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Janthinobacterium and Duganella are well-known for their antifungal effects. Surprisingly, almost nothing is known on molecular aspects involved in the close bacterium-fungus interaction. To better understand this interaction, we established the genomes of 11 Janthinobacterium and Duganella isolates in combination with phylogenetic and functional analyses of all publicly available genomes. Thereby, we identified a core and pan genome of 1058 and 23,628 genes. All strains encoded secondary metabolite gene clusters and chitinases, both possibly involved in fungal growth suppression. All but one strain carried a single gene cluster involved in the biosynthesis of alpha-hydroxyketone-like autoinducer molecules, designated JAI-1. Genome-wide RNA-seq studies employing the background of two isolates and the corresponding JAI-1 deficient strains identified a set of 45 QS-regulated genes in both isolates. Most regulated genes are characterized by a conserved sequence motif within the promoter region. Among the most strongly regulated genes were secondary metabolite and type VI secretion system gene clusters. Most intriguing, co-incubation studies of J. sp. HH102 or its corresponding JAI-1 synthase deletion mutant with the plant pathogen Fusarium graminearum provided first evidence of a QS-dependent interaction with this pathogen.

Keywords: Janthinobacterium, Duganella, Fusarium graminearum, CAI-1, quorum sensing, violacein, bacterium-fungus interaction

INTRODUCTION

Janthinobacterium spp. and bacteria affiliated with the genus Duganella are Gram-negative, motile, and aerobic bacteria, which are commonly isolated from soil and aquatic samples. Janthinobacterium and Duganella spp. are grouped among 11 other genera within the family Oxalobacteraceae of the Betaproteobacteria (Lincoln et al., 1999; Baldani et al., 2014). Although most isolates have been obtained from soil or aquatic sites, Janthinobacterium can occur in marine habitats in which they can grow to remarkably high titers (Alonso-Sáez et al., 2014). While Janthinobacterium as well as Duganella appear to be non-pathogenic to humans, animals, and plants, they are well-known for their antifungal effects. For example, J. livium suppresses fungal growth on human and amphibian skin or J. agaricidamnsoum causes the soft rot disease on the mushroom Agaricus bisporus (Becker et al., 2009; Harris et al., 2009; Wiggins et al., 2011; Graupner et al., 2015; Ramsey et al., 2015). The antifungal activities within this Oxalobacteraceae family are most likely induced through a regulatory network in response to chitin or degradation products (Cretoiu et al., 2013; Kielak et al., 2013) and the involvement of the secondary metabolite violacein is hypothesized (Brucker et al., 2008; Ramsey et al., 2015).

To date, only few complete or permanent draft genomes of Janthinobacterium and Duganella are publicly available. In addition, only very few reports have analyzed the mechanisms of cell-cell communication in these genera. We recently reported, that Janthinobacterium sp. HH01 (in this study renamed as Duganella sp. HH01, Hornung et al., 2013) employs a cell-cell signaling mechanism that was previously only known for Vibrio or Legionella and is based on the synthesis of α-hydroxyketones. In V. cholerae and L. pneumophila the corresponding signaling molecule is involved in the regulation of pathogen-host interaction (Tiaden and Hilbi, 2012; Simon et al., 2015) and plays a key role in bacterial competence in V. cholerae, which could be linked to the presence of chitin (Lo Scrudato and Blokesch, 2012; Borgeaud et al., 2015). Working on HH01 we have shown that the janthinobacterial autoinducer (JAI-1) is synthesized by the autoinducer synthase JqsA. The jqsA gene is encoded within a conserved cluster together with the sensor kinase JqsS and the regulator protein JqsR. We further provided evidence in a previous study that JAI-1 affects the violacein biosynthesis in HH01 (Hornung et al., 2013). In the light of these observations we asked, whether and to which extent Janthinobacterium and Duganella have established cell-cell communication mechanisms used for intra- and inter-species communication and whether these would be important for their interaction with fungi.

To address these questions we performed comprehensive and combined genome, transcriptome, and mutational analysis of 11 strains. Furthermore, we analyzed the transcriptomes of two jqsA-knockout strains using RNA-seq and identified common and highly conserved regulatory quroum sensing (QS) circuits. Additional co-inoculation tests with the plant pathogen Fusarium graminearum indicate that the chitin degradation product N-acetyl-D-glucosamine and the QS signal JAI-1 both affect the interaction with the fungus in Janthinobacterium but not in Duganella isolates.

MATERIALS AND METHODS

Bacterial Strains and Growth

Bacterial strains and plasmids are listed in Table S1. Standard molecular cloning techniques were used (Sambrook and Russell, 2001). Environmental samples were collected from a rainwater-cistern at the Botanical Garden in Klein Flottbek (Hamburg, Germany, HH100–HH107). Samples were enriched on R2A liquid medium (Reasoner and Geldreich, 1985) and purple-pigmented bacteria were repetitively streaked on R2A plates to obtain pure cultures. The same habitat was used to exclude the influence of the isolation source on the impact of the very diverse Oxalobacteraceae family on fungi. Strain MP5059B (5059B) was isolated from fruiting bodies of Ruzenia spermoides, collected close to the Jakobi Weiher, in the Stadtwald Frankfurt (Germany). Asci were isolated with a sterile needle from perithecia and placed on standard PDA agar (Gams et al., 1998) in an attempt to cultivate the ascomycete. Bacterial strains were grown at 22°C and type strains at 28°C in R2A. Twenty-five μg/ml kanamycin was supplemented when required. 1% (w/v) starch, 4% (w/v) skimmilk or 1% (v/v) tributyrin was added for amylase, protease and lipase activity tests. Cells were grown in M9 without glucose (−G, Elbing and Brent, 2002) and shrimp shell chitin supplementation for 1 week at 22°C to test chitinoclastic activity. Violacein synthesis was measured in TY (Elbing and Brent, 2002). We included genomic data of the strains J. agaricidamnosum DSM9628 (HG322949; Lincoln et al., 1999), J. lividum strains DSM1522 (De Ley et al., 1978) PAMC 25724 (AHHB00000000; Kim et al., 2012), RIT308 (JFYR00000000; Gan et al., 2014), MTR (JRRH00000000; Valdes et al., 2015), J. sp. strains Marseille (CP000269; Audic et al., 2007), RA13 (JQNP01000001; McTaggart et al., 2015), CG3 (APFF00000000; Smith et al., 2013), KBS0711 (LBCO00000000; Shoemaker et al., 2015), Ant5-2 (LNCE00000000; Mojib et al., 2010), Pseudoduganella violaceinigra DSM15887 (AUDI00000000; Kämpfer et al., 2012), D. zoogloeoides DSM16928 (AX110134; Hiraishi et al., 1997), D. phyllosphaereae DSM23865 (Kämpfer et al., 2012), and D. sp. HH01 (AMWD00000000; Hornung et al., 2013). Genome information was derived from the Gold data base or IMG (http://www.jgi.doe.gov/): J. sp. strains OK676: 60134; 344: 57625, 551a: 57361; NFR18: 57185; B9-8: CP014222; CG23_2: CYSS00000000; and D. sp. strains CF402: 61889; OV458: 60275.

Sequencing, Annotation, and Bioinformatic Tools

For genome sequencing, different methods were used. Strains HH101, HH105, and 5059B were sequenced by a combined approach using the 454 GS-FLX pyrosequencing system (Roche Life Science, Mannheim, Germany) and the Genome Analyzer IIx (Illumina, San Diego, CA, USA), resulting in 2 × 122 bp reads. All other genomes were sequenced on the Genome Analyzer IIx, except for strain HH102 that was sequenced employing the Illumina MiSeq system, resulting in 2 × 301 bp reads. All libraries were prepared according to the protocols of the manufacturers. The Illumina reads were quality filtered; remaining adaptor sequences and the reads with a cutoff phred-33 score of 15 were trimmed using Trimmomatic (Bolger et al., 2014). Illumina reads were assembled using SPAdes genome assembler software (Bankevich et al., 2012) and 454 reads with Newbler 2.8. For the validation of the assembly, QualiMap version 2.1 was used (García-Alcalde et al., 2012). The software tool Prokka (Seemann, 2014) was used for automatic gene prediction and automatic annotation, which was subsequently manually curated by using the IMG-ER system (Markowitz et al., 2014), the Swiss-Prot, TrEMBL, and InterPro databases (Zdobnov and Apweiler, 2001). Genomes were manually analyzed to identify homologs and orthologs of known QS systems, hydrolytic enzymes, secondary metabolites and secretion systems to bypass the bias of automated functional annotations. For Multi locus sequence analysis (MLSA) total protein sequences from the 29 genomes were extracted from the corresponding GenBank files using cds_extractor.pl v0.6 (https://github.com/aleimba/bac-genomics-scripts) and used for downstream analysis with an in-house pipeline at the Goettingen Genomics Laboratory (Poehlein et al., 2015). In detail, proteinortho version 5 (default specification: blast = blastp v2.2.24, E-value = 1e-10, alg.-conn. = 0.1, coverage = 0.5, percent_identity = 50, adaptive_similarity = 0.95, inc_pairs = 1, inc_singles = 1, selfblast = 1, unambiguous = 0, Lechner et al., 2011) was used to generate clusters of orthologs groups, inparalogs were removed, MUSCLE (Edgar, 2004) used to align the remaining sequences and poorly aligned positions were automatically filtered from the alignments using Gblocks (Castresana, 2000). A maximum-likelihood tree from 1058 orthologs groups (Table S2) was inferred with 500 bootstraps with RAxML (Stamatakis, 2014). A phylogenetic tree was inferred with neighbor joining and 1000 bootstraps. The script PO_2_MLSA.py is available at github (https://github.com/jvollme). Average nucleotide identity (ANIm) analyses were performed using pyani.py (https://github.com/widdowquinn/pyani). Briefly, nucleotide sequences were extracted from the corresponding GenBank files using seq_format-converter.pl v0.2 (https://github.com/aleimba/bac-genomics-scripts) and subsequently used to run pyani in ANIm mode (uses MUMmer, NUCmer) to align input sequences.

Mutagenesis of HH102

To obtain HH102ΔjqsA (JAB4_14950) PCR products of primers ΔjqsA102-UP-FP-BamHI, ΔjqsA102-UP-RP-XbaI, ΔjqsA102-DS-FP-XbaI and ΔjqsA102-DS-RP-EcoRI (Table S3) were cloned in the suizide plasmid pNPTS138-R6KT (Lassak et al., 2010). Strain HH102 was transformed by electroporation (Hornung et al., 2013) and single recombinant mutants carrying this construct were selected on R2A. To obtain mutants, heterogenotes were streaked on R2A agar plates supplemented with 10% (w/v) sucrose. Correctness of the deletions was verified with primers oFH106/oFH107 and oFH108/oFH109 (Table S3).

RNA-Seq Analyses—HH01, HH01ΔjqsA, HH102, and HH102ΔjqsA

Cells were cultivated in 20 ml R2A for 11 h (HH102, HH102ΔjqsA) or 13 h (HH01, HH01ΔjqsA) and extracted with hot phenol (Aiba et al., 1981). Briefly, cultures were mixed with 25 ml ice-cold killing buffer (20 mM Tris-HCl, pH 7.5, 5 mM MgCl2), centrifuged (10 min, 4°C) and shock frozen. Cells were resuspended in 125 μl ice-cold 300 mM sucrose/10 mM sodium acetate (pH 5.2), mixed with 125 μl 2% (w/v) SDS/10 mM sodium acetate (pH 5.2) and incubated (90 s, 65°C). Four hundred microliter hot phenol was added, incubated (3 min, 65°C), frozen and spun down (10 min, RT). Step was repeated. Four hundred microliter phenol:chloroform:isoamylalcohol (50:48:2 v/v) was added twice to the supernatant and spun down. Four hundred microliter chloroform:isoamylalcohol (96:2 v/v) was added and centrifuged (2 min, RT). For RNA precipitation overnight (−20°C) 40 μl 3 M sodium acetate (pH 5.2) and 1 ml 100% (v/v) ethanol were added. RNA was spun down (20 min, 4°C), washed and solved in diethylpyrocarbonate-treated H2O. Remaining genomic DNA was removed by digesting with DNAse I (Fermentas, St. Leon-Rot, Germany). The Ribo-Zero magnetic kit (Epicentre Biotechnologies, Madison, WI, USA) was used to reduce the amont of rRNA derived sequences. For sequencing, the strand-specific cDNA libraries were constructed with a NEBNext Ultra directional RNA library preparation kit for Illumina (New England BioLabs, Frankfurt am Main, Germany) and sequenced by using a GAIIx or MiSeq instrument (Illumina Inc., San Diego, CA, USA) in the paired-end mode and running 2 × 75 cycles. Between 28,738,406 and 56,507,330 raw reads were generated for the samples. For quality filtering and removing of remaining adaptor sequences, Trimmomatic (Bolger et al., 2014) and a cutoff phred-33 score of 15 were used. The mapping of the remaining sequences was performed with the Bowtie (version 2) program (Langmead and Salzberg, 2012) using the implemented end-to-end mode, which requires the entire read align from one end to the other. Differential expression analyses were performed with the baySeq program (Mortazavi et al., 2008). Genes with a fold change in expression of ≥2.0, a likelihood value of ≥0.9, and an adjusted P-value of ≤ 0.05 (the P-value was corrected by the false discovery rate [FDR] on the basis of the Benjamini-Hochberg procedure) were considered differentially expressed. Data set jan4t3 was excluded from calculation. Transcriptomic data were verified with qRT-PCR. Therefore, primer efficiency was tested with a dilution series of genomic DNA using the CFX96 Touch™ Real-Time PCR Detection System (Bio Rad, München, Germany), SYBR Green SuperMix (Quanta Biosciences, Gaithersburg, MD, USA), processed with the Bio-Rad CFX Manager 3.1 software (Bio Rad, München, Germany) and included in the normalized expression (ΔΔCq). Two microgram of DNase treated RNA (RTS DNase™, Mo Bio Laboratories, Inc., Carlsbad, CA, USA) was transcribed in cDNA (SuperScript® VILO cDNA Synthesis Kit and Master Mix, Thermo Scientific, Hampshire, United Kingdom). The genes rpoD (HH01, HH102), dnaG (HH01), and dnaB (HH102) were used as house keeping genes (Table S3). The relative quantity of the three biological samples composed of triplicates are shown in a graph with data relative to control (Figure S1).

Promoter-Fusion Studies

Plasmids and primers are listed in Tables S1, S3. Promoter sequence of vioA (JAB9_09370, Pvio107+JAI-FP-BamHI, and Pvio107+JAI-RP-EcoRI) was cloned in pBBR1MCS-2::mCherry (mCherry-FP-EcoRI, mCherry-RP-HindIII with pK18mobII_pKOScvm as template) to obtain pBBR1MCS-2::pvio107+JAI::mCherry. Amplification with Pvio107-JAI-FP-XhoI and mCherry-RP-HindIII led to the exclusion of the JAI-1 motif (pBBR1MCS-2::pvio107-JAI::mCherry). Bacterial strains were electroporated as described previously (Hornung et al., 2013).

Inhibition Assay of Janthinobacterium, Duganella, and Fusarium graminearum

Mycelial plugs of the strain F. graminearum 8/1 (Bönnighausen et al., 2015) with a constitutively expressed GFP (Jansen et al., 2005) were taken of a 3-day-old colony grown on complete medium (Leach et al., 1982), placed on R2A plates with 1 × 105 bacterial cells/ml and incubated for 6 days at 22°C. For the liquid assay, 1 × 103 bacterial cells/μl grown in R2A lacking glucose (−G) were mixed with 400 fungal conidia grown on SNA (Nirenberg, 1981) for 1.5–2 weeks, rinsed with ice-cold distilled H2O and separated with 100 μm filter. To test the QS effect, 1 × 109 bacterial cells/ml grown in R2A −G supplemented with 0.05% (w/v) G, 10 mM D-glucosamine (DG) or 10 mM N-acetyl-D-gluocosamine (NADG) were filtered, mixed with 400 conidia to a volume of 200 μl in R2A −G and incubated for 72 h at 22°C prior to GFP detection.

Microscopic Analysis of Janthinobacterium—F. graminearum Interactions

1 × 104 bacterial cells harboring pBBR1MCS-2::P-mCherry were incubated with 400 conidia in R2A –G supplemented with 10 mM NADG for 48 h at 28°C. Subcloning of the promoterless pBBR1MCS-2::mCherry construct using SacI and XhoI endonucleases created the pBBR1MCS-2::P-mCherry plasmid to constitutively express mCherry (Table S1). Micrographs and Z series were captured with the confocal laser-scanning microscope LSM 780 (Zeiss, Germany) by using a Zeiss EC Plan-Neofluar 10 × objective for overview micrographs and a Zeiss C-Aprochromat 63 × water-immersion objective for Z series. First, GFP was excited and detected as described (Ellinger et al., 2013); second, mCherry was excited at 561 nm by using a diode-pumped solid-state (DPSS) laser. Emission filtering was done with a 567–618 nm bandpass filter. Brightfield micrographs were gathered with a transmitted light detector (T-PMT). For image processing the ZEN 2010 (Zeiss) operating software was used.

Sequence Deposition and Accession Numbers

The whole genome DNA sequences have been deposited at GenBank under the accession numbers LROM00000000 (D. phyllosphaerae DSM23865), LRON00000000 (HH101), LRHV00000000 (HH105), J. lividum DSM1522 (LRHW00000000), MP5059B (LRHX00000000), HH100 (LRHY00000000), HH102 (LRHZ00000000), HH103 (LRIA00000000), HH104 (LRIB00000000), HH106 (LRIC00000000), and HH107 (LRID00000000). RNA-seq data have been deposited in the SRA archive under the accession number SRP073418 (HH102) and SRP073365 (HH01).

RESULTS

Janthinobacterium and Duganella Species Suppress Growth of the Plant Pathogen F. graminearum in Standardized Growth Assays under Laboratory Conditions

Because of previous reports on antifungal activities of Janthinobacterium, we asked the question, whether these inhibitory effects are a common phenomenon of the Janthinobacterium and Duganella genera within the family Oxalobacteraceae and whether this response is linked to QS related processes or the isolation source. To address these questions, we first isolated six Janthinobacterium and two Duganella species (HH100–HH107) from the same habitat to exclude isolation source-dependent factors and broaden the genetic spectrum of Oxalobacteraceae. We included the strains HH01, MP5059B, and the type strains J. livdium, J. agaricidamnosum, D. phyllosphaerae, and D. zoogloeoides to include diverse environmental habitats, as these strains are derived from aquatic sources, soils, and plant surfaces. The antifungal capacity of all isolates was tested on the well-known plant pathogen F. graminearum (Goswami and Kistler, 2004). We established two different assays to assess the antifungal activities. Firstly, we used a growth assay on R2A agar plates and co-incubated fungal and bacterial cells together on these plates (Figure 1A). Secondly, we employed a gfp-tagged F. graminearum 8/1 variant (Bönnighausen et al., 2015) and monitored its growth based on the fluorescence of the GFP protein in microtiter plates when co-incubated with bacteria (Figure 1B). Since most of the above-named bacterial isolates produce violacein, we also coincubated F. graminearum with E. coli harboring the violacein synthesis genes vioABCDE on a self-replicable plasmid (derived from Hornung et al., 2013, Table S1). This liquid assay allowed a time-dependent monitoring of the fungal response to bacterial supernatants. Both tests implied that all strains affected growth of F. graminearum but to different extents (Figures 1A,B). A more than 50% reduction of fungal growth was observed for nearly all isolates (Figure 1B). Further, we observed that the overall fungal growth inhibition was independent of the differing amounts of violacein produced by the different isolates: D. phyllosphaerae and D. zoogloeoides produce no violacein, but display antifungal activities (Table 1, Figures 1A,B). Additionally, we observed that supernatants of E. coli clones expressing the vioABCDE genes had no major impact on F. graminearum growth. These findings indicated that violacein per-se was not the primary cause of the fungal growth inhibition. Together with this, we observed that the majority of the strains displayed hydrolytic and chitinoclastic activities, which are possibly involved in fungal defense (Table 1, Schuster et al., 2003; Wagner et al., 2003; Goo et al., 2010).
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FIGURE 1. Inhibition of F. graminearum 8/1 by isolates and the E. coli vioABCDE strain. The E. coli strain harbors the violacein vioABCDE genes on a pDrive plasmid (Hornung et al., 2013). (A) Plate assay to determine the inhibition of F. graminearum 8/1 by HH01, HH102, or E. coli. Co-incubation studies were performed with 1 × 109 bacterial cells per ml and hyphae of F. graminearum 8/1 on solid R2A. The plates were incubated for 6 days at 22°C. Experiments were performed thrice. (B) Results of liquid assays to test the F. graminearum 8/1 inhibition by the isolates HH100, HH101, HH102, HH103, HH104, HH105, HH106, HH107, and 5059B, the four type strains J. agaricidamnosum, J. lividum, D. phyllosphaerae and D. zoogloeoides, and E. coli vioABCDE. Liquid tests were performed with 180 μl filtered supernatant of 1 × 109 bacterial cells per ml grown in R2A –G and 400 conidia from F. graminearium 8/1, solved in 20 μl medium. The assay was incubated for 72 h at 28°C. One out of three independent experiments is shown and each experiment contained four replicates. The error lines indicate standard deviations.




Table 1. Physiological features of the sequenced Oxalobacteraceae strains and related species*.
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Key Traits of the Sequenced Strains and Phylogenetic Relationship

To unravel potential molecular mechanisms involved in bacterium-fungus interaction, we established the genome sequences of the isolated strains and the type strains J. lividum and D. phyllosphaerae to broaden the genetic spectrum of the Oxalobacteraceae family. First, rRNA analysis of the isolates, type strains and Nitrosomonas europaeae ATCC25976 (HE862405) classified the strains as phylogenetically associated within the genera Janthinobacterium and Duganella (data not shown). We included the genomic data of the J. lividum strains PAMC 25724 and RIT308 and J. sp. strains Marseille, RA13, CG3, OK676, 344, and 551a (Table 2). The genomes ranged from 5.5 to 7.4 Mb and the G+C content from 62.4 to 65.6%. The strains harbored 5467 to 6535 predicted protein-encoding genes, 6 to 32 rRNA genes, and 57 to 82 tRNA genes. The pan- and core-genome of altogether 29 publicly available genome data of Janthinobacterium, Duganella, and Pseudoduganella genomes comprised of 23,628 and 1058 genes, respectively. Based on the core genome analysis, we constructed a phylogenetic tree using a multilocus sequence analysis (MLSA, Figure 2) as well as the average nucleotide identity (ANIm, Figure S2) to focus on the phylogenetical distribution of the genera Janthinboacterium and Duganella. Considering these two methods, the isolates HH100, HH102, HH103, HH104, HH106, HH107, and 5059B cluster in proximity to J. lividum 1522. Especially HH104, RIT308, and NFR18 are closely related, as well as 5059B, MTR, and J. lividum 1522. Based on these findings, the isolates HH100, HH102, HH103, HH104, HH106, HH107, and 5059B are most likely affiliated with the genus Janthinobacterium. We designated this cluster as OxaI and HH102 as representative. The strains HH101, HH105, and HH01 cluster within the Duganella branch. HH01, HH101, and HH105 are most likely affiliated with the genus Duganella and we designated this cluster OxaII. HH01 was selected as representative. Comparative genome analyses indicated that relatively high levels of synteny exist between all analyzed Janthinobacterium genomes. Only few regions were identified in the OxaI cluster and J. lividum strain that showed relatively high levels of genome divergence (Figure S3A). The analyzed Duganella genomes, however, showed higher levels of divergence (Figure S3B). The highest levels of synteny were observed between the Duganella strains HH01, HH101, and HH105.


Table 2. General genomic features of the strains sequenced in this work and other closely related and sequenced strains*.
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FIGURE 2. Multilocus sequence alignment (MLSA) tree. For Multi locus sequence analysis (MLSA) total protein sequences from the 29 genomes were extracted from the corresponding GenBank files using cds_extractor.pl v0.6 (https://github.com/aleimba/bac-genomics-scripts) and used for downstream analysis with an in-house pipeline at the Goettingen Genomics Laboratory. A maximum-likelihood tree from 1058 orthologs groups (Table S2) was inferred with 500 bootstraps with RAxML (Stamatakis, 2014). A phylogenetic tree was inferred with neighbor joining and 1000 bootstraps. The script PO_2_MLSA.py is available at github (https://github.com/jvollme). Strains sequenced in this study are written in black. The two OxaI (HH102) and OxaII (HH01) representatives are marked with an arrow.



Secondary Metabolite Encoding Potential Does Not Correlate with Fungal Growth Repression

All strains sequenced in this study encoded a variable number of secondary metabolite gene clusters ranging from 1 to 6.8% of the genome (Table 2) with the higher percentages being comparable to well-known secondary metabolite producers like Streptomyces or Myxobacteria (Bode and Müller, 2005). The identified gene clusters were mostly linked to the biosynthesis of secondary metabolites, including non-ribosomal peptide synthetases (NRPS), and NRPS-polyketide synthases (PKS) hybrid clusters (Medema et al., 2011). Besides NRPS and NRPS/PKS hybrids (HH01, HH101, HH105, J. agaricidamnosum, and J. lividum), clusters encoding for proteinaceous toxins were observed in all strains. Further, clusters synthesizing terpene class of organic compounds (all strains), a siderophore (D. phyllosphaerae), butyrolactone (HH105), hserlactone (J. lividum), and a cluster to synthesize the peptides linaridin and thiopeptide-lantipeptides (J. agaricidamnosum) were found. Gene clusters coding for compounds linked to the synthesis of pigments (e.g., violacein and aryl-polyenes) were identified. Violacein was synthesized by all strains except for D. phyllosphaerae and D. zoogloeoides (Table 1), excluding violacein as fungal growth reducing factor. Interestingly, the overall number of genes and ORFs involved in secondary metabolite biosynthesis did not correlate with the observed antifungal effects. However, the presence of proteinaceous toxins and terpenes in all strains indicated a possible involvement in reducing fungal growth.

Oxalobacteraceae Harbor the Vibrio cholerae- and Legionella pneumophila-Like QS Systems in a Conserved Cluster As Part of the Core Genome

To better understand, how these bacteria use intra- and inter-species communication to communicate and for the expression and secretion of hydrolytic enzymes and secondary metabolites potentially involved in the effect on F. graminearum, the sequenced Oxalobacteraceae family affiliated isolates were examined for QS systems present in their genomes. Interestingly, only the Janthinobacterium strains 1522, RA13 and CG3 strains harbored luxI/luxR homologs genes, potentially involved in the synthesis of N-acyl-homoserine lactones (N-AHL, JALI_51420/JALI_51430, FG13DRAFT_1957/FG13DRAFT_1956, and JANGC3DRAFT_0717/JANGC3DRAFT_0712). Strain 1522 codes for one additional luxI homolog (JALI_55550). Several potential luxR solos were detected in these strains. It is noteworthy that none of the analyzed strains coded for a luxS homolog, necessary for the synthesis of AI-2 (Bassler et al., 1993; Surette et al., 1999). All but one strain addressed in this study code for the JQS system, formerly described in V. cholerae and L. pneumophila (Tiaden and Hilbi, 2012). The JQS system of HH01 consists of the autoinducer synthase gene jqsA (Jab_2c24330), the sensor kinase/phosphatase gene jqsS (Jab_2c24340) and the response regulator jqsR gene (Jab_2c24350) with the same organization in all strains, but differences in the intergenic region flanking the jqsA and jqsS genes. This region varied from 42 to 172 bp.

To further examine the importance of the jqsA gene for QS-dependent regulation in the family Oxalobacteraceae, we constructed a deletion mutant of the jqsA gene of strain HH102 (HH102ΔjqsA) as OxaI representative and used the strain HH01ΔjqsA as OxaII representative (Hornung et al., 2013). Mutants were verified by DNA sequencing and complemented with functional AI synthases (Figure S4), whereby HH01ΔjqsA had previously been complemented (Hornung et al., 2013). A deletion of the jqsA gene resulted in HH102 in a strong reduction of the violacein production. This was most pronounced when grown in liquid R2A or on solid TY (Figure 3B). A further phenotype associated with the jqsA mutation included an altered violacein production in response to chitin embedment for strain HH102 (Figure 3B). Thereby, planctonic cells and chitin-attached cells of the wild type HH102 produced violacein. Interestingly, HH102ΔjqsA cells synthesized violacein only when attached to chitin, indicating a possible regulatory role of chitin. This effect was not observed for HH01 or its jqsA deletion mutant. Additionally, in HH102ΔjqsA the proteolytic activity was attenuated compared to the parent strain (Figure 3C).
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FIGURE 3. jqsA gene deletion of HH01 and HH102, associated phenotypes and influence of the conserved JAI-1 motif. (A) Physical map of the of the JQS cluster encoding the deleted jqsA gene and the jqsS and jqsR genes, including the schematic location of the jqsA deletion. (B) Growth of HH01, HH01ΔjqsA, HH102, and HH102ΔjqsA on solid TY media (72 h at 22°C), in liquid R2A media (72 h at 22°C), and in liquid M9 –G, supplemented with chitin (growth for 1 week at 22°C). (C) HH102 and HH102ΔjqsA on R2A agar plates supplemented with 4% (w/v) skim milk (144 h at 22°C). (D) Predicted JAI-1 motif determined by sequence analysis of 28 bp 5′upstream region of the chiA, jqsA, and vioA genes summarized in Table S5. Sequences extending 14 bp were excluded from analysis. The logo was created using http://skylign.org/ (Wheeler et al., 2014). (E) Influence of the JAI-1 motif as part of a 49 bp deletion on the JAI-1 induced mCherry expression. The RFU of the strains HH01, HH102, and their corresponding jqsA deletion mutants HH01ΔjqsA and HH102ΔjqsA, harboring the plasmids pBBR1MCS-2::PvioHH107+JAI::mCherry (dark gray) and pBBR1MCS-2::PvioHH107-JAI::mCherry (bright gray), were determined by measuring the fluorescence at 587/610 nm per OD600 = 1. In pBBR1MCS-2::PvioHH107-JAI::mCherry a 49 bp region was deleted containing the complete JAI-1 motif. The cells were grown for 24 h at 22°C in R2A media and RFUs measured. Error bars indicate the standard deviations. Data are values of a minimum of three tests. Bars carrying the same letters of HH01/HH01ΔjqsA or HH102/HH102ΔjqsA are statistically not significantly different using P-values of < 0.05 (students t-test).



RNA-Seq Identifies Few QS-Regulated Genes in HH01 and HH102 and a Conserved JAI-1 Motif in the Promoter Region of QS Regulated Genes

Based on the results, we analyzed the global gene expression patterns of the strains HH01 and HH102 and their corresponding JAI-1 synthase mutants at the transition from exponential to stationary growth phase. We chose the early time point, because at the onset of the stationary growth phase many of QS-dependent processes are turned on. For each sample a minimum of 19.6 million cDNA reads could be uniquely mapped to the reference genomes. In the comparative analysis of RNA-seq data we considered genes with a log fold-change of ≥ 2.0, a likelihood value of ≥ 0.9, and a FDR-value of ≤ 0.05 as statistically significant. Expression analysis by qRT-PCR technology was used to confirm part of the RNA-seq data (Table 3). In HH01 a total set of 31 genes was differentially expressed and JAI-1 affects the expression of 14 in HH102 (Table 3). The HH01 QS-regulated genes were mainly organized in gene clusters that could be linked to four functional classes: secondary metabolite biosynthesis, lipopolysaccharide biosynthesis, a short chain dehydrogenase cluster and a cluster coding for a novel transport system. In HH102 two gene clusters and five single genes were differentially regulated. This included one out of two encoded type VI secretion system (T6SS) clusters and one cluster necessary to assemble a Flp pilus. With the exception of the secondary metabolite violacein no shared homologs genes of HH01 and HH102 were QS regulated, despite the core genome affiliation (Table 3).


Table 3. QS-dependent genes identified in HH01 and HH102 using RNA-seq and qRT-PCR*.
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Intrigued by these observations, we asked, whether a common regulatory motif would be located upstream of all the QS regulated genes. Comparing the 5′ region of the differentially expressed genes in HH01 and HH102, we identified a conserved palindromic sequence in the promoter region of almost all regulated genes and operons (Table 3, Table S4). This conserved sequence consisted of 14/15 nucleotides with the sequence TTGAN6/7TCAA (Figure 3D) and was located 243 bp upstream of the presumed vioA translational start site. This motif was also observed upstream of all vioA, jqsA, and chiA genes of the strains sequenced and analyzed in this work (Table S5). Analyzing the motif position of the JAI-1 regulated genes (Table S4), the position ranged from 80 to 339 bp upstream of the translational start sites. To further verify the importance of this motif we constructed a promoter fusion carrying the vioA promoter within a 280 bp fragment fused to a mCherry reporter gene on a self-replicable plasmid (Table S1). This fusion was mobilized into HH01 and HH102 and the corresponding jqsA mutants. As expected, it was active in the parent strains and two-fold less active in the jqsA mutants. Deletion of the TTGAN6/7TCAA motif as part of a 49 bp deletion resulted in a 75–90% reduction of promoter activity compared to the strains carrying the complete vioA promoter (Figure 3E). These observations indicate a regulatory role of this conserved sequence with respect to the JAI-1-dependent gene expression. Thus, we designated this TTGAN6/7TCAA sequence JAI-1 motif. However, next to JAI-1 the chitin derivate DG and NADG affect the vioA promoter controlled mCherry expression in dependency on the JAI-1 motif as well (data not shown). This suggests a complex regulatory circuit between QS and chitin metabolism and might explain why a discrepancy between the wild type strains harboring the construct lacking the JAI-1 motif and the corresponding gene deletion mutants with the JAI-1 motif was observed.

HH102ΔjqsA Is Attenuated in Its Virulence Against the Plant Pathogen F. graminearum

In the light of these observations we asked, whether the JAI-1 dependent gene expression and signaling circuit would affect the interaction of HH01 or HH102 with F. graminearum. To address this question we assayed the inhibition of fungal growth caused through culture supernatants of both bacterial strains and their corresponding jqsA mutants (Figures 4A,B). We chose culture supernatants, because we hypothesized that the bacteria would release growth inhibitory compounds into the surrounding medium in a QS-dependent manner. Therefore, filtered bacterial supernatants were co-incubated with F. graminearum for 72 h in microtiter plates as described in “Material and Methods” and fungal growth was recorded as relative fluorescence (RFU). Further, we preincubated the bacterial cells with either glucose (G), D-glucosamine (DG) or N-acetyl-D-glucosamine (NADG) to test whether these chitin degradation products have impact on the overall bacterial response. As expected culture supernatants obtained from the parent strains of HH102 and HH01 inhibited fungal growth (Figures 4A,B). Interestingly, HH102 and HH01 strongly inhibited fungal growth when supernatants of HH102 or HH01 were employed that were derived from cultures grown in the presence of DG. The lack of the jqsA gene, however, did not significantly affect growth inhibition in the mutants compared to the parent strains, when supernatants of cells were employed that had been grown in the presence of DG. When HH102 or HH102ΔjqsA were grown in the presence of 10 mM NADG, the growth inhibition of the fungus differed strongly between wild type and the corresponding mutant. Under these conditions HH102ΔjqsA was 2.5 ± 0.3-fold less active against F. graminearum (Figure 4A). Interestingly, this difference in fungal growth inhibition was only observed in the presence of culture supernatants obtained from cells that had been grown in the presence of NADG but not DG or G (Figure 4A). These inhibition data correlated well with microscopic analyses of the interaction between F. graminearum and the bacterial strains HH102 or HH102ΔjqsA (Figure 5). In general, the presence of both bacterial strains caused a reduced germination rate of the fungal conidia and twisted growth of hyphae with irregular lateral branches (Figure 5A, four lower panels and Figure 6A). In contrast and in the absence of bacteria, the hyphae grew straight and uni-directional (Figure 5A, two upper panels). In these tests HH102 formed dense biofilms or cell assemblages around hyphae of F. graminearum (Figure 5A, mid section panels). The hyphae were often completely covered and enclosed by the bacteria. Interestingly, the presence of NADG appeared to promote a direct attachment of HH102 cells on hyphae of F. graminearum (Figures 5B,C). Furthermore, the HH102ΔjqsA strain formed less dense and looser biofilms around the hyphae (Figure 5A, four lower panels). This observation was supported by images obtained using scanning electron microcopy. Thereby, several intriguing observations could be made. First, wild type strain HH102 secreted outer membrane vesicles (OMVs, Figure 6B, white arrows) and second, HH102 attached tightly to fungal hyphae by forming netlike structures around the bacterial cells. Interestingly, OMVs were less frequently observed in mutant cells. Further, the netlike structures attaching mutant cells to hyphae surfaces appeared different and less dense (Figure 6C). Altogether these data imply that the JAI-1-dependent signaling is involved in the interaction with the fungus and that it attenuates the growth suppression in the presence of NADG. Our data further suggest that DG and NADG interfere with this rather complex regulatory circuit.
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FIGURE 4. Bacterial inhibition of F. graminearum growth in a microtiter plate assay. The HH102, HH01, HH102ΔjqsA, and HH01ΔjqsA cells were grown in R2A −G. Media were supplemented with 0.05% (w/v) glucose (G), 10 mM D-glucosamine (DG), or 10 mM N-acetyl-D-glucosamine (NADG) and cells were incubated at 22°C for 24 h. One-hundred and eighty microliter of filtered supernatant (1 × 109 cells per ml) and 400 fungal conidia were incubated in a volume of 200 μl for 72 h at 28°C, shaking. Expression of chromosomal integrated GFP in F. graminerarum 8/1 was detected at 485/20; 528/20 nm. GFP expression of F. graminearum 8/1 in different media was based on F. graminearum 8/1 grown in R2A −G. This is set as 100%. Herein, fold changes are calculated setting each F. graminearum media control as 100% and calculating the relative fluorescence of co-incubated F. graminearum with bacteria for the respective medium. Experiments were performed at least four-times with four replicates. Bars carrying the same letters within each condition are statistically not significantly different using P-values of < 0.05 (students t-test). One individual experiment of (A) HH102/HH102ΔjqsA and (B) HH01/HH01ΔjqsA is shown.
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FIGURE 5. Microscopic images reflecting the interaction between HH102 or HH102ΔjqsA and F. graminearum. (A) Co-localization of mCherry-tagged HH102 and HH102ΔjqsA cells and GFP-tagged F. graminearum in co-cultures. Left panels, bright field overview images; middle panels, same section image as on left side panel but using fluorescence detection for GFP and mCherry; and right panels, 3D rendering of selected regions. Scale bars: overview (left and middle panels) micrographs = 100 μm; 3D-rendered micrographs = 5 μm (right panels). No mCherry-based fluorescence was visible in control cultures without bacteria. (B) 3D-projection of HH102 cells attached to hyphae of F. graminearum in cultures supplemented with NADG. Dotted frame indicates plane of in silico cross section in (C). Scale bar = 2 μm. (C) In silico cross section at sites of bacterial attachment on F. graminearum hyphae. Bacterial interaction and penetration into fungal hypha is indicated by white color. Scale bar = 2 μm. The HH102 and HH102ΔjqsA cells constitutively expressing mCherry were co-incubated with F. graminearum expressing GFP in 200 μl R2A −G supplemented with or without 10 mM N-acetyl-D-glucosamine (NADG) at 28°C for 72 h. Micrographs were taken by confocal laser-scanning microcopy. Green color shows GFP-, magenta color shows mCherry-emitted fluorescence.
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FIGURE 6. Scanning electron microscopic images reflecting the interaction between HH102 or HH102ΔjqsA and F. graminearum. (A) Uninfected hyphae growing linear; (B) HH102 colonizing fungal hypae OMVs are indicated with white arrows in the left hand panel and netlike structures attaching the cells to the fungal hyphae are indicated in the right hand panel with blue arrows; (C) HH102ΔjqsA colonizing fungal hypae with less dense and differentially structured netlike structures and lacking OMVs. Maginfications used are indicated in the individual images. The HH102 and HH102ΔjqsA cells were pretreated for 24 h at 22°C with 10 mM N-acetyl-D-glucosamine (NADG) and co-incubated with F. graminearum expressing GFP in 200 μl R2A −G supplemented with 10 mM NADG at 28°C for 72 h.



DISCUSSION

Today our knowledge on bacterium-fungus interactions is sparse and only now the first reports are appearing that give insight into this important form of microbe-microbe interaction (Kobayashi and Crouch, 2009; Frey-Klett et al., 2011; Lackner et al., 2011; Stopnisek et al., 2016). Within these settings, we have established the genomes of 11 bacteria affiliated with the genera of Janthinobacterium and Duganella to get insight into the bacterial mechanism employed for cell-cell communication and the interaction with the fungus F. graminearum. We produced, by far, the largest and most comprehensive dataset for this bacterial group. Using these data we constructed a detailed MLSA tree (Figure 2). This MLS analysis indicated that Janthinobacterium and Duganella strains form a polyphyletic group within the familiy Oxalobacteraceae. The majority of the analyzed genomes cluster into two distinct phylogenetic groups, which we designated OxaI and OxaII. The core genome of the 29 Oxalobacteraceae strains consisted of 1058 genes and the pan genome of 23,628 genes, indicating that there is a high degree of variation within this family. This reflects the ability of the species to adapt to a wide range of environmental niches. Even though complete and draft genomes were used for core/pan genome analysis, the use of draft genomes had no effect on the size of the core and pan genome. All draft genomes contained contigs larger than 0.5 kb and gaps in the draft genomes represent repetitive regions such as rRNA clusters, transposases, or phage regions which are mainly covered by small contigs (0.5–5 kb).

Within this study, we provide evidence that all tested isolates code for antifungal properties, regardless of the phylogenetic affiliation to the genus Janthinobacterium or Duganella. These are most likely secondary metabolites, bacterial hydrolases and other “factors” secreted to attack the fungus (Tables 1, 2) and as suggested for the Oxalobacteraceae genus Collimonas (Song et al., 2015). The occurrence of secondary metabolite biosynthesis gene clusters appears to be a common trait of Janthinobacterium and Duganella species (Table 2). However, the overall number of genes coding for secondary metabolites is highly variable within both genera and ranges from 1 to 8% of all predicted protein-encoding genes (Table 2). It is noteworthy that almost all strains with the exception of the two Duganella type strains code for the biosynthesis of violacein. However, we further provide strong evidence that this antifungal effect is not primarily linked to the synthesis of violacein per-se, but is also affiliated to other not yet identified proteinaceous factors (Figures 1A,B, Table 1), as the fungal growth reducing effect is evened out by heating bacterial supernatants (data not shown). Interestingly, while the violacein biosynthesis genes are organized in the same order and in a conserved operon as reported for Chromobacterium violaceum, the expression regulation of the vioABCDE genes appears to be different. Instead of a N-AHL-dependent regulatory circuit of C. violaceum the violacein biosynthesis in Janthinobacterium and Duganella is partly regulated through a CAI-1/LAI-1-like molecule (Morohoshi et al., 2010; Stauff and Bassler, 2011; Hornung et al., 2013). This signaling pathway has been identified in V. cholera and uses a (S)-3-hydroxytridecan-4-one autoinducer molecule (CAI-1) for communication. In V. cholera, CAI-1 is involved in the repression of virulence and plays an important role in biofilm dissolution (Zhu and Mekalanos, 2003; Higgins et al., 2007). It has also been shown that CAI-1 plays a major role in natural competence (Lo Scrudato and Blokesch, 2013), as well as the structurally similar L. pneumophila LAI-1 molecule (3-hydroxypentadecan-4-one). LAI-1 promotes pathogen-host cell interactions, the production of virulence factors and controls the change of the L. pneumophila life cycle from the replicative to the transmissive growth phase. Interestingly, LAI-1 is directly involved in inter-kingdom signaling, as a lack of LAI-1 modulates migration of eukaryotic cells (Spirig et al., 2008; Tiaden et al., 2010; Simon et al., 2015; Schell et al., 2016). Moreover, V. harveyi uses amongst others (Z)-3-aminoundec-2-en-4-one as CAI-1 molecule to regulate luminescence, for example (Henke and Bassler, 2004). Most remarkably, the genes linked to the synthesis of α-hydroxyketone-like AI molecules were identified in all analyzed Janthinobacterium and Duganella isolates, but J. sp. Marseille. The JQS system consists of the designated AI synthase jqsA, adjacent to the cognate sensor kinase jqsS and the regulator jqsR (Figure 3A).

In our study, we provided experimental evidence that JAI-1-like signaling affects the violacein biosynthesis in HH01 and HH102 and influences protease secretion in HH102 (Figure 3C). Furthermore, RNA-seq analyses implied that 31 genes are controlled through JAI-1-dependent signaling in HH01 and 14 in HH102 (Table 3). Most of the JAI-1-dependent genes were organized in clusters or putative operons. Interestingly, the majority of the QS-regulated genes carried a highly conserved motif in the 5′ direction of the transcriptional start site (Figure 3D). The frequent occurrence of this motif suggests a common regulatory principle for all these genes. We named this TTGAN6/7TCAA sequence JAI-1 motif. Analyzing the RNA-seq data, the regulation of genes for the biosynthesis of secondary metabolites, T6SS, and Flp-Pilus assembly are of special interest. Within this framework the biosynthesis of secondary metabolites of Collimonas was suggested to affect fungal growth (Song et al., 2015), the T6SS of V. cholerae acts together with chitin and CAI-1 as competence pheromone to function as predatory killing device (Borgeaud et al., 2015) and the T4P of V. vulnificus was implied to be necessary for the attachment to chitin (Williams et al., 2015). Testing the wild type strain HH102 and the jqsA gene deletion mutant HH102ΔjqsA in a BFI with F. graminearum, one of the most intriguing observations in this study is that the lack of the jqsA gene resulted in a decreased fungal growth inhibition (Figure 4A). The observation is remarkable, because this α-hydroxyketone-synthesizing QS system has previously not been reported to be involved in bacterial-fungal interactions. Further, the observation that the JAI-1 dependent fungal growth inhibition also depends on the presence of the chitin degradation product NADG, implies a role of chitin in the Janthinobacterium-specific QS regulatory circuit. NADG is a chitin degradation product mostly occurring in aquatic microorganisms (Hillman et al., 1989; Gooday, 1990). As the expression of chitinases is induced by chitin degradation products (Beier and Bertilsson, 2011), we suggest that the bacteria mostly attached to fungal hyphae express and secrete chitinases in response to NADG. Therefore, we conclude that JQS and NADG are involved in reducing fungal growth. This includes the JAI-1-regulated T6SS and T4P expression, both interfering with the chitin metabolism and fungal growth suppression (Borgeaud et al., 2015; Williams et al., 2015) and the QS- and NADG-induced exopolysaccharide expression. Further contributing factors might be the QS-independent expressed secondary metabolites. Altogether, our observation is in line with work reported for V. cholerae, which induces natural competence in the presence of chitin and CAI-1 and with work describing an enhanced chitin degrading activity in a pathogen suppressive environment (Lo Scrudato and Blokesch, 2013; Dalia et al., 2014). Thus, the observation that the lack of the JAI-1 signaling molecule affects fungal growth inhibition implies an involvement of the janthinobacterial AI in the interaction with eucaryotic organisms. Future work has to unravel this complex regulatory circuit.
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