the endophytic compartment, leaves were surface-sterilized with 70% 

ethanol for 1 min, washed twice with sterile water, homogenized, serially diluted, and then 

plated as for the total compartment. Colonies were allowed to grow at 28 °C, and 

photographs were taken for 1 to 3 days. Colonization was expressed as cfu mg-1 sample.  

 

Gene network analysis and machine learning 

Network analysis was performed using WGCNA package (weighted gene co-expression 

network analysis, Langfelder and Horvath, 2008) in R environment. A WGCNA network 

for the DEGs was constructed with manual module. The optimal soft threshold of 5 was 

implemented as fitting index to assess scale-free network constructed upon gene-gene 

correlation from RNA-Seq samples. Genes were clustered based on topological overlap 

of their connectivity through average linkage hierarchical clustering followed by dynamic 

tree cutting to define network modules. Gene Significance (GS) for each gene network 

was defined as the Pearson correlation with trait while Module Significance (MS) is the 
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mean of absolute GS values of the genes in the module. Module Membership (MM) was 

computed as the Pearson correlation between each gene’s expression and its module 

eigengene. The network depictions were visualized using igraph package (Csardi et al, 

2006). Pathway enrichment analysis was done using the PANTHER database with 

hypergeometric test (Mi et al, 2013). The support vector machine classifier with recursive 

feature elimination (SVM-RFE) was implemented using the caret package (Kuhn, 2008). 

The machine learning pipeline was applied on training the expression profiles of genes 

for each of the modules to identify genes predictive of the PTI outputs. 

 

Leaf infiltration patho-assay 

Briefly, bacterial strains were grown in TSB for 16-18 h at 22 °C, 200 rpm shaking, and 

cells were harvested and washed twice with sterile water and finally diluted to OD600=0.20 

in sterile water. Heat-killing of the bacterial cells was done by incubating the suspension 

at 99 °C for 1 h. Leaves of the same physiological state and size from 5-to-6-week-old 

plants were hand-infiltrated with needleless syringe on the abaxial side with the resulting 

bacterial suspensions of Xanthomonas L148(::Tn5) or Pto strain DC3000, at OD600=0.20. 

Plants were incubated for 3 to 5 days in the same climate chambers till symptoms were 

observed. Photographs of the infiltrated leaves were taken and green tissue area was 

obtained using ImageJ software. 

 

Generation of bacterial mutants 

Xanthomonas L148::Tn5 library was constructed via conjugation of Xanthomonas L148 

with E. coli SM10λpir harboring puTn5TmKm2 (Merrel et al, 2002) in which both strains 

were mixed in equal portions (OD600=0.10), spot plated on TSB medium, and incubated 

for 2 d at 28 °C. The resulting mating plaques were diluted and plated on TSB with 

kanamycin and nitrofurantoin for selection for L148 transformants and counter-selection 

against E. coli, respectively. To constitute the entire library, around 7000 individual 

colonies were picked, re-grown in 0.5x TSB, aliquoted for glycerol stocks, and stored at -

80 °C. Around 20 strains from this Xanthomonas L148::Tn5 library were randomly 

selected for confirmation of Tn5 insertion in the genome via nested PCR (first PCR with 

primers FDE117 and FDE118; second PCR with primers FDE119 and mTn5AC)  and the 

final amplicons were Sanger-sequenced (see Supplementary Table S3 for details). For 

the generation of targeted deletion mutants for gspE, the pK18mobsacB suicide plasmid  

(GenBank accession: FJ437239, Kvitko et al, 2011) was PCR linearized (primers FDE234 

and FDE235) with Phusion Taq polymerase (F-5305, ThermoScientific); 750 bp of 

upstream (primers FDE278 and FDE279) and downstream (primers FDE280 and 

FDE281) flanking regions of gspE coding sequence with terminal sequences overlapping 
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with the linearized pK18mobsacB were amplified using Phusion Taq polymerase (F-5305, 

ThermoScientific) and were sequence verified. The plasmid construct was assembled 

using Gibson cloning (E5510S, New England Biolabs; Gibson et al, 2009) following the 

manufacturer’s instructions. The plasmid construct was transformed into E. coli cells 

(DH5⍺ strain) and then delivered to Xanthomonas L148 via triparental mating with the 

helper strain pRK600 (Kessler et al, 1992). Transformants were selected using 

kanamycin and nitrofurantoin and the second homologous recombination was induced 

with sucrose in 0.5x TSB. The deletion mutants were individually picked and stored at -

80°C in glycerol stocks and were verified by PCRs (using primers FDE196 and FDE197 

for the presence of the plasmid with the inserts; primers FDE125 and FDE126 for the 

presence of gspE gene in the genome; and primers FDE279 and FDE280 for the removal 

of gspE gene in the genome) and Sanger-sequencing, and were plated on 0.5x TSB  

containing 10 μg/mL kanamycin. True deletion mutants should not contain the plasmid, 

lose the gspE gene, and be sensitive to kanamycin (See Supplementary Table S3 for list 

of primers and PCR profile used). 

 

L148::Tn5 library 96-well screening 

Seedlings of rbohD were grown in 96-well plates with 0.5x MS agar with 1% sucrose for 

14 days. Concomitantly, the Tn5 insertion mutants (~7000 individually picked colonies) 

were grown in 96-well plates with TSB at 28 °C for 3 days with 200 rpm agitation till 

saturation. The resulting bacterial suspension was diluted 6 times (resulting in a 

concentration of approximately 6x109 bacterial cells per mL) and 20 µL aliquots were 

inoculated onto the seedlings. Plants were phenotyped for survival after 5 days. The 

resulting 214 Xanthomonas L148::Tn5 candidate strains which showed the loss of the 

rbohD killing activity from the two independent 96-well plate screenings were genotyped 

to identify Tn5 insertion locus in the genome via nested PCR (first PCR with primers 

FDE117 and FDE118; second PCR with primers FDE119 and mTn5AC) and the final 

amplicons were Sanger-sequenced (see Supplementary Table S3 for list of primers and 

PCR profile used and Supplementary Figure S9). The 124 Xanthomonas L148::Tn5 

candidate mutants which have insertions on genes with functional annotations (please 

see Supplementary Dataset S4 for the list) were further screened using plants grown in 

agar plates to re-evaluate the phenotypes as described in commensal bacterial 

colonization assay.  

 

In vitro assays 

For instantaneous ROS treatment, Xanthomonas L148 was grown for 24 h, pelleted, and 

diluted to OD600 = 0.02. A 500 µL of the bacterial suspension was mixed with H2O2  
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(H10009-500ML, Sigma-Aldrich) at final concentrations of 0-2000 µM, incubated for 30 

min, and plated for colony counts. Similarly, 500 μL of the bacterial suspension was mixed 

with 1 mM xanthine (X7375-10G, Sigma-Aldrich) and 10 U/mL xanthine oxidase from 

bovine milk (X4875-10UN ,Sigma-Aldrich) to generate O2
-1, and samples were plated at 

different time points (1 mol of xanthine is converted to 1 mol O2
-1 with 1 U xanthine oxidase 

at pH 7.5 at 25 °C in a min, thus 0, 2, 4, 10, 20, 40, 60, and 80 min incubations should 

have produced O2
-1 equivalent to 0, 50, 100, 250, 500, 1000, 2000 µM respectively) for 

colony counts. Chronic exposure to ROS was implemented by growing the strains in TSB 

± 10 µM paraquat (856177-1G, Sigma-Aldrich), a ROS-generating compound, for 3 days 

while obtaining OD600 readings using spectrophotometer (Tecan Infinite Microplate reader 

M200 Pro) to calculate growth curves and rates. The candidate Xanthomonas L148::Tn5 

mutants were phenotyped in vitro via growing bacterial culture with an initial inoculum of 

10 µL OD600=0.1 in 96-well plates supplicated with 140 µL TSB or XVM2 (a minimal 

medium designed for Xanthomonas strains; Wengelnik et al, 1996) for 3 days while 

obtaining absorbance readings at OD600 using a spectrophotometer (Tecan Infinite 

Microplate reader M200 Pro) to calculate growth curves and rates. The resulting cultures 

were gently and briefly washed with water and cells adhering on the plates were stained 

with 0.1% crystal violet (27335.01, Serva) for 15 min. The staining was solubilized with 

125 μL 30% acetic acid (A6283, Sigma-Aldrich) to quantify biofilm formation at OD550 

using a spectrophotometer (Tecan Infinite Microplate reader M200 Pro). Motility was 

assayed by point inoculating bacterial cultures (OD600=0.1) on 0.5x TSB with 0.8% agar 

and colony sizes were measured after 2 to 3 days. Secretion activities were profiled via 

point inoculating (1 µL culture, OD600=0.1) bacterial strains on 0.5x TSB agar with 0.1% 

substrate-of-interest (carbohydrates: pectin, carboxymethyl-cellulose, ⍺-cellulose, xylan, 

starch; protein: milk and gelatin; lipid: Tween 20), incubated at 28 °C for 2 days. For 

gelatin, halo of degradation was visualized by incubating the plates in saturated 

ammonium persulfate for 15 min. For carbohydrates, clearance zones were visualized by 

staining the plates with 0.1% congo red (C-6767, Sigma-Aldrich) for 15 min followed by 

washing with 6 ppm NaCl solution (0601.1, Roth). All plates were photographed before 

and after the staining procedures. The enzymatic indices were calculated by dividing the 

zones of clearing by the colony size. Amino acid auxotrophy test was conducted by 

following the growth of Xanthomonas L148::Tn5 mutants in minimal XVM2 supplied with 

single or combinations of the amino acids alanine (A7267, Sigma-Aldrich), arginine 

(A5006, Sigma-Aldrich), and glutamic acid (G8415, Sigma-Aldrich) with a final 

concentration of 3 mM while obtaining absorbance readings at OD600 using a 

spectrophotometer (Tecan Infinite Microplate reader M200 Pro) for 3 days. 
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In planta bacterial RNA-Seq 

The in planta Xanthomonas L148 RNA-Seq was done in accordance to Nobori et al 

(2018). Briefly, two-week-old plants grown in agar plates were flood-inoculated with 

Xanthomonas L148 (OD600=0.005 in 10 mM MgCl2) and approximately shoots of 150 

plants were harvested and pooled per sample at 2 dpi when bacterial populations were 

similar between Col-0 and rbohD plants. Samples were harvested, snap-frozen in liquid 

N2, and stored at -80 °C until RNA extraction. The whole experiment was repeated three 

times. Samples were crushed with metal beads and incubated for 24 h at 4 °C with the 

isolation buffer64. Bacterial cells were separated from the plant tissue via centrifugation. 

The RNA was isolated from the bacterial pellets using TRIzol (15596026, Invitrogen) and 

were treated with Turbo DNase (AM1907, Invitrogen) prior sending to the Max-Planck 

Genome-Center Cologne for RNA Sequencing with plant ribo-depletion and cDNA library 

construction (Universal Prokaryotic RNA-Seq Library Preparation Kit, Tecan) using 

Illumina HiSeq 3000 system with 150 bp strand-specific single-end reads resulting in 

approximately 10 million reads per sample. The resulting reads were mapped to 

Xanthomonas L148 genome (Bai et al, 2015) using the align() function with the default 

parameters in Rsubread package to generate BAM files (Liao et al, 2019). Mapping rates 

ranged from 20-46% which is within the expected values (Nobori et al, 2018). Mapped 

reads were counted using DESeq2 using the function featureCounts() from the BAM files 

and were normalized using the voom() function in limma package prior analysis (Love et 

al, 2014; Ritchie et al, 2015). RNA-Seq raw reads and processed data were deposited in 

NCBI GEO repository with accession number GSE226583. 

Upon passing quality checks (assessing batch effects through PCA and MA plots for data 

dispersion), differentially expressed genes were determined using a linear model (gene 

expression ~ 0 + genotype + rep; contrast = Col-0 - rbohD) and Empirical Bayes statistics 

with eBayes() function in limma (Ritchie et al, 2015). False discovery rates were 

accounted for p-values using qvalue (Storey et al, 2022). The threshold for significantly 

differentially expressed genes was |log2 fold change| > 1 and q-value < 0.05. Principal 

component analysis was done using the prcomp function (R Core Team, 2013); the 

optimal number of clusters was determined using NbClust() function in NbClust package 

(Charrad et al, 2014), cluster memberships were computed with the k-means algorithm 

(Struyf et al, 1997), heatmaps were generated using Heatmap() function in 

ComplexHeatmap package (Gu, 2022), and pathway enrichment analysis was done for 

each of the identified gene clusters using enricher() function in clusterProfiler package in 

R (Wu et al, 2021). 
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Synthetic community experiment 

Two-week-old plants grown in agar plates in a chamber at 23 °C / 23°C (day/night) with 

10 h of light were flood-inoculated with Xanthomonas L148 with or without the leaf-derived 

synthetic communities (LeafSC, 9 leaf prevalent and functional leaf isolates) in two 

different doses: L148P1 + LeafSC contains equal portions of each strain including L148 in 

the inoculum (Xanthomonas L148/LeafSC, 1:9, each strain would have a final OD600=0.01 

totaling to OD600=0.09 for LeafSC) and L148P9 + Leaf SC contains a population of 

Xanthomonas L148 that equals the entire bacterial load of the LeafSC (Xanthomonas 

L148/LeafSC, 9:9, L148 and the LeafSC at OD600=0.09); and were incubated in the same 

growth chamber. Plants were phenotyped for shoot fresh weights at 14 dpi (See 

Supplementary Table S2 for list of bacterial strains). 

 

Protective function experiment 

Two-week-old plants grown in agar plates in a chamber at 23 °C / 23 °C (day/night) with 

10 h of light were flood-inoculated with Xanthomonas L148 strains (OD600=0.005) and 

incubated for 5 days. Pto lux (OD=0.005) or water was aseptically spray-inoculated 

(approximately 200 µL per plate) onto the pre-colonized plants. Samples were collected 

at 0 and 3 dpi to count L148 and Pto colonies for different leaf compartments.  For the 

total compartment, leaves were directly homogenized, serially diluted, and plated; for the 

endophytic compartment, leaves were surface-sterilized with 70% ethanol for 1 min, 

washed twice with sterile water, homogenized, serially diluted, and then plated. Colonies 

were allowed to grow on 0.5x TSB agar at 28 °C, and photographs were taken for 1 to 3 

days. Colonies were differentiated via their color and chemiluminescence and 

colonization was expressed as cfu mg-1 leaf sample. 

 

Genomic interrogation for CAZyme functions 

Genomes for Xanthomonas L148 and other Xanthomonadales strains within the 

AtSPHERE culture collection (Bai et al, 2015) and known Xanthomonas pathogens 

(downloaded from NCBI; Sayers, et al, 2022) were annotated for CAZymes functions 

(http://www.cazy.org/; Drula et al, 2022) using the eggnog mapper (http://eggnog-

mapper.embl.de/; Cantalapiedra et al, 2021) to determine the CAZyme repertoire of the 

bacterial strains and their potential substrates. 

 

 

http://www.cazy.org/
http://eggnog-mapper.embl.de/
http://eggnog-mapper.embl.de/
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qPCR analysis 

The bacterial RNA was isolated from plant samples inoculated with Xanthomonas L148 

2 dpi or from bacterial pellets from Xanthomonas L148 grown in 0.5x TSB with or without 

10 µM PQ using TRIzol (15596026, Invitrogen) followed by treatment with Turbo DNase 

(AM1907, Invitrogen). The cDNA libraries were synthesized with 1 μg RNA input using 

SuperScript II reverse transcriptase (18064-014, Invitrogen) and random hexamers as 

primers following the manufacturer’s instructions. An input of 50 ng of cDNA was used for 

qPCR analyses (CFX Connect Real-Time System, Biorad) of the bacterial genes (please 

see Supplementary Table S3 for the list of primers and genes tested). The ΔCq was 

computed by subtracting Cq of the gene-of-interest from Cq of gyrA gene from 

Xanthomonas L148. 

 

Statistical analysis 

The R programming environment (R version 4.2.2) was used for data analysis and 

visualization (R Core Team, 2013). The data were inspected for the assumptions of the 

linear model (homodescacity, independence, and normality) and were normalized, if 

necessary, prior to statistical analysis through ANOVA with post hoc Tukey’s HSD test or 

Lest Significant Difference (LSD) test using the package agricolae (Mendiburu et al, 

2020). The corresponding figures were created using the ggplot2 package (Wickham, 

2016). 

 

Data deposition 

The plant RNA-Seq data reported in this thesis was part of the publication (Nobori et al, 

2022), and the corresponding raw data were deposited in the Gene Expression Omnibus 

(GEO) database https://www.ncbi.nlm.nih.gov/geo (accession no. GSE150422). 

The in planta Xanthomonas L148 RNA-Seq data reported in this thesis have been 

deposited in the GEO database, https://www.ncbi.nlm.nih.gov/geo (accession no. 

GSE226583). 

 

Code availability 

There is no custom code generated for this study. 
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8. SUPPLEMENTARY FIGURES AND LEGENDS 

 

Supplementary Figure S1. ROS burst profile of immune-compromised mutants and Col-0 wildtype 

plants with MAMPs and foliar pathogens. Leaf discs from 5-to-6-week-old plants were treated with 1 µM 

of MAMPs, flg22, elf18, and chitinDP7. The immune-compromised mutant fls2 lacks the receptor 

recognizing flg22, efr lacks the receptor for elf18, and cerk1 lacks the co-receptor for chitinDP7; fec (fls2 

efr, cerk1) and bbc (bak1 bkk1 cerk1) are triple mutants lacking the MAMP (co) receptor. Data from at least 

2 independent experiments each with 8 biological replicates were used. This figure was adopted from Entila 

et al, (in preparation).  
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Supplementary Figure S2. ROS burst profile of immune-compromised mutants and Col-0 wild-type 

plants with commensal bacteria. Leaf discs from 5-to-6-week-old plants were inoculated with live or heat-

killed microbiota strains (OD600=0.5) in mono-associations for ROS burst assays. Data from at least 2 

independent experiments each with 8 biological replicates were used. This figure was adopted from Entila 

et al, (in preparation). 
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Supplementary Figure S3. ROS burst profile of microbiota members with evasion signatures. Leaf 

discs from 5-to-6-week-old plants were induced with live (100% or 80%), heat-killed (100% or 20%) or 

live:heat-killed (80:20) microbiota strains (OD600=0.5) in mono-associations for ROS burst assays. Data 

from at least 2 independent experiments each with 8 biological replicates were used. Microbiota members 

can be broadly classified as immune-active, immune-evasive1, immune-evasive2, or immune-quiescent. 
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Supplementary Figure S4. Callose deposition in immune-compromised mutants and Col-0 wildtype 

plants with MAMPs and foliar pathogens. Leaves from 5-to-6-week-old plants were hand-infiltrated with 

1 µM of MAMPs, flg22, elf18, and chitin or pathogenic Pto wild-type and avirulent Pto ΔhrcC and D36E  

(OD600=0.2), and harvested for callose staining 18-20 dpi. The immune-compromised mutant fls2 lacks the 

receptor recognizing flg22, efr lacks the receptor for elf18, and cerk1 lacks the co-receptor for chitinDP7; 

fec (fls2 efr, cerk1) and bbc (bak1 bkk1 cerk1) are triple mutants lacking the MAMP (co) receptor. Data from 

at least 2 independent experiments each with 2-3 biological replicates were used. Different letters indicate 

statistically significant differences (ANOVA with post hoc Tukey’s test, P ≤ 0.05). Results are depicted as 

box plots with the boxes spanning the interquartile range (IQR, 25th to 75th percentiles), the mid-line 

indicates the median, and the whiskers cover the minimum and maximum values not extending beyond 

1.5x of the IQR. 
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Supplementary Figure S5. Callose deposition in immune-compromised mutants and Col-0 wildtype 

plants with the microbiota members. Leaves from 5-to-6-week-old plants were hand-infiltrated with 

microbiota members in mono-associations (OD600=0.2), and harvested for callose staining 18-20 dpi. Data 

from at least 2 independent experiments each with 2-3 biological replicates were used. Different letters 

indicate statistically significant differences (ANOVA with post hoc Tukey’s test, P ≤ 0.05). Results are 

depicted as box plots with the boxes spanning the interquartile range (IQR, 25th to 75th percentiles), the 

mid-line indicates the median, and the whiskers cover the minimum and maximum values not extending 

beyond 1.5x of the IQR. 
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Supplementary Figure S6. Callose profile of microbiota members upon inoculation to the wild-type 

Col-0 leaves.  Leaves from 5-to-6-week-old plants were hand-infiltrated with microbiota members in mono-

associations (OD600=0.2), and harvested for callose staining 18-20 dpi. Data from at least 2 independent 

experiments each with 2-3 biological replicates were used. Histogram depicting callose size distributions, 

and compared against the callose distribution of the avirulent Pto D36E (Kolmogorov-Smirnov statistics D, 

if value approaches 1, indicates very similar distributions). Dotted vertical line arbitrary threshold for large 

callose deposits (8.3 μm2). 
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Supplementary Figure S7. Leaf colonization capacities of commensal bacteria on immune-

compromised mutants and Col-0 wildtype plants. Two-week-old axenic plants were flood-inoculated 

with microbiota strains (OD600=0.005) and were plated for colony counts for the total and endophytic leaf 

compartments at 5 dpi. Data from at least 2 independent experiments each with 8 biological replicates were 

used. Different letters indicate statistically significant differences (ANOVA with post hoc Tukey’s test, P ≤ 

0.05). Results are depicted as box plots with the boxes spanning the interquartile range (IQR, 25th to 75th 

percentiles), the mid-line indicates the median, and the whiskers cover the minimum and maximum values 

not extending beyond 1.5x of the IQR. This figure was adopted from Entila et al, (in preparation). 
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Supplementary Figure S8. WGCNA results for the plant host transcriptomic profile upon induction 

with microbiota members. Leaves from 5-to-6-week-old Col-0 plants were hand-infiltrated with microbiota 

members in mono-associations (OD600=0.2), and harvested 6 hpi for plant transcriptomic profiling. The gene 

significance (GS) is the correlation of the gene expression profile with the PTI read-out; the module 

membership (MM) is the measure of connectivity of the gene within the module. Significant correlation 

values indicate that the module is strongly relevant to the PTI traits: ROS live and ROS HK (ROS burst with 

live cells and heat-killed cells respectively); callose; total cfu and endo cfu (bacterial colonization in the total 

and endophytic compartments, respectively). 
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Supplementary Figure S9. Optimization of high-throughput genome-wide screening and generation 

of the Xanthomonas L148::Tn5 mutant library. a, Schematic diagram of the optimized high-throughput 

genetic screening for the Xanthomonas L148::Tn5 mutant library. Bacterial strains were inoculated onto 2-

week-old rbohD plants followed by phenotyping at 5 dpi. Representative image of Col-0 wild-type and rbohD 

mutant plants inoculated with serially diluted Xanthomonas L148 suspensions in the high-throughput 96-

well plate format. b, Representative image of Col-0 wild-type and rbohD mutant plants inoculated with 

serially diluted Xanthomonas L148 suspensions. The dilution factor (DF) of 6 was chosen for the best 

contrast between Col-0 and rbohD. c, dose curve of the Xanthomonas L148 with the survival rates of the 

wildtype Col-0 and rbohD mutant plants. d, Schematic diagram of the construction of the Xanthomonas 

L148::Tn5 mutant library via conjugation with E. coli harboring the mini-Tn5 plasmid. e, Antibiotic resistance 

of Xanthomonas L148, E. coli SM10λpir and the Xanthomonas L148::Tn5 mutants. The parental strain 

Xanthomonas L148 is resistant to nitrofurantoin (nit, 50 μg/mL in TSB medium) which was used for counter-

selection for the plasmid carrier E. coli. The mini-Tn5 carrying E. coli is resistant to kanamycin (kan, 50 

μg/mL in TSB medium) and was used for selecting against the wild-type Xanthomonas L148. Xanthomonas 

L148::Tn5 transformants are resistant to both nit and kan in TSB medium. f, Electrophoretogram of the 

genomic transposon insertion PCR validation for the randomly selected Xanthomonas L148::Tn5 mutant 

strains. PCR products were Sanger-sequenced to determine the transposon insertion site. 
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Supplementary Figure S10. The amino acid glutamic acid has a negative effect on alaA::Tn5 mutant  

growth. The Xanthomonas L148::Tn5 strains were grown in minimal XVM2 supplicated with each and in 

combinations of the following amino acids: alanine (ala), glutamic acid (glu), and arginine (arg) with final 

concentration of 3mM and growth was observed for 3 days. Data from 3 biological replicates were used. 

Different letters indicate statistically significant differences (ANOVA with post hoc Tukey’s test, P ≤ 0.05). 

Results are depicted as box plots with the boxes spanning the interquartile range (IQR, 25th to 75th 

percentiles), the mid-line indicates the median, and the whiskers cover the minimum and maximum values 

not extending beyond 1.5x of the IQR. 
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Supplementary Figure S11. Significantly down-regulated CAZymes in Col-0 can potentially degrade 

plant host cell wall components. a, Heatmap representation of the number of significantly differentially 

expressed CAZyme genes in Xanthomonas L148 (Col-0 vs. rbohD) with the respective potential substrates. 

b,  Log2 fold changes of the CAZyme gene expression (Col-0 vs. rbohD) with their respective potential 

substrates; Xanthomonas L148::Tn5 candidate genes with CAZyme annotations are labelled. Results in b 

are depicted as box plots with the boxes spanning the interquartile range (IQR, 25th to 75th percentiles), the 

mid-line indicates the median, and the whiskers cover the minimum and maximum values not extending 

beyond 1.5x of the IQR. This figure was adopted from Entila et al, (in preparation). 
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Supplementary Figure S12. Secretion systems and CAZyme repertoire of Xanthomonadales clade. 

a-b, genomic examination of Xanthomonadales members of A. thaliana microbiota (20, Bai et al, 2015) and 

pathogenic Xanthomonas strains (17): Xal, = X. albineans; Xar = X. arboricola; Xax = X. axonopodis; Xca 

= X. campestris; Xci = X. citri; Xeu = X. euvesicatoria; Xfr = X. fragariae; Xho = X. hortorum; Xhy = X. 

hyacinthi; Xoc = X. oryzae pv. oryzicola; Xoo = X. oryzae pv. oryzae; Xpe = X. perforans; Xph = X. phaseoli; 

Xth = X. theicola; Xtr = X. translucens; Xve = X. vesicatoria;  Xma = X. massiliensis is non-pathogenic strain 

isolated from human feces; L148 (in this study) and L131 (Pfeilmeier et al, 2021) are potentially pathogenic. 

a, occurrence of type 1 to 6 secretion systems. b, CAZyme repertoire of the Xanthomonadales. c, potential 

substrates of the genome encoded CAZymes. Some illustrations created in BioRender. This figure was 

adopted from Entila et al, (in preparation). 
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