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Abstract
Volatile organic compounds (VOCs) produced by soil bacteria have been shown to exert plant pathogen biocontrol potential owing to their strong antimicrobial activity. While the impact of VOCs on soil microbial ecology is well established, their effect on plant pathogen evolution is yet poorly understood. Here we experimentally investigated how plant-pathogenic Ralstonia solanacearum bacterium adapts to VOC-mixture produced by a biocontrol Bacillus amyloliquefaciens T-5 bacterium and how these adaptations might affect its virulence. We found that VOC selection led to a clear increase in VOC-tolerance, which was accompanied with cross-tolerance to several antibiotics commonly produced by soil bacteria. The increasing VOC-tolerance led to trade-offs with R. solanacearum virulence, resulting in almost complete loss of pathogenicity in planta. At the genetic level, these phenotypic changes were associated with parallel mutations in genes encoding lipopolysaccharide O-antigen (wecA) and type-4 pilus biosynthesis (pilM), which both have been linked with outer membrane permeability to antimicrobials and plant pathogen virulence. Reverse genetic engineering revealed that both mutations were important, with pilM having a relatively larger negative effect on the virulence, while wecA having a relatively larger effect on increased antimicrobial tolerance. Together, our results suggest that microbial VOCs are important drivers of bacterial evolution and could potentially be used in biocontrol to select for less virulent pathogens via evolutionary trade-offs.
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INTRODUCTION 
[bookmark: _Hlk113460407]Microbial volatile organic compounds (VOCs) are a broad group of low molecular weight lipophilic gaseous compounds that are produced as the result of primary and secondary metabolism, often having bioactive functions [1]. VOCs can have several ecological effects, ranging from cell-to-cell communication to plant growth stimulation and activation of systematic plant resistance in response to biotic and abiotic stresses [2]. Moreover, microbial VOCs often have high antimicrobial activity that inhibit bacterial growth, increasing the competitiveness of VOC-producers [3, 4]. As bacterial species vary in their innate sensitivity [5], VOCs could drive changes in the composition and diversity of microbial communities via ecological sorting [6]. Moreover, VOC-selection could potentially increase the proportion of VOC-tolerant bacterial genotypes through positive selection. Yet, no data exists on the long-term effects of VOC selection on bacterial tolerance and resistance evolution. 
Unlike antibiotics, molecular targets and potential resistance mechanisms to VOCs are yet to be discovered. Short-term VOC-exposure has previously been reported to lead to degradation of the cell envelope and fragmentation of cytoplasmic contents with plant pathogenic Clavibacter michiganensis bacterium [7] and Monilinia laxa phytopathogenic fungi [8]. Moreover, VOCs have been reported to stimulate DNA alkylation, affect DNA repair and metabolic processes [9], and induce protein expression related to ABC transporter system and potential detoxification of VOCs [3, 4]. It is thus possible that changes in genes governing these cell processes might provide resistance or tolerance to VOCs. Similar to other antimicrobials, evolving resistance to VOCs could be costly, leading to trade-offs with other traits linked with bacterial competitive ability or virulence [10, 11]. In support of this, it has been shown that exposing phytopathogenic Ralstonia solanacearum bacterium to VOCs produced by Bacillus amyloliquefaciens leads to reduced growth and expression of several virulence factors, including biofilm formation, motility and root colonization (4; 12). Another recent study showed that VOC exposure led to a wide range of hyphal abnormalities and downregulation of genes associated with sporulation yield and conidial maturation in Alternaria solani fungal pathogen [13]. While these changes were likely caused by altered gene expression due to the short length of the experiments, it is possible that prolonged VOC selection could lead to heritable genetic changes in VOC-tolerance and its associated costs.
[bookmark: _Hlk119256375][bookmark: _Hlk118916587]Here, we used experimental evolution to directly test i) if long-term exposure to VOCs selects for increased tolerance; ii) if VOC-tolerance correlates with pathogen resistance to antibiotics and virulence in vitro and in planta; and iii) to determine genetic changes underlying these phenotypic changes. To achieve this, we exposed phytopathogenic R. solanacearum bacterium to three concentrations of a synthetic mixture of 25 VOCs produced by B. amyloliquefaciens T-5 biocontrol bacterium (Supplementary Table S1; ref. 4, 14) for 22 days (≈550 R. solanacearum generations; 11 serial transfers; Fig. 1). R. solanacearum was chosen as the model pathogen species due to its global importance for agriculture as a causal agent of bacterial wilt disease, wide host range and broad geographic distribution [14]. Moreover, as no effective control methods exists, the importance of antimicrobial VOCs as a potential biocontrol strategy against R. solanacearum should be evaluated. One such potential VOC-producing biocontrol bacterium could be B. amyloliquefaciens T-5, which is known to produce a range of different VOCs [3] and shown to be able to limit bacterial wilt of tomato in greenhouse experiments [15]. In this experiment, we evaluated if these biocontrol effects might vanish over time due to the evolution of VOC tolerance by R. solanacearum by correlating changes in R. solanacearum VOC-tolerance with changes in antibiotic resistance and virulence. Moreover, the potential underlying mutations were determined using whole-genome sequencing at the end of the experiment, and the significance of two candidate mutations was independently confirmed using reverse genetic engineering.

MATERIALS AND METHODS
Bacterial strains and growth conditions
We used the bacterial pathogen Ralstonia solanacearum strain QL-Rs1115 (China General Microbiology Culture Collection Center, accession No. 9487) as our target pathogen that was isolated from the roots of a wilted tomato plant [16]. R. solanacearum was stored at -80°C in casamino acid-peptone-glucose (CPG) medium (1 g casamino acid, 10 g peptone, 5 g glucose and pH 7.0) containing 70% glycerol [17]. During the experiments, R. solanacearum was grown on CPG agar plates and liquid CPG media unless stated otherwise. The Escherichia coli strains DH5α and S17-1 were used for plasmid construction and conjugational transfer, respectively. They were grown at 37°C in LB medium (10 g tryptone, 10 g NaCl, 5 g yeast extract; pH 7.0) with shaking (180 rpm) or on LB agar plate (supplemented with 1.5% agar). 
Evolution experiment setup 
[bookmark: _Hlk114077056][bookmark: _Hlk54723732][bookmark: _Hlk118915825]For the in vitro evolution experiment, a single colony of ancestral R. solanacearum strain was pre-grown in CPG medium for 24 hours at 30°C with shaking (170 rpm). Later, the cells of R. solanacearum were washed and suspended in 0.85% NaCl (~107 CFU/ml) and inoculated (25 µl) in 25 ml of fresh CPG medium in 100 ml Erlenmeyer flasks (N=24). Flasks were incubated at 30°C with shaking (170 rpm) for 2 hours before they were evenly assigned to four treatments with six replicates: no VOC (No-VOC), low (L-VOC), intermediate (I-VOC) and high (H-VOC) VOC treatments, with final VOC concentrations corresponding to 0 ppm, 0.5 ppm, 1 ppm and 2 ppm of VOC mixture, respectively. The VOC mixture was prepared by mixing 25 individual VOC compounds in the same ratio as they are produced by B. amyloliquefaciens T-5 bacterium after 3 days of growth in the soil [3], which was tested to inhibit R. solanacearum growth by 30% in one-on-one plate assay (Supplementary Table S1; ref. 4). While most of VOCs were available in liquid form, some solid VOCs had to be dissolved in methanol, where µg VOC = µl methanol. Methanol was previously confirmed to not have any effect on the growth or virulence of R. solanacearum [3, 4, 12, 60]. Similarly, the three VOC mixture concentrations (low, intermediate and high) were determined based on their antimicrobial effects in liquid CPG media, resulting in 15%, 30% and 55% growth inhibition of R. solanacearum, respectively (Supplementary Fig. S1). During the selection experiment, all flasks were sealed with Parafilm and incubated at 30°C with shaking (170 rpm) after initial inoculation and addition of VOCs. Serial transfers took place after two days of growth by transferring 25 µl of thoroughly homogenized liquid culture from the old flasks (0.1% of the total population) into fresh flasks containing 25 ml of CPG medium supplemented with VOC mixture corresponding with the concentrations of given treatments. Serial transfers were continued for 22 days (11 transfers) and subsamples (10 ml) were cryopreserved at -80°C every second transfer (in 30% of glycerol) for growth and virulence trait assays and genome sequencing, which were performed later (Fig. 1).
Determining R. solanacearum population densities during the VOC selection experiment 
To determine changes in R. solanacearum population densities during the selection experiment, 1 ml liquid culture collected at each time point (2 days each) as described above was diluted by 500 times and spread on CPG agar plates. The plates were incubated at 30°C and viable cell counts as CFU/ml were determined after two days of incubation. 
[bookmark: _Hlk113470383]Selection of evolved R. solanacearum clones at the end of the selection experiment
[bookmark: _Hlk114079763]To characterize evolutionary changes driven by VOC-selection, we randomly isolated three R. solanacearum clones per replicate population from all six replicate selection lines of two treatments (18 clones per treatment): R. solanacearum evolved in the absence of VOCs (No-VOC) and in the high VOC concentration (H-VOC). Only the H-VOC treatment was chosen for evolutionary measurements due to large number of measurements and because the negative effect of VOC mixture, and hence the strength of selection, was the highest in this treatment. In addition, three clones of the ancestral strain were used for all measurements to establish baseline for the strain’s initial performance. All R. solanacearum samples stored at -80°C were thawed on ice for 15 minutes, diluted by 500 times with sterilized water and spread on CPG agar plates. After two days of incubation at 30°C, three clones for each treatment replicate were randomly selected, regrown in liquid CPG medium and cryopreserved on 96-well plates to characterize evolutionary changes at the phenotypic and genotypic levels relative to ancestor in following assays.  
VOC-tolerance assay
The tolerance of R. solanacearum ancestor and evolved No-VOC and H-VOC clones were evaluated by re-exposing them to the VOC mixture and five individual VOCs present in the mixture in separate assays. Five selected individual VOCs that showed antimicrobial activity included nonanone, undecanal, oleic acid, heptadecane and benzothiazole, which belonged to five distinct chemical classes: ketones, aldehydes, fatty acids, alkanes and benzenes, respectively. The VOC tolerance assay was conducted both in liquid CPG media (exposure via liquid) and using agar plate assays (exposure through air). In liquid media assays, conditions were kept the same as in the selection experiment, using 100 ml Erlenmeyer flasks containing 25 ml CPG medium, which were inoculated with R. solanacearum cell cultures and subsequently exposed to VOCs (mixture and individual compounds) at three concentration levels (0.5 ppm, 1 ppm and 2 ppm). After two days of growth, 1 ml liquid culture was collected from each flask, diluted by 500 times, and spread on CPG agar plates to determine viable cell counts (CFU/ml) as described earlier. 
[bookmark: _Hlk7955133]In agar media assays, divided Petri plates with CPG agar medium (15 g/l agar) were used for the VOC tolerance assay as follows. One-half of the Petri plate was inoculated with two drops (5 µl each) of R. solanacearum cell suspensions (~107 CFU/ml) at 4 cm apart. Petri plates were then incubated at 30°C for 12 hours to initiate bacterial growth after sterile Whatman filter paper discs (~10 mm diameter) supplemented with VOCs were placed on other halves of the Petri plates. VOC treatments with three concentration levels (12.5 µl, 25 µl and 50 µl) of VOC mixture and five individual VOCs were used to compare the tolerance of ancestor, No-VOC and H-VOC clones. Petri plates were sealed with Parafilm and incubated for further two days at 30°C. Also, sterile filter paper discs inoculated with nothing were used as a negative control. Later, R. solanacearum colonies were removed along with agar medium using a sterilized scalpel and CFU/ml were determined as described previously. In both VOC tolerance assays; every clone was measured in triplicate and the VOC effects were calculated as the percentage increase or decrease compared to when clones were grown in the absence of VOCs in the negative control treatment.

Antibiotic-tolerance assay 
The cross-tolerance of R. solanacearum ancestor and evolved No-VOC and H-VOC clones were measured against three antibiotics with distinct molecular targets: polymyxin B sulfate (bacterial cell membrane), erythromycin (50S subunit rRNA) and rifamycin (RNA polymerase). Three different concentrations of antibiotics (determined in preliminary experiments) were used along with no-antibiotic negative control: 75, 150 and 300 µg/ml for polymyxin B sulfate, 2.5, 5, 10 µg/ml for erythromycin and 0.25, 0.5 and 0.75 µg/ml for rifamycin. Antibiotics were mixed with CPG medium at different concentrations and then 195 µl was added into the wells of 96-well microtiter plates. Later, 5 µl overnight culture suspensions (107 CFU/ml) of all clones were added and plates were incubated at 30°C with shaking (170 rpm) for two days. Every clone was measured in triplicate and the experiment was repeated twice. The antibiotic effects were determined as the percentage increase or decrease compared to when clones were grown in the absence of antibiotics. 
Growth curve assay 
The growth curves for all clones were measured using 96-well microtiter plates. A single colony of the ancestor, No-VOC and H-VOC clones were pre-grown in CPG medium at 30°C with 170 rpm shaking overnight. The liquid cultures were then washed with sterilized water, adjusted to 107 CFU/ml and 5 µl was added into the wells of microtiter plates containing 195 µl of CPG medium. Bacterial growth was measured as a change in optical density (OD600) after 4, 8, 12, 18, 24, 30, 36, 48 and 60 hours of incubation at 30°C with 170 rpm shaking. The growth rate, maximum biomass, area under the growth curve, doubling time and lag-phase time were determined from this data using the R package Growthcurver 0.3.1 [18], which fits a basic form of the logistic equation common in ecology and evolution to experimentally-obtained growth curve data. The logistic equation gives the number of cells Nt at time t.
Nt = K / 1+(K−N0/N0)e−rt 
Here, the population size at the beginning of the growth curve is given by N0. The maximum possible population size in a particular environment, or the carrying capacity, is given by K. The growth rate was reported as intrinsic growth rate of the population (r) per hour (h-1). Every clone was measured in triplicate and the experiment was repeated twice.  
Virulence trait assays in vitro
The quantified virulence traits included motility, antioxidant potential, extracellular polysaccharides and biofilm formation. Before virulence traits assays, the overnight liquid culture of R. solanacearum clones was washed and suspended in 0.85% NaCl (107 CFU/ml). Both swarming and swimming motility were determined on CPG agar plates at 30°C containing 0.7% and 0.3% (w/v) agar, respectively. The zone of migration was measured in four directions after three days for swarming motility and after two days for swimming motility [4, 5]. To evaluate the antioxidant potential of R. solanacearum clones, catalase and superoxide dismutase (SOD) activities were determined. The catalase activity was determined according to the method of Chance and Maehly [19] and defined as the amount of H2O2 (μM) broken down per minute by one milligram of protein under the assay conditions. The SOD activity was determined using the nitroblue tetrazolium (NBT) method [20]. The amount of SOD enzyme that inhibited 50% of NBT reduction was defined as one enzyme unit (U). For the extracellular polysaccharides production assay, liquid culture samples of R. solanacearum were inoculated (20 µl) in fresh CPG medium. After three days of growth at 30°C, extracellular polysaccharides were precipitated using ice-cold ethanol and quantified by the phenol-sulfuric acid method as described in previous reports [4, 21]. For biofilm formation assay, 96-well microtiter plates were used and biofilm formation was determined after three days of incubation at 30°C. Crystal violet staining and biofilm estimation was performed as described previously [22]. Every clone was measured in triplicate and the experiment was repeated twice. The data for virulence traits was calculated as an increase or decrease in trait values relative to the ancestor. 
Virulence measured in planta
Seeds of tomato cv. Hezuo 903 were surface sterilized using NaOCl4 (5%) and grown on wet (sterile H2O) Whatman paper for three days at 30°C. The germinated seeds were dipped overnight in water-washed cell cultures (108 CFU/ml) of R. solanacearum ancestor and evolved No-VOC and H-VOC clones separately and then three seedlings were transferred to each pot (15 × 8 cm) containing vermiculite and peat mixture (1:1). The seedlings were grown until the germination of the third true leaf and then thinned to one plant per pot. The pots were placed in a growth chamber (25°C temperature, 12 h light, 12 h dark, 65-80% relative humidity). Meanwhile, the ancestor, No-VOC and H-VOC R. solanacearum clones were grown in CPG medium overnight at 30°C and washed and suspended in sterilized water (108 CFU/ml). To ensure high infectivity, 50 ml of the cell cultures of R. solanacearum clones were added to each pot and pots were watered with ½ strength Murashige and Skoog medium every second day [23]. Each clone had six replicates and the disease index was calculated after four weeks [16] as follows: the plants were scored on a scale of 0–4, where 0 = no wilted leaf, 1 = <25% wilted leaves, 2 = 25- 50% wilted leaves, 3 = 50-75% wilted leaves and 4 = >75% wilted leaves or dead plant. The disease index was calculated using the following equation:
Disease index = [Σ(number of diseased plants × disease score)/(total number of plants investigated × highest disease score)].
Genome sequencing and variant calling analysis
To identify the genotypic changes and their relationship with the phenotypic response of R. solanacearum clones, genomic DNA were extracted from three ancestral and 18 evolved clones from both No-VOC and H-VOC treatments to produce draft genomes for variant calling analysis. The DNA was extracted using DNeasy Kit (QIAGEN) according to the manufacturer’s instructions. Genomic DNA was quantified using TBS-380 fluorometer (Turner BioSystems Inc., Sunnyvale, CA) and at least 1 μg of high-quality genomic DNA (OD260/280=1.8~2.0, >6 µg) were used to construct sequencing libraries for paired-end sequencing. Paired-end libraries with insert sizes of ~400bp were prepared following Illumina’s standard genomic DNA library preparation procedure. Purified genomic DNA was sheared into smaller fragments with the desired size by Covaris and blunt ends were generated by using T4 DNA polymerase. After adding an ‘A’ base to the 3' end of the blunt phosphorylated DNA fragments, adapters were ligated to the ends of the DNA fragments. The desired fragments were purified through gel-electrophoresis, then selectively enriched and amplified by PCR. The index tag was introduced into the adapter at the PCR stage as appropriate and a library-quality test was performed. The qualified paired-end library was used for HiSeq sequencing (Illumina, PE150 mode). Genome sequencing was performed by Shanghai Biozeron Biotechnology Co., Ltd. (Shanghai, China).
[bookmark: _Hlk113461238]Raw reads for each sample were quality-checked with FastQC (v.0.11.4) [24]. Samples identified to have read files containing an observable percentage of Illumina adapter contamination were removed using cutadapt (v.2.3) [25]. Raw reads for each sample were assembled into contigs de novo with SPAdes (v. 3.14.0) using the isolate mode [26]. Variants for ancestor, No-VOC and H-VOC clones (18 clones for each; 3 per replicate) were identified by mapping reads to PacBio reference of R. solanacearum strain RS-N (NCBI accession no. CP099579-CP099581) using Snippy (v.4.6.0; https://github.com/tseemann/snippy). A GenBank file was created with gene annotations using PROKKA (v.1.14.5; Kingdom: Bacteria, Genus: Ralstonia) for the snippy to assign gene information to identified variants [27]. BLASTp was utilized to identify the protein functions of identified hypothetical proteins. Genetic differences identified in the ancestral strain relative to the RS-N reference strain were not considered in downstream analyses as these were present already prior to the start of the selection experiment. Identified variants were grouped by treatment and given running number from 1 to 3 within each replicate population. Prophages were identified in strain de novo assemblies using the PHASTER web server (https://phaster.ca/) which automatically classified them into intact (score > 90), questionable (score 70-90) and incomplete (score < 70) prophages based on their size and the presence of phage-like and phage cornerstone genes [28]. Insertion sequence (IS) movement was determined using previously described method [29]. Briefly, IS were identified in the ancestral strain using ISEScan v.1.7.2.3 [30] and were clustered with Mash [31]. Their taxonomic identities were determined through comparisons with ISFinder database (https://isfinder.biotoul.fr/). IS movement in experimental clones was determined using ISMapper v.2.0.2 [32].
Construction of single mutant strains for linking parallel SNPs with bacterial phenotypes 
To verify the effect of parallel SNPs on bacterial phenotypes, we constructed single mutant strains carrying in-frame deletion in either pilM or wecA gene as descripted previously [33]. The R. solanacearum clone used in the reverse-genetics experiment was the same ancestral R. solanacearum strain QL-Rs1115 used for the evolution experiment. To construct a complete in-frame deletion of pilM or wecA genes, the ~500-bp border arms A (upstream) and B (downstream) of each gene were separately amplified by PCR using pilM-A1F/-A2R or wecA-A1F/-A2R and pilM-B1F/-B2R or wecA-B1F/-B2R primer pairs, respectively (Table S2). The reverse primer A2R for the upstream, and forward primer B1F for the downstream, contained 15 bases of aligning nucleotides that were fully complementary. Later, the two purified border fragments of each gene were subjected to a second round of PCR amplification using pilM-A1F/B2R or wecA-A1F/B2R primer pairs to overlap two border arms into a ~ 1-kb DNA fragment. This overlapped fragment was purified using agarose gel, ligated into the EcoR V predigested pBluescript II KS+ and transferred to E. coli DH5α (Table S3). Later, the plasmid was extracted, and cloned into the BamHI and Hind III digested pK18mobsacB [34] and transferred into E. coli S17-1 (Table S3). The resulting pK18pilM and pK18wecA plasmids were separately transferred from E. coli S17-1 into ancestral R. solanacearum by natural conjugation and positively selected on sucrose medium. The deletion of pilM and wecA at its original location of ancestral R. solanacearum was confirmed by 1-kb reduction of the colony PCR products using primers pilM-A1F/B2R or wecA-A1R/B2F. The mutant strains were named ΔpilM and ΔwecA. A similar recombination procedure was used to complement ΔpilM and ΔwecA with point-mutated pilM and wecA genes. Briefly, 965-bp and 1305-bp upstream and 1277-bp and 799-bp downstream fragments of pilM and wecA genes were amplified using primer pairs pilM-F1/-R1ovlP or wecA-F1/-R1ovlP and pilM-mutP/-R2 or wecA-mutP/-R2, respectively. The forward primers of downstream fragments, pilM-mutP or wecA-mutP, contained both overlapping sequences (inverse complementary sequence of pilM-R2ovlP and wecA-R2ovlP, respectively) and point mutation sequences: insertion of C to replace T at the position of 462 in wecA gene and insertion of G to replace GC at the position of 825 in pilM gene. The purified border fragments of each gene were subjected to a second round of PCR amplification using the primer pairs pilM-F1/-R2 or wecA-F1/-R2 to overlap two border arms into a ~2-kb DNA fragments. These DNA products were cloned into pBluescript II KS+, sequences validated and then cloned into pK18mobsacB for parental conjunction experiments as described above. The complementation of point mutated pilM and wecA genes was confirmed by 2-kb increase of colony PCR products using primers pilM-F1/-R2 or wecA-F1/-R2 after positive selection on sucrose medium. The point mutants were named as ΔpilMiG and ΔwecAiC, respectively, and their phenotypes characterized regarding growth, VOC and antibiotic tolerances (only the highest concentration), virulence traits (swarming and swimming motility, biofilm formation and EPS production) and virulence in planta as described earlier. 
Statistical analysis
[bookmark: _Hlk119262279][bookmark: _Hlk114314840][bookmark: _Hlk110344250][bookmark: _Hlk114311514]For the experimental evolution selection experiment, repeated measures generalized linear model (GLMs) were used to account for temporal autocorrelation and pseudoreplication in time. Here, the growth of R. solanacearum was considered as the response variable, which was explained by VOC treatment that had four different levels:  three VOC mixture concentrations and no-VOC control treatment. Separate GLMs were conducted to evaluate evolutionary changes after the selection experiment for a subset of evolved clones that were randomly isolated from No-VOC and H-VOC treatments. Here, a factorial GLM analysis was used to explain variation in VOC tolerance of No-VOC and H-VOC treatment clones relative to ancestral strain by VOC type (six levels: VOC mixture and five individual VOCs), VOC concentration (three levels: low, intermediate and high) and evolutionary history (three levels: ancestor, No-VOC and H-VOC) as fixed independent variables. The final model included all main effects and two- and three-way interactions. Similar factorial GLM analyses were conducted to explain variation in antibiotic tolerance of ancestral and No-VOC and H-VOC treatment clones. To evaluate growth and virulence trait differences between No-VOC and H-VOC treatment clones, one-way ANOVA was used. To visualize the overall differences among ancestor, No-VOC and H-VOC treatment clones based on growth and virulence traits, principal component analysis (PCA) was used after trait data standardization (subtracting the mean trait value with the minimum observed value of that trait and then dividing by the difference between the maximum and minimum observed values for that trait). In addition, permutational multivariate analysis of variance (PERMANOVA) was conducted to evaluate if the centroids of distance matrices differed between ancestor, No-VOC and H-VOC clone treatment groups based on 9999 permutations and Bray-Curtis dissimilarity matrix using PAST 4.0.3 software [35]. The rest of the above-mentioned statistical analysis was performed using SPSS version 19.0 statistical software (SPSS, Inc., Chicago, IL, USA). 

RESULTS AND DISCUSSION
VOC exposure reduces R. solanacearum population densities and selects for increased VOC tolerance
[bookmark: _Hlk114310600]The R. solanacearum population densities were clearly reduced by VOC exposure, with higher concentrations having more severe effects (Fig. 2; Supplementary Table S4). The VOC effects stabilized after the first 8 days of the selection experiment, which could be indicative of R. solanacearum adaptation to VOCs due to rapid emergence of resistance mutations. To study this, we isolated three R. solanacearum clones per replicate population from all six No-VOC and H-VOC treatment replicates (18 clones per treatment) at the end of the experiment. In addition, three ancestral strain clones were used to establish baseline comparison. Evolutionary changes in VOC-tolerance were quantified both in liquid (direct contact) and agar culture media (indirect contact via air) by re-exposing all clones to the VOC-mixture and five individual antimicrobial VOCs present in the mixture (Supplementary Table S1). We found that evolved H-VOC clones showed increased VOC-tolerance relative to the ancestral and No-VOC clones and this difference was greater when measured at higher VOC concentrations (Liquid media assay; Fig. 3, Supplementary Figs. S2-S3 and Supplementary Table S5). While all clones showed 15-20% lower growth inhibition on agar medium compared to liquid culture, the overall patterns of inhibition were similar between the two methods (R2 = 0.96, p<0.0001). Moreover, evolved H-VOC clones were more tolerant to individual VOCs compared to VOC-mixture, showing the highest tolerance to undecanal followed by oleic acid, benzothiazole, heptadecane and nonanone. In contrast, evolved No-VOC clones remained equally susceptible to individual VOCs compared to ancestral clones, and even in some cases showed concentration-dependent increase in susceptibility to nonanone (0.5 ppm), undecanal (0.5 and 2.0 ppm) and oleic acid in liquid media (1.0 and 2.0 ppm; Fig. 3). 
[bookmark: _Hlk108711940]As it is well known that exposure to one stress can select for cross-tolerance to other stresses [36], we quantified the tolerance of evolved R. solanacearum clones to three antibiotics with distinct molecular targets: polymyxin B sulfate (bacterial cell membrane), erythromycin (50s subunit rRNA) and rifamycin (RNA polymerase). Overall, evolved H-VOC clones showed improved tolerance to all antibiotics relative to the ancestral clones and this difference was greater when measured at higher antibiotic concentrations (Fig. 3; Supplementary Fig. S4 and Supplementary Table S6). While R. solanacearum showed innate resistance to polymyxin B sulfate, the H-VOC clones evolved the highest level of tolerance to erythromycin followed by rifamycin (Fig. 3). Overall, No-VOC clones remained equally susceptible to antibiotics as ancestral clones, except for showing improved tolerance to erythromycin. Furthermore, the VOC and antibiotic tolerances were positively correlated at all measured concentrations (Fig. S5), even though the magnitude varied between different compounds and used concentrations (Supplementary Tables S5 and S6). Together, these results demonstrate that VOC-mixture can select for increased, generalized tolerance to several different VOCs and antibiotics with different modes of action. Overall, these results are in line with previous work where the evolution of antibiotic resistance has been shown to correlate positively with other toxic compounds, such as herbicides [37, 38] and plant allelochemicals [39], indicating that bacteria might employ general stress response strategies to cope with a variety of antimicrobials.
VOC tolerance leads to trade-off with R. solanacearum growth and virulence 
[bookmark: _Hlk63646673]To explore the evolution of potential trade-offs, changes in VOC-tolerance were correlated with changes in evolved R. solanacearum clones’ growth and virulence measured in vitro and in planta. Both H-VOC and No-VOC clones showed an increase in maximum biomass and area under the growth curve and reduced lag-phase relative to the ancestral clones (Fig. 4a), which suggests that R. solanacearum adapted to the growth media as has been reported previously in another study [39]. However, evolved H-VOC clones showed lower growth rates and increased lag-phases relative to No-VOC clones, indicative of a growth cost (e.g., due to potential resource allocation trade-off) associated with VOC-tolerance (Fig. 4a; Supplementary Figs. S6-S7). Such costs could partly explain why H-VOC populations could not restore their growth and population densities during the selection experiment despite evolving more tolerant to VOCs. Moreover, H-VOC clones showed a clear reduction in several virulence traits relative to ancestral and No-VOC clones, including swarming motility, superoxide dismutase activity, biofilm formation and extracellular polysaccharides production, while four H-VOC clones showed an increase in swimming motility relative to ancestral clones. Additionally, all virulence traits correlated positively with each other but negatively with most of the growth traits, except for growth rate and lag-phase time (Fig. 5a; Supplementary Fig. S9), indicative of trade-off between growth and virulence as shown previously [40]. In contrast, the virulence traits of evolved No-VOC clones did not differ from the ancestral clones, except for showing a slight increase in swimming motility (Fig 4b; Supplementary Fig. S8). A clear separation between treatments was also observed using principal component analysis based on all phenotypic traits (PERMANOVA, F(2, 38) = 4.41, P = 0.009), where H-VOC clones formed a distinct cluster from No-VOC clones and ancestral clones, while No-VOC clones did not significantly differ from the ancestral clones, except for five clones from 3 replicates that showed a clear reduction in virulence traits. While more research is needed to understand phenotypic variation emerging in No-VOC treatment, one likely explanation could be adaptation to the growth media and conditions during the experiment (Fig. 4c; Supplementary Table S7). 
[bookmark: _Hlk108711962]Changes in R. solanacearum virulence were also quantified in planta using root colonization assay. A clear reduction in R. solanacearum virulence was found with evolved H-VOC clones relative to No-VOC and the ancestral clones. Interestingly, No-VOC clones also showed a slight reduction in virulence, but this effect was much stronger with H-VOC clones (Fig. 5b). Together, these results suggest that microbial VOCs can select for more tolerant but less virulent plant pathogen genotypes, which is in line with previous research, where increases in antimicrobial resistance have often been associated with reduced fitness [41], competitive ability [42], growth rate [43] and virulence [44]. 
Genetic basis of VOC-tolerance and reduced virulence
To understand the genetic basis of VOC-tolerance, and associated trait correlations, we sequenced all phenotyped clones from No-VOC and H-VOC treatments. The sequenced clones acquired only a few mutations (1.3 and 2.4 mutations per clone in No-VOC and H-VOC treatments, respectively), which included intergenic mutations and small deletions with No-VOC clones and missense mutations and small insertions and deletions with H-VOC clones (Fig. 6a). Most mutations were located in the chromosome (12 loci) and only a few mutations were found in the megaplasmid of H-VOC clones (R. solanacearum has a bi-partite genome [45]). Importantly, most mutations were nonsynonymous with H-VOC clones (66-72% of sequenced clones), including highly parallel missense mutations in the glycosyl transferase gene (wecA) and frameshift mutations in fimbrial type-4 assembly protein-encoding gene (pilM). Moreover, a few clones had missense mutations in type IV pilus secretin gene (pilQ), staphyloferrin B siderophore synthase gene (sbnC), transcriptional regulator gene (pehR) and flagellar hook-length control protein-encoding gene (fliK) (Fig. 6b; Supplementary Table S8). Our phenotypic results suggest that VOC-tolerance was likely driven by some type of generalized resistance mechanism that provided tolerance to several types of VOCs and antibiotics (Fig. S5). The wecA gene is important for bacterial outer membrane structure via lipopolysaccharides (LPS) O-antigen biosynthesis [46] and LPS is known to form a permeation barrier against the entry of several antibiotics [47], providing tolerance, especially against hydrophobic antibiotics such as erythromycin and rifamycin [48]. Most VOCs are also nonpolar, hydrophobic compounds [1] and can cause modifications in cell membrane fluidity and permeability, allowing their entry into the cell [49]. Moreover, parallel mutations were observed in genes encoding pilus (pilM) and flagella (fliK; only with a few clones) that form an important part of the bacterial outer membrane and have previously been associated with antibiotic resistance [48, 50]. While the exact mechanisms of LPS and pilus mutations on antimicrobial resistance are not yet properly understood, they both were recently found to confer resistance to colistin in Pseudomonas aeruginosa [51]. High parallelism of wecA and pilM mutations in the H-VOC treatment thus suggests that these mutations were important for the evolution of generalized tolerance, potentially via reduced outer membrane permeability to hydrophobic VOCs and antibiotics. Crucially, both wecA and pilM are also important for bacterial virulence by affecting adhesion, colonization, biofilm formation, motility and pathogenesis [52-55]. Mutations in these genes thus also likely explain the observed reduction in virulence of H-VOC clones.
Two parallel mutations were also found in evolved No-VOC clones (61% of sequenced clones). The first one was a disruptive in-frame deletion in transcription regulator (pehR), which has been linked with swimming and twitching motility [56], potentially explaining changes in swimming motility in No-VOC clones. The second point mutation was observed in the 1254230-intergenic region upstream to wecA (737 bp), which unlikely affected the expression of wecA due to tRNA region between. Furthermore, one clone from No-VOC treatment (CK3) had mutations in pilQ (fimbrial assembly) and phcS (histidine kinase; quorum-sensing) genes. While these mutations were not associated with increased VOC-tolerance, they could explain the slightly reduced virulence of No-VOC clones [57, 58]. 
[bookmark: _Hlk106315467][bookmark: _Hlk108711980]We also explored if VOC-exposure triggered the movement of insertion sequences (IS) or prophages, which could have contributed to observed phenotypic adaptations [59]. Overall, a greater IS gain and loss was found in four regions of H-VOC clone genomes. However, this IS movement occurred in intergenic regions, making it difficult to predict their phenotypic effects (Supplementary Fig. S10). Similarly, while ten prophages could be identified, no prophage loss or movement was observed (Supplementary Table S9). Together, these findings suggest that only a few mutations in pilus and LPS genes were required for a clear increase in VOC-tolerance, that had clear pleiotropic effects in terms of reduced virulence in vitro and in planta.
Genetically engineered pilM and wecA mutants show increased VOC and antibiotic tolerances but reduced virulence
To validate the contribution of pilM and wecA mutations for observed bacterial phenotypes, reverse genetic engineering was used to construct single mutant strains for both genes in the ancestral strain background (see methods). Overall, both ΔpilMiG and ΔwecAiC mutants showed changes in their antimicrobial tolerances and virulence, though their individual contributions were lower than H-VOC clones. While the growth curves of ΔpilMiG and ΔwecAiC did not differ from the ancestral strain (Supplementary Fig. S11), they showed higher VOC tolerance to the mixture and five individual VOCs, with ΔwecAiC being overall more tolerant (9-40%) than ΔpilMiG  (6-21%; Fig. 7). In the case of antibiotic tolerance, ΔpilMiG showed 5-8% higher tolerance to all three antibiotics compared to ancestral strain, while ΔwecAiC showed complete resistance to polymyxin B sulfate, clear increase in tolerance to rifamycin (36%) and slightly increased tolerance to erythromycin (4%) compared to ancestral strain (Fig. 7). Regarding the virulence traits measured in vitro, ΔpilMiG showed reduction only in swimming motility while ΔwecAiC showed reduction in both swimming and swarming motility (Fig. 8). Moreover, while both mutants showed reduced virulence in planta relative to the ancestral strain, this effect was much stronger with ΔpilMiG (58% reduction) compared to ΔwecAiC (32% reduction; Fig. 8). These results suggest that both pilM and wecA mutations that were observed to evolve in parallel under VOC selection affected both increased antimicrobial tolerance and reduced virulence, potentially having synergistic, epistatic effects with H-VOC clones.
Our results show that in addition to shaping microbial ecology [2], microbial VOCs can also drive plant pathogen evolution by selecting VOC-tolerant mutants that show cross-tolerance to several antibiotics. Mechanistically, VOC-tolerance was likely driven by reduced membrane permeability, which could have provided tolerance to both hydrophobic antibiotics and VOCs used in our experiments. The mutations associated with tolerance were also linked to reduced virulence in vitro and in planta. VOCs could thus be used as selective agents to weaken plant pathogen virulence via fitness trade-offs, similar to trade-offs exerted by parasitic bacteriophages [60, 61]. In the future, it would be interesting to explore if more specialized VOC-tolerance might evolve when bacteria are exposed to single VOCs instead of complex VOC mixtures. However, considering the high prevalence and complexity of VOCs in the soils [62], microbial VOCs could commonly select for generalized stress tolerance mechanisms instead of narrower specialist tolerance. Also, further long-term selection experiments are required to explore if R. solanacearum can evolve compensatory mutations [63] that will help it regain virulence subsequently after evolving VOC-tolerance. Additional experiments in soil and plant mesocosms are also required to quantify potential VOC-tolerance evolution in spatially structured and more complex microbial communities [64, 65] that could for example magnify the costs of adaptation [66]. In conclusion, our findings suggest that antimicrobial tolerance in plant pathogens can evolve through VOC exposure by another bacterium, highlighting the importance of community context for the evolution of antibiotic resistance in natural environments [67].
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Figures
[image: ]Fig. 1 Schematic representation of the experimental design, where plant pathogenic Ralstonia solanacearum was evolved in the absence and presence of three VOC mixture concentrations in sealed flasks for 22 days with two-day serial transfers. Subsamples were stored at every transfer and final samples were used to select for evolved clones and quantify changes in R. solanacearum tolerance and virulence, and for sequencing to identify parallel mutations shared between treatment replicates.
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Fig. 2 Population density dynamics of plant pathogenic Ralstonia solanacearum in the absence and presence of three concentrations of volatile organic compound (VOC) mixture. Ralstonia solanacearum was evolved in the absence (No-VOC) and presence of low (L-VOC), intermediate (I-VOC) and high (H-VOC) VOC concentrations in sealed flasks for 22 days with two-day serial transfers. Subsamples were stored at every transfer and used to determine population densities as cell counts per ml.
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[bookmark: _Hlk94535005]Fig. 3 Selection by volatile organic compounds (VOCs) leads to increased tolerance to both VOCs and antibiotics. Comparison of VOC (left) and antibiotic (right) tolerances of control (No-VOC) and high VOC (H-VOC) replicate selection lines relative (%) to the ancestor in the presence of VOC mixture, five antimicrobial VOC constituents (benzothiazole, nonanone, undecanal, heptadecane and oleic acid) and three antibiotics (polymyxin B sulfate, erythromycin and rifamycin). Each square represents the mean of three replicate clones isolated from the final time point and three measurement concentrations of VOCs (ppm) and antibiotics (µg/ml) were used. Green and red colors represent increases and decreases in tolerance relative (%) to the ancestor clones, respectively. 
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Fig. 4 Evolution of volatile organic compound (VOC)-tolerance leads to trade-off with Ralstonia solanacearum virulence. (a) Comparison of growth traits [(maximum biomass (MB), growth rate (GR), doubling time (DT), growth curve area (CA) and lag-phase time (LPT)] between evolved control (No-VOC) and high VOC (H-VOC) replicate selection lines relative (%) to the ancestor. (b) Comparison of virulence traits [swimming motility (Swim), swarming motility (Swar), catalase activity (Cat), superoxide dismutase activity (SOD), biofilm formation (Biof) and extracellular polysaccharides production (EPS)] between evolved No-VOC and H-VOC replicate selection lines relative (%) to the ancestor. In (a) and (b), each square represents the mean of three replicate clones isolated from the final time point, while green and red colors represent the increase and decrease in trait values relative (%) to the ancestor, respectively. (c) Principal component analysis based on all growth and virulence traits of ancestor and evolved No-VOC and H-VOC replicate selection lines. Each data point in (c) represents one replicate clone. 
[image: ]
[bookmark: _Hlk110094278]Fig. 5 Evolution of volatile organic compounds (VOC)-tolerance leads to trade-off with Ralstonia solanacearum virulence. (a) Pearson correlations of growth traits [(maximum biomass (MB), doubling time (DT) and growth curve area (CA)] and virulence traits [swimming motility (Swim), swarming motility (Swar), catalase activity (Cat), superoxide dismutase activity (SOD) and extracellular polysaccharides production (EPS)] of evolved Ralstonia solanacearum clones derived from high VOC (H-VOC) treatment at the end of the selection experiment. Positive correlations are displayed in blue and negative correlations in red color. The color intensity and the size of the circles are proportional to the value of correlation coefficients. (b) Comparison of disease index (DI) between evolved control (No-VOC) and H-VOC treatment replicate selection lines relative to the ancestor (dotted line) in planta. Each data point in (b) represents one replicate clone.
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Fig. 6 Volatile organic compounds (VOC)-tolerance is linked to parallel mutations in lipopolysaccharide and type-IV pilus encoding genes. (a) The number of different types of mutations found in control (No-VOC) and high VOC (H-VOC) treatment replicates. Each bar represents the number of mutations of three clones per replicate selection line and different colors represent different types of mutations. (b) The observed mutations across different loci on the chromosome (large circles) and the megaplasmid (small circles) of No-VOC (green) and H-VOC clones (purple). Large circles denote different treatment replicates, and small grey dots and their size indicate the loci and number of clones with given mutations, respectively. The closely located variants are grouped and labeled with the name of the gene in which those are identified. The gene names are colored by their treatment:  No-VOC clones with green and H-VOC clones with purple. Mutations in the megaplasmid were only observed in two H-VOC  treatment replicates.

[image: ]Fig. 7 The inhibitory effect of volatile organic compound (VOC) mixture and five individual antimicrobial VOCs (a) and three antibiotics (b) on the growth of evolved clones and ΔpilMiG and ΔwecAiC mutants. The evolved clones were derived from control (No-VOC) and high level of VOC (H-VOC) treatments at the end of the selection experiment. Exposure to VOCs was done in divided Petri plates on solid CPG agar media at the highest VOC measurement concentration (50 µl) used in the selection experiment, and for antibiotics, the highest measurement concentrations of 300 µg/ml for polymyxin B sulfate, 10 µg/ml for erythromycin and 0.75 µg/ml for rifamycin were used. The growth inhibition was quantified as percentage reduction relative to when the same clones and point mutants were grown in the absence of VOCs or antibiotics after two days of growth. In all panels, ‘No-VOC’ and ‘H-VOC’ denote clones that evolved in the absence and presence of VOCs, respectively, and the dotted grey line shows the growth inhibition of the ancestral clone. Three clones per treatment replicate were used and each data point represents one replicate clone. 
[image: ]Fig. 8 Comparison of virulence traits in vitro and in planta (disease index) of evolved clones and ΔpilMiG and ΔwecAiC mutants. The evolved clones were derived from control (No-VOC) and high level of volatile organic compound (H-VOC) treatments at the end of the selection experiment. The dotted grey line shows the virulence traits of the ancestral clone. Three clones per treatment replicate were used and each data point represents one replicate clone. Note: for SNPs validation experiment, antioxidant activity (superoxide dismutase and catalase) was not included as it was found similar among ancestral, No-VOC and H-VOC clones. EPS: extracellular polysaccharides
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