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Abstract:
[bookmark: _Hlk114133555]Plant phyllosphere represents a hostile environment to many biocontrol agents but gives no less significance than rhizosphere in terms of plant health. Deploying biocontrol bacteria onto phyllosphere can be efficient to suppress diseases but also challenging due to the lack of knowledge on phyllosphere adaptive traits possessed by biocontrol bacteria. In this study, We demonstrated that a bacterium Rhodopseudomonas palustris strain GJ-22 colonizes plant phylloshere by forming cell aggregates. The formation of cell aggregates required production of exopolysaccharide (EPS) which depended on the function of the rpaI-rpaR quorum sensing (QS) mechanism mediated by the signal molecule p-coumaroyl-HSL. and then,Mutation of the EPS biosynthesis gene Exop1 or the signal molecule biosynthesis gene rpaI compromised the ability of GJ-22 to tolerate reactive oxygen intermediates (ROIs) H2O2 in vitro and to form cell aggregates in vivo. Both mutants failed to prime the plants with induced systemic resistance (ISR) against virus proliferation, but the ISR-priming ability can be restored by exogenous application of p-coumaroyl-HSL onto the mutant-inoculated leaves. This result indicates that QS mechanism also participates in the ISR-priming of GJ-22. Together the result revealed QS mediates the production of EPS and consequently leads to the formation of bacterial cell aggregation which is required for the onset of ISR which provides plant with pathogen resistance.
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1 INTRODUCTION
Phyllosphere, mostly consisting of leaf surfaces, is the first line of defense against many plant pathogens, also a large habitat for certain bacteria exerting beneficial effects on plant health and defense (Bodenhausen et al. 2014; Lindow and Brandl 2003; Monier and Lindow 2004). Deploying biocontrol bacteria into this important niche is an uprising strategy with the expectation of complementary control spectrum to the current biocontrol approaches, which mainly comprises plant growth-promoting rhizobacteria (PGPR) based technologies and mostly meant to control soil-borne diseases (Hassani et al. 2018). However, phyllosphere is often regarded to be hostile to introduced biocontrol strains, due mainly to the fluctuating physical condition, limited nutrition and water, exposure to UV radiation and reactive oxygen species (ROS), also toxics produced by plants and other microbes (Bringel and Couee 2015; Muller et al. 2016; Reisberg et al. 2013; Remus-Emsermann et al. 2012). Such cumbersome environment dramatically reduces survival rate and population size of biocontrol strains. The unfold of biocontrol functions is therefore primarily hinged on sustaining the adequate colonization for biocontrol agents in phyllosphere (Lugtenberg and Kamilova 2009). Improving the colonization is therefore in urgent demand for further development of phyllosphere biocontrol strategies, contradicting the fact that approaches to serve this purpose remain scarcely available.
Phyllosphere bacteria usually do not exist as solitary cells or small groups, but form aggregates at the junctions of epidermal cells, along the veins and at the bases of trichomes (Vacher et al. 2016). Importantly, bacterial cells within aggregate are enabled to coordinate the expression of some traits in a cell-density-dependent manner known as quorum sensing (QS) (Yi et al. 2021). Quorum sensing is a process by which bacteria use diffusible small molecules to monitor their local population density and alter gene expression at high population densities (Papenfort and Bassler 2016). The LuxI-LuxR-type QS system played a crucial role in epiphytic fitness of many plant pathogens and symbionts through regulating the traits required for epiphytic colonization (Hirakawa et al. 2011). The LuxI family protein synthesize the QS signaling molecules N-acyl homoserine lactone (AHL) as an autoinducer (AI). N-acyl homoserine lactone diffuses into the bacteria habitat and concomitantly accumulates along with the growing bacterial density (Schaefer et al. 1996). The transcription factors of the LuxR family protein detect the accumulated AHL, and undergo a conformational change when the AHL concentration reached to a certain threshold. This conformational change allows LuxR protein to activate a variety of QS targeted gene expressions including the gene luxI. The most frequently quoted QS-controlled trait is the bacterial exopolysaccharides (EPS) production. Exopolysaccharides is the major ingredient allowing the formation of aggregates, for acting as molecular glue allowing the adhesion among cells and cells, and cells to plant surfaces. This cell aggregate structure provides protection to bacterial cells from a wide range of environmental stresses. Therefore, manipulation of EPS production by tampering bacterial QS regulation resulted significant impact on bacterial epiphytic fitness. For instance, mutation of AHL synthase gene AhlI or the transcription factors gene AhlR in Pseudomonas syringe impaired the exopolysaccharide production and resulted increased cell susceptibility to ROIs  (Quiñones et al. 2005). Since forming aggregates is considered to be an overarching strategy for surviving the biotic and abiotic stresses bacteria undergoing in phyllosphere condition, this strategy may be also possessed by phyllosphere biocontrol strains and functions for colony establishment and unfold of biocontrol functions. 
[bookmark: OLE_LINK2][bookmark: OLE_LINK1][bookmark: _Hlk533105740]Rhodopseudomonas palustris is a purple non-sulfur photosynthetic bacteria from the phylum Alpha-proteobacteria. Strains from R. palustris had drawn enormous attention from scientists owing to their extraordinary metabolic versatility (Larimer et al. 2004). Their abilities like nitrogen fixation, hydrogen gas production, and degradation of aromatic compounds and chlorinated pollutants have been intensively studied (Idi et al. 2015; Sasaki et al. 2005). In our previous work, we reported a photosynthetic bacteria strain Rhodopseudononas palustris GJ-22 and its the QS signaling molecule p-coumaroyl-HSL (pC-HSL) induced systemic resistance (ISR) against virus (Idi et al. 2015; Sasaki et al. 2005). Their potential to serve organic farming is still a new topic. In our previous work, we reported a photosynthetic bacteria strain Rhodopseudononas palustris GJ-22 and its the QS signaling molecule p-coumaroyl-HSL (pC-HSL) induced systemic resistance (ISR) against virus (Du et al. 2021; Su et al. 2017). Further research revealed that the colony establishment of GJ-22 in plant phyllosphere mainly underwent four stages based on the observable colony morphological changes (Su et al. 2019). Bacterial cell aggregate formation has important implications for their stable colonization and unfold of functional traits. Built on the known knowledge of adaptive traits of phyllosphere bacteria, a hypothetical mechanism can be drawn that the accumulated cell members in stage Ⅱ may triggers the QS regulation, consequently resulted the upregulation of EPS production which leads to the aggregate formation. To examine this hypothesis, we identified a LuxIR-type QS system rpaI-rpaR gene pair in the GJ-22 genome and proved that rpaI-rpaR genes were required for the upregulation of EPS production, cell aggregate formation and the ISR priming. Our research provided the valuable information for the future development of methods aiming at improving the colonization and performance of phyllosphere biocontrol agents.
2 MATERIALS AND METHODS
2.1 Bacterial strains, mutant generation, cultural conditions and inoculum preparation
The photosynthetic bacterium R. palustris strain GJ-22 was preserved in Hunan Protection Institute, Hunan Academy of Agricultural Sciences, China. GJ-22 was routinely cultivated aerobically at 30 °C on photosynthetic medium (PM) with 6,500 lux in a light incubator (PRX-450D, Hangzhou, China). The PM containing the following (in g L-1) was prepared as described below: (NH4)2SO4 0.1, MgSO4 0.02, Na2CO3 0.5, K2HPO4 0.05, NaCl 0.02, casamino acids 0.2, and yeast extract 0.15, agarose 18 (pH = 6.5-7.0). To prepare liquid medium, agarose was removed from PM. When indicated, p-coumarate (0.5 mM) or p-coumaroyl-HSL (250 nM) was added into PM. Escherichia coli DH5α for plasmid propagation was aerobically cultivated in Luria-Bertani (LB) broth at 30 °C. Escherichia coli S17-1 as donor cells for conjugation was cultivated in LB broth at 37 °C. For GJ-22 mutant strain cultures, antibiotics was added into medium as indicated. 
Bacterial strains and plasmids were listed in Table 1 in Supplementary file 1, the primer pairs used for DNA fragments amplification were listed in Table 2 in Supplementary file 1. The methods of plasmid construction and cell conjugation and electroporation were detailed in Supplementary file 1. 
For bacterial inoculum preparation, GJ-22 or mutant cells were pelleted from liquid culture at OD660 = 0.4, and re-suspended in 100 mM, pH = 7.2, Phosphate Peptone Buffer (PPB). For plant inoculation, the cell density was adjusted to the concentration as indicated. For bacterial liquid culture inoculation, the cell density was adjusted to OD660 = 0.4, and inoculated into liquid medium at the ratio of 5%. When indicated, pC-HSL (final concentration at 500 nM) was added into inoculum. Plant inoculation was conducted by spraying leaves with bacterial suspension to soaking wet.
2.2  Plant growth 
Seeds of Nicotiana benthamiana were sterilized by the following procedure. Seeds were placed in a centrifugal tube and shaken in 70% ethanol for 30 min at room temperature. Ethanol was removed by centrifugation and seeds were rinsed with pure ethanol before retrieved by centrifugation. Sterilized seeds were placed on filter paper contained in petri dish and left dry for 1 h on clean bench, then placed on wet filter paper in dark, at 25 °C in growth chamber to germinate for 7 days. For axenic plant cultivation, each budded seed was transferred into a sterilized pots (10 cm 9 10 cm 9 15 cm) containing pH-balanced peat moss (Klasmann-Deilmann GmbH, Geeste, Germany) inside a growth chamber set at 28°C, at 16/8 h (light/ dark) photoperiod and 85% relative humidity. For non-axenic plant cultivation, bedded seeds were cultured normally inside a greenhouse under the same growth condition with axenic plant cultivation. 
2.3   TMV inoculation
TMV inoculation was performed on 4-week-old seedlings. Stable and robustly growing seedlings were selected for subsequent experiments. Twenty plants per treatment were replicated three times, and the TMV concentration was adjusted to OD660 = 0.4. The third and fourth leaves of each plant from different treatments were sprayed with 20 μL of TMV solution to soak the foliage.
2.4  Bacterial sampling, RNA extraction and RT-PCR for target genes quantification
Bacterial cells were sampled by washing from the third and fourth top leaves of plant at various hours post-inoculation (hpi). Leaves were severed from plants and weighed at 10 g in fresh, and then submerged into 200 mL PPB contained in a 500 mL conical flask. After 20 min, 47 kHz sonication and 10 min, 150 rpm shaking, cells were pelleted by 10 min, 10,000 g centrifugation. Leaves were washed three times, cells were pooled together and resuspended in 2 mL PPB with 20% Percoll. The suspension was centrifuged at 12,000 g for 10 min to separate small plant debris from bacterial cell pellet. 
Bacterial cells from liquid culture at indicated growing stage were subjected to RNA extraction procedure. Cell pellet from 2 mL liquid culture or washed from 10 g fresh leaf were separately suspended in a mix solution of 2 mL RNAprotect Bacterial Reagent (Qiagen) and 1 mL PPB before subjected to total RNA extraction with RNeasy Midi Kit (Qiagen). Total RNA was treated with 4 Units of Turbo DNase (Ambion), and then quantified with Nanodrop ND-1000 spectrophotometer. cDNA was synthesized from 800 ng total RNA of each sample, by using PrimeScriptTM 1ST Strand cDNA synthesis kit (Takara). cDNA samples were diluted to 1 ng μL-1 and stored at -20 °C.
The transcript level of target genes was semi-quantified using TransStart® Green qPCR SuperMix UDG (TransGen Biotech, Beijing, China) and PTC-200 Real-Time PCR system (BIO-RAD, USA). The specific primers and PCR cycling conditions for target genes and reference gene (rpoD, encoding an RNA polymerase primary sigma factor) were listed in Table 3 in Supplementary file 1. The total 20 μL PCR reaction system contained 0.2 μM each primer and 0.8 μL cDNA template. The PCR efficiency for each gene was checked according to the slope of the standard curve generated from the amplification. The transcript levels of target genes were conveyed as the fold changes compared with the reference genes using comparative 2-△△CT method. The mean deviation was calculated from the standard deviation (SD) in the △△CT value using the formula 2-△△CT ± SD. All reactions were performed in triplicate.
2.5 EPS quantification, cell density and plant bacterial population size determination
The total EPS including unbound fraction in culture supernatant and bound fraction on cell surface was quantified as described below. Bacterial cells were cultured in 150 mL liquid medium contained in a 500 mL conical flask at the inoculation ratio of 5%. The EPS extraction was conducted every 12 h during the time span of 2 ~ 9 days of post-inoculation (dpi). Three flasks of liquid culture (OD660 variation ≤ 0.01) were used independently at each time point. One milliliter of liquid culture was reserved to determine the cell density, and the rest was subjected to EPS extraction. Bacterial cells and supernatant were separated by centrifugation. Supernatant was mixed with three volumes of absolute ethanol for unbound EPS precipitation. To dislodge the bound PES from cell surface, cell pellet was resuspended in 50 mL high-salt buffer (10 mM KPO4, 15 mM NaCl, 1 mM MgSO4, pH = 7.0) and blended in MM400 (Retsch, Germeny) at setting 2 for 30 min, 0 °C. After removal of cells from buffer by centrifugation, the supernatant was mixed with three volumes of ethanol for bound EPS precipitation. Both fractions of EPS were retrieved from solutions by centrifugation at 12,000 g for 30 min, and then resuspended in 10 mL sterile water. The EPS suspension was subjected to phenol-sulfuric acid method to determine the EPS quantity. In this method, D-glucose was used to generate a standard curve, and all colored solutions were red by a 96-well microplate spectrophotometer at 488 nm. The bacterial cells were subjected to determination of cellular protein production by Bradford protein assay. The EPS quantification was conveyed as the ratio of EPS to cellular protein.
Bacterial cell density in liquid culture and population density on plant leaf was determined by plating and incubating serial dilutions of cell culture or sampled cell suspension from leaf surface on PM. Plates were incubated for 6 d till no new colonies emerged. The colony-forming units (UFC) was counted and converted into UFC mL-1 for cell density and UFC g-1 FW for plant bacterial population size. 
2.6 ROIs susceptibility test
ROIs susceptibility of GJ-22 and mutants was tested as described by Qiang Zhou  (Zhou et al. 2005)with minor modification. Freshly pelleted bacterial cells from liquid culture at OD660 = 0.4 were resuspended in PPB and then added into melted PM containing 0.6% agarose to a final concentration of 6 × 107 CFU mL-1. Two milliliters of this mixture were overlaid on a PM plate. A filter disc (d = 0.5 cm) soaked with 10% hydrogen peroxide solution was placed on the center of plate surface and the plates were subjected to incubation. Fifty microliters of hydrogen peroxide solution were dropped onto the filter disc every 24 h to maintain the oxidizability. After 4 d of incubation, the diameter of inhibition zone surrounding the filter disc was measured to indicate the susceptibility of bacterial strains to ROIs. All PM was supplemented with p-coumarate, and pC-HSL when indicated.
2.7 Fluorescence microscopy and confocal laser scanning microscopy (CLSM)
Bacterial cells attached to plant leaf surface were visualized using Nikon epifluorescence microscope (Nikon TI-E+C2, Japan) coupled to an MRC 1024ES confocal system. Images were obtained using Krypton/Argon laser using excitation 488 nm-emission 522/35 nm for EGFP.
2.8 Genomic sequencing and analysis
Genomic DNA of GJ-22 was extracted from cells in liquid culture at OD660 = 0.4, with the TANamp Bacteria DNA Kit (DP302, TIANGEN). DNA sequencing, library construction, assembly were performed at Sagene Biotech Co. Ltd (Guangzhou, China). The low-quality reads were filtered by the SMRT Link v5.0.1 and the filtered reads were assembled to generate one contig without gaps (Berlin et al. 2015).Six databases, GO (Gene Ontology), KEGG (Kyoto Encyclopedia of Genes and Genomes), COG (Clusters of Orthologous Groups), NR (Non-Redundant Protein Database databases), Pfam and SwissProt, were used to predict gene function. A whole genome Blast search (E-value less than 1e-6, minimal alignment length percentage larger than 50%) was performed against above six databases.
2.9 Statistical analysis
All experiment and assays were performed in three parallels. Figures and tables exhibited data from one parallel experiment. The data were presented as the mean ± the standard deviation from three or four biological repeats. The significant differences between the treatments and the controls were determined with analyses of One-way ANOVA followed by Tukey’s test using SPSS Statistics 17.0 software.
3 RESULTS
3.4 [bookmark: _Hlk529982213]The rpaI-rpaR QS mediated EPS production enhanced cell tolerance to oxidative stress
[image: ]LuxIR-type QS system was identified in R. palustris srain GJ-22 genome (Supplementary file 1) and can positively regulate EPS production in R. palustris strain GJ-22 (Supplementary file 2). The bacterial EPS production plays a vital role in tolerance to environmental adversities, such as reactive oxygen species bacteria often encounter on plants. To investigate whether the rpaI-rpaR QS regulated EPS production played a role in oxidative tolerance, we used ΔExop1 as polysaccharide export protein mutant, in combination with wild type and ΔrpaI for the oxidative stress tolerance assay. The susceptibility to hydrogen peroxide of strains was tested when culture mediums were supplemented with or without pC-HSL. Hydrogen peroxide generates reactive oxygenic intermediates (ROIs) to inhibit bacterial growth. Without pC-HSL in culture medium, ΔExop1 and ΔrpaI exhibited the most susceptibility to ROIs (Fig. 1A), as evidenced by 32% and 24% larger diameter of inhibition circle (Fig. 1B) on medium plates compared to wild type. Complementation of both mutants resulted no significant differences in inhibition diameter compared with wild type. When culture medium was supplemented with pC-HSL to activate QS regulation, all strains except ΔExop1 exhibited significantly decreased inhibition diameter compared with strains cultured without pC-HSL. This result suggested that rpaI-rpaR QS in GJ-22 mediated cell tolerance to oxidative stress through the upregulation of EPS production.
FIG 1. The tolerance to reactive oxygen intermediates (RIs) required both rpaI-rpaR QS regulation and export of polysaccharides. (A) The inhibition circle of wild type strain GJ-22 and its mutants by ROIs. p-Coumarate and pC-HSL was added into PM liquid medium at the concentration of 0.5 mM or 250 nM when indicated. Strains were inoculated by overlaying 2 mL of 0.6% agar PM containing bacterial cells at the concentration of 6 × 107 CFU mL-1 on 1.8% agar PM plate. The filter discs placed in the plate centre were soaked with 10% hydrogen peroxide solution. Photos were taken at 6 dpi. (B) The diameters of growth inhibition circles. Diameters were measured at 6 dpi. Columns in red boxes was values from complemented mutants grew under indicated mediums. The extremely significant difference between two connected columns was highlighted by two asterisks, and significant difference was highlighted by one asterisk. Different small letters indicate significant differences in value. The data were presented as the means from four biological repeats. The error bars represented the standard deviation. Different small letters above the bars indicate statistical differences between treatments in each group by the Fisher's LSD (P = 0.05).
[bookmark: _Hlk533625687][bookmark: _Hlk530044979]3.2 The rpaI-rpaR QS regulated EPS production was required for epiphytic fitness of R. palustris strain GJ-22
To testify the rpaI-rpaR QS and its regulation of EPS production are required for the epiphytic fitness of GJ-22, we inoculated leaf surface of tobacco seedlings with wild type, ΔExop1, and ΔrpaI to observe their colonization dynamics (Fig. 2A). 
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FIG 2. The cell aggregate formation required the rpaI-rpaR QS regulated EPS production. (A) The colonization dynamics of GJ-22 wild type, ΔExop1 and ΔrpaI. Tobacco seedlings were cultivated under axenic conditions, and pC-HSL was added into bacterial inoculums at the concentration of 500 nM prior to inoculation when indicated. For determination of population density on tobacco phyllosphere, cells were washed from leaves and incubated at serial dilutions on PM for UFC counting. (B) SEM analysis of GJ-22 wild type, ΔExop1 and ΔrpaI colony morphology in tobacco phyllosphere. Images were taken at 3 dpi. (C) The stress tolerance varied among wild type and its mutants. Strains were inoculated in tobacco seedlings under normal condition set as Relative humidity = 85%, Temperature = 28 °C. Plants were transferred to stress condition (set as Relative humidity = 40%, Temperature = 39 °C) at 3 dpi. Population density was determined at indicated post-inoculation days. (D) CLSM analysis of strains on tobacco phyllosphere. The wild type, ΔExop1 and ΔrpaI were labeled with eGFP by transforming with plasmid pBBR1MCS-2-pAMP-EGFP. Labeled strains were inoculated on tobacco seedling. Inoculated leaves were sprayed with pC-HSL solution at the concentration of 500 nM or buffer at 3 dpi and images were taken at one day after spray. 
During the 0 ~ 3 dpi, wild type, ΔExop1, and ΔrpaI exhibited similar colonization dynamics. All strains initiated that population recovery was at 1 dpi and population density increased until 3 dpi. Density difference started to appear after 3 dpi. Wild type proceeded to increase density afterward, whereas density of ΔExop1 and ΔrpaI ceased to grow. To the 15 dpi, wild type exhibited over 100 folds higher density than ΔExop1 and ΔrpaI. The SEM analysis on the 3 dpi revealed that wild type formed cell aggregates in plant epidermal cell junctions, while mutation of rpaI and Exop1 genes compromised this colony morphology transformation. Both mutants stayed in form of cell arrays in phyllosphere (Fig. 2B). Transfer inoculated plants from normal growth condition to stress condition at 3 dpi caused significant density drop in phyllosphere for ΔExop1, and ΔrpaI. The wild type, in contrast, maintained the population size (Fig. 2C). CLSM analysis of eGFP-tagged strains revealed that, applying pC-HSL to the plant leaves inoculated with these strains at 3 dpi rendered colony expansion for ΔrpaI (Fig. 2D). Colony expansion was not observed in ΔExop1 which was impaired in polysaccharide export. This result suggested that, colony morphology transformation from stage Ⅱ (cell arrays) to stage Ⅲ (cell aggregates) was dependent of rpaI-rpaR QS regulated EPS production. And this morphology transformation was crucial for the stress tolerance and colony expansion. 
To investigate whether the cell aggregate formation can be advanced by early activation of rpaI-rpaR QS regulation, pC-HSL was added into the GJ-22 inoculum and its colony morphology was examined with SEM analysis (Fig. 3A).
Cells observably mounted regulation of EPS production at 12 hpi, and to the 36 hpi, cell aggregates occurred when cells normally enter this stage after 60 hpi (Su et al. 2019). The advancement of cell aggregate formation induced by pC-HSL was verified by the transcript upregulation of rpaI and the Exop1 genes (Fig. 3B). Without pC-HSL supplementation, cells did not initiate transcript upregulation of rpaI until 36 hpi, and the Exop1 genes transcript level maintained low level during this time span. With the presence of pC-HSL, the transcript level of rpaI and Exop1 genes in GJ-22 maintained all high level. This advanced cell aggregate formation in plant phyllosphere was accountable for the increased population density of wild type and ΔrpaI when supplemented with pC-HSL in their inoculums (Fig. 2A), since both strains were able to upregulate the EPS production with the presence of pC-HSL.
3.3 The rpaI-rpaR QS regulated EPS production was required for epiphytic fitness of R. palustris strain GJ-22
To testify the rpaI-rpaR QS and its regulation of EPS production are required for the epiphytic fitness of GJ-22, we inoculated leaf surface of tobacco seedlings with wild type, ΔExop1, and ΔrpaI to observe their colonization dynamics (Fig. 2A). 
During the 0 ~ 3 dpi, wild type, ΔExop1, and ΔrpaI exhibited similar colonization dynamics. All strains initiated that population recovery was at 1 dpi and population density increased until 3 dpi. Density difference started to appear after 3 dpi. Wild type proceeded to increase density afterward, whereas density of ΔExop1 and ΔrpaI ceased to grow. To the 15 dpi, wild type exhibited over 100 folds higher density than ΔExop1 and ΔrpaI. The SEM analysis on the 3 dpi revealed that wild type formed cell aggregates in plant epidermal cell junctions, while mutation of rpaI and Exop1 genes blocked this colony morphology transformation. Both mutants stayed in form of cell arrays in phyllosphere (Fig. 2B). Transfer inoculated plants from normal growth condition to stress condition at 3 dpi caused significant density drop in phyllosphere for ΔExop1, and ΔrpaI. The wild type, in contrast, maintained the population size (Fig. 2C). CLSM analysis of eGFP-tagged strains revealed that, applying pC-HSL to the plant leaves inoculated with these strains at 3 dpi rendered colony expansion for ΔrpaI (Fig. 2D). Colony expansion was not observed in ΔExop1 which was impaired in polysaccharide export. This result suggested that, colony morphology transformation from stage Ⅱ (cell arrays) to stage Ⅲ (cell aggregates) was dependent of rpaI-rpaR QS regulated EPS production. And this morphology transformation was crucial for the stress tolerance and colony expansion. 
To investigate whether the cell aggregate formation can be advanced by early activation of rpaI-rpaR QS regulation, pC-HSL was added into the GJ-22 inoculum and its colony morphology was examined with SEM analysis (Fig. 3A).
[image: ]
FIG 3. Activation of rpaI-rpaR QS regulation promoted cell aggregate formation. (A) The colony morphology difference between GJ-22 cells treated with or without pC-HSL in tobacco phyllosphere. pC-HSL was added into GJ-22 inoculum at the concentration of 500 nM prior to inoculation when indicated. The SEM analysis was carried out at 12, 24 or 36 hpi. (B) The timing of the transcript upregulation of rpaI and Exop1 genes. Bacterial cells were collected from inoculated leaves at 12, 24 or 36 hpi for RT-PCR using gene rpoD as reference. Different small letters above the bars indicate statistical differences between treatments in each group by the Fisher's LSD (P = 0.05).
Cells observably mounted regulation of EPS production at 12 hpi, and to the 36 hpi, cell aggregates occurred when cells normally enter this stage after 60 hpi (Su et al. 2019). The advancement of cell aggregate formation induced by pC-HSL was verified by the transcript upregulation of rpaI and the Exop1 genes (Fig. 3B). Without pC-HSL supplementation, cells did not initiate transcript upregulation of rpaI until 36 hpi, and the Exop1 genes transcript level maintained low level during this time span. With the presence of pC-HSL, the transcript level of rpaI and Exop1 genes in GJ-22 maintained all high level. This advanced cell aggregate formation in plant phyllosphere was accountable for the increased population density of wild type and ΔrpaI when supplemented with pC-HSL in their inoculums (Fig. 2A), since both strains were able to upregulate the EPS production with the presence of pC-HSL.
3.4 [bookmark: _Hlk533777138]The rpaI-rpaR QS was accountable for the onset of ISR priming
To investigate whether the rpaI-rpaR QS is responsible for the onset of ISR priming, wild type, ΔExop1, and ΔrpaI was inoculated onto plants 7 days prior to TMV- challenge. The post-challenge immune response assay showed that ΔrpaI was completely deprived of ISR priming, as evidenced by the no significant TMV concentration between ΔrpaI inoculated plants and control plants 6 days after TMV challenge (Fig. 4C).
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FIG 4. Activation of rpaI-rpaR QS regulation advanced the onset of ISR. (A) TMV concentration in tobacco plants under different treatments. Plants were firstly inoculated with GJ-22 inoculum on the fifth and sixth leaves from top. pC-HSL was added into bacterial inoculums prior to inoculation when indicated. The inoculated leaves were cut off from plants at 12, 24 or 36 hpi and labeled as Group 1, Group 2 and Group 3. TMV particles were inoculated on the on the third and fourth leaves from top 12 hours after cutting. The TMV concentration on the inoculated leaves was later determined by ELISA six days after TMV inoculation. A mock control was set in each group by replacing the bacterial suspension with buffer. Mock 1 and Mock 2 represented the treatments only conducted cutting but not bacterial inoculation. (B) The timing of NbPR1a and NbPR3 gene transcription in TMV-inoculated leaves in each group. Leaves were harvested at the indicated time-points for extraction of total RNA. The transcript level of target genes was semi-quantified by RT-PCR using NBEF-1α as internal reference and then visualized by electrophoresis. (C) TMV concentration in tobacco plants treated with GJ-22 wild type, ΔExop1 and ΔrpaI. pC-HSL was added into inoculums prior to inoculation when indicated. The TMV concentration on the inoculated leaves was later determined by ELISA six days after TMV inoculation. Control was set as buffer or pC-HSL solution as indicated. Different small letters above the bars indicate statistical differences between treatments in each group by the Fisher's LSD (P = 0.05).
Although both mutants failed to form aggregates in phyllosphere, ISR priming was still detected but with less magnitude in ΔExop1 inoculated plants when compared to the wild type inoculated plants. Applying pC-HSL to both mutants restored their ISR priming. Tobacco seedlings were inoculated with GJ-22 on the fifth and sixth leaves. Inoculated leaves were cut off at 12, 24 or 36 hpi and then challenged with TMV particles on the third and fourth leaves. The post-challenge immune response assay showed that, when GJ-22 inoculum supplemented with pC-HSL, the ISR against TMV was detected at 12 ~ 36 hpi, whereas no ISR was detected in plants inoculated with GJ-22 without pC-HSL (Fig. 4A) during this time span. This early onset of ISR priming by pC-HSL supplemented GJ-22 was also verified by their advanced upregulation of NbPR1a and NbPR3 gene transcription (Fig. 4B). This result suggested that the onset of ISR priming required functional rpaI-rpaR QS and they could be advanced by activation of rpaI-rpaR QS regardless of the colony morphology per se.
4 [bookmark: _Hlk111899730]DISCUSSION
Quorum sensing is an important aspect of microbiological activity. Since the N-acetylated homoserine lactone (AHL) based QS system was first discovered in Vibrio ficheri (Ruby 1996), a whole inventory of QS related genes expression and phenotypes were unraveled in various microorganisms. For many plant-associated microorganisms, quorum sensing was demonstrated to control adaptive traits like plasmid transfer (Fuqua and Winans 1994), root nodulation efficiency (Zheng et al. 2006), nitrogen-fixation efficiency (Gonzalez and Marketon 2003), motility (Atkinson et al. 2006)  and virulence factors (Williams et al. 2000). Different from most characterized QS system in gram-negative bacteria which uses fatty acyl -homoserine lactones (HSL) as signaling molecules, R. palustris produces and detects an aryl-HSL, p-coumaroyl-HSL. The uniqueness of the QS system in R. palustris is the synthesis of p-coumaroyl-HSL requires an exogenous source of p-coumarate rather than through the endogenous fatty acid biosynthesis pathway like other native AHLs (Schaefer et al. 2008). Under the cultural condition, the transcript level of rpaI gene in GJ-22 displayed a typical cell-density dependent manner only when the p-coumarate was present. Mutation of the couB gene totally abolished the rpaI-rpaR QS regulation proved that RpaI in GJ-22 used p-coumaroyl-CoA as an aryl donor. This is in agreement with the opinion that the RpaI in R. palustris, BjaI in Bradyrhizobium japonicum, and BraI in stem-nodulating photosynthetic Bradyrhizobia may have evolved into a subfamily of LuxI homologues that uses only acyl-CoAs or aryl-CoAs for AHLs synthesis (Tekel et al. 2019). Many symbiotic and pathogenic bacteria emphatically rely on their QS mediated EPS production to achieve epiphytic fitness. The phytopathogen Pseudomonas syringe strain B728a uses 3-oxo-hexanol-homoserine lactone based AhlI-AhlR QS to promote the alginate production which attributable to bacterial oxidative stress tolerance and plant tissue maceration (Scott and Lindow 2016). The Sinorhizobium melilioti uses SinI-SinR QS to regulate EPSⅡ synthesis, which is required for nodulation in alfalfa plant (Acosta-Jurado et al. 2020). Regardless, both negative and positive EPS synthesis regulation by QS in bacteria are set on purpose for facilitating their relationship establishment with their hosts. In our present study, the EPS production was positively regulated by rpaI-rpaR QS in R. palustris strain GJ-22. This observation was in contrast with the negatively regulated EPS production by the 7,8-cis-N-(tetradecenoyl) homoserine lactone based CerI-CerR QS in Rhodobacter sphaeroides, another purple non-sulfur photosynthetic bacteria from Alphaproteobacteria (Hwang et al. 2008). Our results suggested that the roles of rpaI-rpaR QS are likely to be fine-tuned in different ecotypes of R. palustris strains, to meet the requirements of fittings into different environments. The same set of genes serve different purposes in different ecotypes of R. palustris strains or in the same strain under different environments highlights another layer of metabolic complexity of this bacterium, in addition to its flexibility among multiple modes of metabolism. 
[bookmark: _Hlk535853440]R. palustris is nonpathogenic to plant, so far, no strains carrying symbiotic relationship with plant from this species has been uncovered. Strains are mostly referred as free-living bacteria in soils and aquatic sediments, and physiological and genetical insights about this bacterium are mainly gathered around this lifestyle. However, the presence of R. palustris strains in phyllosphere revealed by metagenomic analysis and the plant associated rpaI-rpaR QS circuit imply that some strains may have developed certain mechanism to establish a close relationship with plants. R. palustris strains are more than a passive passenger on phyllosphere, instead imparting a series of beneficial effects on plant growth through production of phytohormones like indole-3-acetic acid (IAA) and 5-aminolevulinic acid (ALA), and boosting plant immunes with ISR (Su et al. 2017). This phyllosphere-originated beneficial effect provokes our interesting on understanding of the pattern and mode of colonization for R. palustris strains. As demonstrated in our study, the GJ-22 cells in phyllosphere underwent a set of morphological and physiological changes to complete the colony establishment in tobacco phyllosphere (Fig. 5). 
[image: ]
Figure 5. Model of rpaI-rpaR QS mediated aggregate formation of R. palustris strain GJ-22 in tobacco phyllosphere. 
Observation by CLSM and SEM showed the preferential distribution of GJ-22 cells along the plant epidermal cell junctions at the early stage of colonization (stage Ⅰ), suggesting that the availability of nutrients is the crucial factor for the survival of introduced bacteria in phyllosphere. Once the cells multiplied at the plant epidermal cells junctions reached to a certain density level, the transcription of rpaI gene was activated (Fig.3A), indicating that GJ-22 cells initiated a functional rpaI-rpaR QS in phyllosphere. The ample existence of phenolic compounds like monolignol p-coumarate in plant leaf surface may serve as important environmental clue for GJ-22 cells, by providing the material condition to allow the in plant a synthesis of the AI molecule pC-HSL. The transformation of colony morphology from cells clusters (stage Ⅱ) to the tightly packed cell aggregates (stage Ⅲ) was the determining event for the colonization establishment. The upregulation of EPS production rendered encapsulation of bacterial cells with EPS during this transformation, creating a shield like structure which bonds cells together and protects cells from ROIs and other possible detrimental material plant cells secreted as defense mechanism. The formation of cell aggregates was prerequisite for the colony maturing into stage Ⅳ, because the disrupted cell aggregation significantly decreased the colony size in phyllosphere (Fig. 2A and 2B), as demonstrated by the CLSM and SEM analysis, which showed cell colonies of ΔExop1 and ΔrpaI were constrained in the plant epidermal cell junctions, instead of expanding to the plant cell surface as the wild type did. Interestingly, the priming of ISR by GJ-22 was, at least partially, rpaI-rpaR QS mediated. Mutation of the rpaI gene abolished the priming of ISR against the TMV, while the pC-HSL supplemented ΔrpaI which the rpaI-rpaR QS was restored, regained this ability. The ΔExop1 remained the ability to prime plants with ISR, but with lessened magnitude of resistance against TMV, compared to the wild type stain. Bacterial EPS was found to be a microbe-associated-molecular-pattern (MAMP) in many ISR-inducing beneficial microorganisms. Our previous work proved that the EPS produced by GJ-22 may possess the MAMP property (Zhai et al. 2021). Since the full magnitude of TMV-resistance only occurred in plants with bacterial aggregates, we speculate that the rpaI-rpaR QS controlled aggregate formation not only increased the stress tolerance of cell colonies, but also provided a condition for cells to carry out bacterial activities related to ISR priming. As pC-HSL alone contributed to TMV resistance, pC-HSL may also be a potential control agent for other plant viral diseases in field. Considering that living cells provide the sustainable supply of pC-HSL and do benefit to plant growth, we believe that promoting the survival trait of R. palustris maybe an economical and practical strategy. It will be interesting to learn more details about such rpaI-rpaR QS-originated ISR priming mechanism and how plant perceive and react to it.
The phyllosphere epiphytes usually form large heterogenous aggregates containing mixed bacterial species. Within the aggregates, multipartite interactions occur among different epiphytic species, epiphytes and plant. The outcome of those interactions directly impacts the plant health and physiology in field. It is conceivable that some AHLs-producing bacteria introduced on phyllosphere as biocontrol agent may launch the AHLs-based cross-talk with indigenous microbes, to steer the nutritional and micro-ecological condition toward the direction beneficial to itself and host plants. In summary, our work revealed that a functioning QS circuit in a phyllosphere biocontrol bacteria was required for the colonization establishment and pathogen suppression. We believe this is an important complement to the current knowledge on the features of QS regulation occurred in phyllosphere, which mainly used to address the pathogenesis of the plant pathogens. Further nore, our findings provoke a broader investigation on the role of QS circuit in the beneficial microorganism-plant interactions, as we believe the rpaI-rpaR QS regulation of R. palustris described in our study is not an exceptional case. The role of bacterial QS regulation should be further investigated between many other biocontrol bacteria and plants.
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