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The genus Burkholderia sensu lato is composed of a diverse and metabolically versatile group of bacterial species. One characteristic thought to be unique for the genus Burkholderia is the presence of two forms each (with and without 2-hydroxylation) of the membrane lipids phosphatidylethanolamine (PE) and ornithine lipids (OLs). Here, we show that only Burkholderia sensu stricto strains constitutively form OLs, whereas all other analyzed strains belonging to the Burkholderia sensu lato group constitutively form the two forms of PE, but no OLs. We selected two model bacteria to study the function of OL in Burkholderia sensu lato: (1) Burkholderia cenocepacia wild-type which constitutively forms OLs and its mutant deficient in the formation of OLs and (2) Robbsia andropogonis (formerly Burkholderia andropogonis) which does not form OL constitutively, and a derived strain constitutively forming OLs. Both were characterized under free-living conditions and during pathogenic interactions with their respective hosts. The absence of OLs in B. cenocepacia slightly affected bacterial growth under specific abiotic stress conditions such as high temperature and low pH. B. cenocepacia lacking OLs caused lower mortality in Galleria mellonella larvae while R. andropogonis constitutively forming OLs triggers an increased formation of reactive oxygen species immediately after infection of maize leaves, suggesting that OLs can have an important role during the activation of the innate immune response of eukaryotes.
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INTRODUCTION

One major function of amphiphilic lipids is to form the lipid bilayer of membranes which serve as semipermeable barriers and limit a cell. The best-known examples are glycerophospholipids such as phosphatidylglycerol (PG), phosphatidylethanolamine (PE), cardiolipin (CL), and phosphatidylcholine (PC). However, depending on the class of organism and the growth conditions, other lipids such as cholesterol, hopanoids, sphingolipids, sulpholipids, glycolipids, betaine lipids, or ornithine lipids (OLs), can be present in membranes in different concentrations. Especially prokaryotic membranes have been shown to contain a large diversity of lipids, some of which are only formed by specific groups of bacteria or under specific stress conditions (Geiger et al., 2010; Sohlenkamp and Geiger, 2016). OLs are phosphorus-free acyloxyacyl aminolipids which have been found only in bacteria and are apparently absent in eukaryotes or archaea. Their basic structure is composed of a 3-hydroxylated fatty acid linked by an amide bond to the α-amino group of ornithine and a second fatty acid linked by an ester bond to the 3-hydroxyl group of the first fatty acid (Geiger et al., 2010; Sohlenkamp and Geiger, 2016). These lipids can be formed by the OlsBA acyltransferases originally described in Sinorhizobium meliloti (Weissenmayer et al., 2002; Gao et al., 2004) or by the bifunctional acyltransferase OlsF first described in Serratia proteamaculans (Vences-Guzmán et al., 2015). The OlsBA pathway is present in several α- and β-proteobacteria, in a few γ-proteobacteria and several actinomycetes. Genes encoding OlsF are present in a few γ-proteobacteria, δ- and ε-proteobacteria and in bacteria belonging to the Cytophaga-Flavobacterium-Bacteroidetes (CFB) group. Based on the analysis of genomic DNA sequences, it has been estimated that about 50% of the bacterial species can form OLs at least under specific growth conditions (Vences-Guzmán et al., 2015; Sohlenkamp and Geiger, 2016). Interestingly, in some bacteria, for example S. meliloti or Pseudomonas sp., OLs are only formed under phosphate-limiting conditions (Minnikin and Abdolrahimzadeh, 1974; Geiger et al., 1999; López-Lara et al., 2005), while in other bacteria, like many species of the genus Burkholderia or in Rhizobium tropici CIAT899, OLs are formed constitutively (Rojas-Jiménez et al., 2005; González-Silva et al., 2011). In some examples, the presence of OLs or an increased accumulation of OLs have been related to resistance to abiotic stress conditions or to a function during interactions with eukaryotic hosts like an increased persistence (Kim et al., 2018).

The genus Burkholderia sensu lato (s.l.) contains more than 100 diverse and versatile bacterial species, which can be found in different environments such as soil or fresh water, but also frequently in association with a number of eukaryotic hosts including humans, animals (vertebrates and invertebrates), plants or fungi. These bacteria-host interactions can be beneficial, pathogenic or both (Depoorter et al., 2016; Estrada-de Los Santos et al., 2018). In recent years, Burkholderia s.l. was divided into several genera and it is currently classified into Burkholderia sensu stricto (s.s.), Paraburkholderia (Sawana et al., 2014), Caballeronia (Dobritsa and Samadpour, 2016), Robbsia (Rojas-Rojas et al., 2019) and the recently proposed additional genera Mycetohabitans and Trinickia (Estrada-de Los Santos et al., 2018).

One characteristic that was thought to be unique and common to the species of the genus Burkholderia s.l was the presence of two forms of PE and OLs (Yabuuchi et al., 1992). However, when the membrane lipids of a few strains were examined in detail, OLs were present only in some species of the genus (Palleroni, 2015), but were absent in others such as B. andropogonis (now classified as R. andropogonis). The latter synthesizes PE and hydroxylated PE (2-OH-PE), but lacks OLs and hydroxylated OL (2-OH-OL). The biological roles played by OLs in the genus Burkholderia s.l. are not clear yet. As in other bacterial groups, the presence of hydroxylated OLs might be part of the response to environmental stresses. The amount of hydroxylated lipids (2OH-PE and 2OH-OL) was increased in B. cepacia strain NCTC 10661 when exposed to a temperature of 42°C, which can be interpreted as a response to thermal stress (Taylor et al., 1998). B. cenocepacia J2315 formed a new hydroxylated OL when the strain was exposed to pH 4.0 (González-Silva et al., 2011). Also, rhamnolipids and OLs from B. pseudomallei strain K96243 induced an immune response in goats, inducing IFN-γ required for the expression of secreted cytokines (González-Juarrero et al., 2013). Finally, antibacterial activity against Bacillus megaterium and Escherichia coli has been ascribed to OLs in B. gladioli pv. agaricicola strain ICMP 11096 (Elshafie et al., 2017).

In this study, we wanted to understand the function of OLs in the genus Burkholderia s.l. First, we studied the membrane lipid compositions of a representative set of bacterial species of this group to find out how widespread the presence of OLs and the hydroxylated forms of PE and OL is. B. cenocepacia and R. andropogonis were selected as models for the second part of this study. B. cenocepacia wild-type forms OLs in a constitutive manner and was compared to a mutant unable to synthesize OLs. R. andropogonis does not form OLs when grown in normal complex medium and we compared it to a constructed R. andropogonis strain constitutively forming OLs. The absence of OLs affected the growth of B. cenocepacia under acid stress conditions and it decreased its virulence in a Galleria mellonella L (Lepidoptera: Pyralidae) model. The constitutive presence of OLs in R. andropogonis caused a stimulation of the plant innate immune response by increasing the production of reactive oxygen species. Both observations highlight the importance of OLs during the interactions between bacteria and their hosts.



MATERIALS AND METHODS


Bacterial Strains, Plasmids, and Growth Conditions

The bacterial strains and plasmids used in this study are listed in the Supporting Material (Supplementary Table 1). Bacteria were grown in Luria–Bertani broth (LB; 5 g yeast extract, 10 g peptone, 10 g NaCl per liter and adding 1.5 % agar (w/v) for solid medium) or in a minimal medium designed for growth under phosphate-limiting conditions. The composition of the latter was based on M9 medium (Miller, 1972) and sodium citrate medium (Simmons, 1926) (2 g Sodium succinate dibasic hexa-hydrated, 1 g NH4Cl, 0.2 g MgSO4 × 7H2O, 0.5 g NaCl and 0.1 M K-phosphate buffer prepared with K2HPO4 and KH2PO4). Bacterial growth was determined by measuring the optical density of the cultures at 620 nm (OD620). When required, antibiotics were added to the medium at the following concentrations: 20 μg/ml tetracycline and 50 μg/ml kanamycin for R. andropogonis (LMG2129.pRK404.pET9a and LMG2129.pRK404.pET9a.olsF) and 300 μg/ml chloramphenicol for B. cenocepacia mutant NG1.



Construction of the Phylogenetic Tree

The GET_HOMOLOGUES program (Contreras-Moreira and Vinuesa, 2013) was used to obtain families of orthologs from 43 Burkholderia s.l. genomes that were downloaded from the NCBI RefSeq database (Supplementary Table 2). In this analysis, each ortholog family had 43 genes. Subsequently, with the help of the GET_PHYLOMARKERS program (Vinuesa et al., 2018), the families of orthologs were analyzed to obtain optimal markers for phylogenomic reconstruction. Finally, with the PHYML program (Guindon et al., 2010), the phylogenetic tree was constructed based on the concatenated alignments of ortholog gene families using the GTR + G evolutionary model.



Determination of the Membrane Lipid Composition

The lipid compositions of bacterial strains were determined following labeling with [1-14C]acetate (Amersham Biosciences). Cultures (1 ml) of Burkholderia s.l. strains were inoculated from precultures grown in the same medium. After addition of 1 μCi of [14C]acetate (60 mCi mmol-1) to each culture, the cultures were incubated overnight. Cells were harvested by centrifugation, washed with 500 μl water once, resuspended in 100 μl water, and then lipids were extracted according to Bligh and Dyer (Bligh and Dyer, 1959). Aliquots of the lipid extracts were spotted on high performance TLC silica gel 60 plates (Merck, Poole, UK) and separated in two dimensions using chloroform/methanol/water (16:4:1, v/v/v) as a mobile phase for the first dimension and chloroform/methanol/acetic acid (15:3:2, v/v/v) as a mobile phase for the second dimension (Tahara and Fujiyoshi, 1994). To visualize membrane lipids, developed two-dimensional TLC plates were exposed to autoradiography film (Kodak) or to a PhosphorImager screen (Amersham Biosciences). The individual lipids were quantified using ImageQuant software (Amersham Biosciences) (Vences-Guzmán et al., 2011).



Construction of a R. andropogonis Strain Constitutively Producing Ornithine Lipids

The bifunctional acyltransferase OlsF was expressed in the type strain R. andropogonis LMG2129. The plasmid pRK404.pET9a.OlsF containing the olsF gene from S. proteamaculans was mobilized by conjugal transfer from E. coli S17-1 into the recipient strain R. andropogonis LMG2129 (Simon et al., 1983). Precultures with an OD620 of 0.5 of donor and recipient cells were harvested by centrifugation and washed twice with LB medium to remove residual antibiotics. Subsequently, the cell suspensions were mixed, dropped onto LB agar plates without antibiotics and incubated overnight at 30°C. The cells were scraped from the plates, suspended, and serial aliquots were plated on sodium citrate agar (Simmons, 1926) supplemented with tetracycline and kanamycin. Incubation continued for 2–5 days to select for the presence of the plasmid in the transconjugants. Transconjugant colonies were transferred to plates with LB medium supplemented with tetracycline and kanamycin and were grown at 30°C for 3 days. Strains were conserved in glycerol at a final concentration of 30% (w/v) and were stored at −80°C.



Liquid Chromatography/Tandem Mass Spectrometry Analysis of Lipid Samples

The three different R. andropogonis strains (LMG2129.pRK404.pET9a.olsF-expressing the acyltransferase OlsF, LMG2129-wild-type, and LMG2129.pRK404.pET9a-empty vector control) were grown to an OD of 1.2 at 620 nm in LB medium or in LB medium with tetracycline in case of the plasmid-harboring strains. Cells were harvested by centrifugation and lipids were extracted according to Bligh and Dyer (Bligh and Dyer, 1959). Normal phase LC-ESI MS of the lipid extracts was performed using an Agilent 1200 Quaternary LC system coupled to a high resolution TripleTOF5600 mass spectrometer (Sciex, Framingham, MA). Chromatographic separation was performed on an Ascentis Silica HPLC column, 5 μm, 25 cm × 2.1 mm (Sigma-Aldrich, St. Louis, MO). Lipids were eluted with mobile phase A, consisting of chloroform/methanol/aqueous ammonium hydroxide (800:195:5, v/v/v), mobile phase B, consisting of chloroform/methanol/water/aqueous ammonium hydroxide (600:340:50:5, v/v/v/v) and mobile phase C, consisting of chloroform/methanol/water/aqueous ammonium hydroxide (450:450:95:5, v/v/v/v), over a 40 min-long run, performed as follows: 100% mobile phase A was held isocratically for 2 min and then linearly increased to 100% mobile phase B over 14 min and held at 100% B for 11 min. The mobile phase composition was then changed to 100% mobile phase C over 3 min and held at 100% C for 3 min, and finally returned to 100% A over 0.5 min and held at 100% A for 5 min. The LC eluent (with a total flow rate of 300 μl/min) was introduced into the ESI source of the high resolution TF5600 mass spectrometer. MS and MS/MS were performed in negative ion mode, with the full-scan spectra being collected in the m/z 200–2,000 range. The MS settings are as follows: ion spray voltage (IS) = −4,500 V (negative ion mode), curtain gas (CUR) = 20 psi, ion source gas 1 (GS1) = 20 psi, de-clustering potential (DP) = −55 V, and focusing potential (FP) = −150 V. Nitrogen was used as the collision gas for tandem mass spectrometry (MS/MS) experiments. Data analysis was performed using Analyst TF1.5 software (Sciex, Framingham, MA).



Identification of Putative Pho Boxes in Burkholderia sensu latu

The program INFO-GIBBS (Defrance and van Helden, 2009) was used for the construction of a position specific scoring matrix (PSSM) matrix. Pho box sequences from Agrobacterium tumefaciens, Sinorhizobium meliloti, and Mesorhizobium loti identified in the promoter sequences of genes involved in the biosynthesis of glycolipid and OL membrane lipids were used (Supplementary Table 3) (Yuan et al., 2006; Geske et al., 2013). The following parameters were used: Matrix length was fixed to 18 bp, the expected number of sites per sequence was one, and the number of motifs to extract was one. As background model the sequences upstream of genes in the Burkholderiaceae taxon were used and the Markov order used was one. Then the program MATRIX-SCAN (Turatsinze et al., 2008) was used to search for putative Pho boxes in the regions upstream of the genes encoding OlsB homologs in the genomes of the 43 Burkholderia s.l. species analyzed. This search was performed for both strands.



Growth Experiments Under Abiotic Stress Conditions

Pre-cultures of R. andropogonis and B. cenocepacia were grown at 30°C at 250 rpm overnight in LB medium supplemented with the respective antibiotics if required. Cells were harvested by centrifugation at 6,000 rpm and washed with 1% NaCl (w/v) solution, except for the salinity tests for which cells were washed in LB medium without salt. The optical density data collection was measured in the Synergy 2.0 Biotek, measuring every 3 h for 24 h, performing 3 independent repetitions. For temperature stress experiments, the cultures were grown in LB medium in 96-well microplates, inoculated with an OD620 of 0.05 and incubated at 30, 37, or 42°C. For acid stress experiments, the cultures were grown in 96-well microplates in LB medium adjusted to pH 4 buffered with 50 mM Homopipes [Homopiperazine-N,N′-bis-2-(ethanesulfonic acid)] or to pH 7 with 50 mM Pipes [piperazine-N,N′-bis(2-ethanesulfonic acid)]. Cultures were inoculated at an OD620 of 0.05 and incubated at 30°C with medium shaking. For salinity stress experiments, the cultures were grown in 96-well microplates in LB medium with salt concentrations of 0.05, 0.5, and 1 M NaCl. Cultures were inoculated at an OD620 of 0.05 and incubated at 30°C with medium shaking.



B. cenocepacia Virulence Assays Using Galleria mellonella Larvae

The virulence of the B. cenocepacia strains was evaluated in G. mellonella larvae. Starting from bacterial cultures grown to an OD620 of 1, serial dilutions were made in 10 mM MgSO4 that corresponded to 3 × 107, 3 × 106, 3 × 105, and 2 × 104 CFU/ml. As negative controls, a simple puncture of the larvae, the injection of saline solution, or the injection of E. coli DH5α (Hanahan, 1983) at 3 × 106 CFU/ml were used. This strain is innocuous for G. mellonella (Alghoribi et al., 2014; Jonsson et al., 2017). Assays were carried out using the injection method with G. mellonella larvae in the sixth stage and 10 μl bacterial suspensions were injected into the dorsal region of the third anterior abdominal segment of the larvae using insulin syringe of 31G (gauge). Each bacterial suspension was tested using 10 insect larvae placed individually in 55 mm petri dishes without diet and incubated at 30°C. The mortality was evaluated every 24 h for 5 days after injection. Five independent experiments were performed. For statistical testing, experimental data (n = 50) were plotted using the Kaplan-Meier method and differences in survival were calculated by using the log-rank test with a p ≤ 0.05 indicating statistical significance. The statistical analyses were performed using GraphPad Prism, version 8.4.3 (GraphPad Software Inc., San Diego, CA, USA).



Infiltration of Maize Plants With R. andropogonis Strains

R. andropogonis assays were carried out in corn plants using a native maize variety (“criollo de Hidalgo”). Seed sterilization and germination were performed as previously described (Matus-Acuña et al., 2018), and sterilized seeds were incubated for 48 h at 30°C in the dark. Subsequently, germinated seedlings were transplanted to pots containing sterile vermiculite and were grown under greenhouse conditions irrigating every 3 or 4 days with water or Fahraeus solution for 40 days before infection with the bacterial strains (Fahraeus, 1957). Maize leaves were infiltrated on the bottom of the leaves with a 1 ml needleless syringe containing a 1 × 105 CFU/ml bacterial suspension (corresponding to an OD620 of about 0.02) of the wild-type strain LMG2129 or the transconjugants (LMG2129.pRK404.pET9a, LMG2129.pRK404.pET9a.olsF). As mock control a 10 mM MgCl2 solution was used. Approximately 10 μl were infiltrated into the leaf at each site. Forty healthy 40 day-old maize plants were used. Ten potted plants were inoculated with each isolate and the development of symptoms was followed for 15 days. The bacteria were isolated using a methodology previously described (Katagiri et al., 2002). Briefly, treated maize leaves were macerated with pistil, washed with 10 mM MgCl2 twice and finally resuspended in LB medium. The suspension was serially diluted, plated on LB medium and incubated at 30°C for 72 h. Colonies were counted and colony forming units determined. For statistical analyses the one-tailed t-test was used with a p ≤ 0.05 indicating statistical significance. Statistical analyses were performed using GraphPad Prism, version 8.4.3 (GraphPad Software Inc., San Diego, CA, USA).



Detection of Reactive Oxygen Species (ROS)

ROS were detected using the fluorescent probe 2′,7′-Dichlorodihydrofluorescein diacetate (DCFH-DA; Sigma-Aldrich, www.sigmaaldrich.com) as previously described (L'Haridon et al., 2011). Leaves were rapidly rinsed in DCFH-DA medium and observed under UV light with a LEICA DMR fluorescence microscope (Leica, www.leica.com). Microscope images were saved as TIFF files and processed for quantification of the pixels with Image J version 1.51 (NIH). For statistical analyses the one-tailed t-test was used with a p ≤ 0.05 indicating statistical significance. Statistical analyses were performed using GraphPad Prism, version 8.4.3 (GraphPad Software Inc., San Diego, CA, USA).




RESULTS


Burkholderia sensu lato Strains and Their Membrane Lipid Compositions: Only sensu strictu Strains Form OL Constitutively

We wanted to study if there is a correlation between the membrane lipid composition of the species and their phylogenic positions within the Burkholderia sensu lato (s.l.) supergenus. An analysis performed with the genomes of 43 Burkholderia s.l. species indicated that 780 gene families, representing groups of orthologs, were present in each of the 43 genomes. Next, using the Get Phylomarkers software (Vinuesa et al., 2018), 411 families of orthologs were considered optimal markers for a phylogenomic reconstruction of the Burkholderia s.l. supergenus. The phylogeny showed that Burkholderia s.l. was separated into five different lineages (Figure 1). These corresponded to Burkholderia s.s., Trinickia, Paraburkholderia, Caballeronia, and Robbsia. We analyzed the membrane lipid composition of 35 Burkholderia s.l. strains to which we had access in the laboratory when they were grown in complex medium. Liquid cultures of the selected strains were grown, lipids were labeled with [14C]acetate, extracted and separated by two dimensional thin-layer chromatography (Figure 2, six representative strains are shown). In all strains, the lipids phosphatidylglycerol (PG), cardiolipin (CL), phosphatidylethanolamine (PE), and 2-hydroxylated PE (2OH-PE) were detected. However, under the evaluated growth condition OLs be it unmodified and/or modified were only detected in the strains of the genus Burkholderia s.s. (Figures 2A,B). The species included in the Burkholderia s.s. clade (indicated in pink, Figure 1), are generally species that correspond to pathogens of humans, plants or animals (Depoorter et al., 2016). The clade that groups the genera Trinickia, Paraburkholderia, Caballeronia, and Robbsia (marked in purple, Figure 1) includes species that do not synthesize OLs when grown in complex medium, and several of these bacteria are plant beneficial and environmental bacteria, or can be involved in an N2-fixing symbiosis with legume plants (Estrada-de Los Santos et al., 2018). An exception is the genus Robbsia which is formed by plant pathogens.


[image: Figure 1]
FIGURE 1. Phylogenetic tree based on a pangenome analysis of Burkholderiales. The first clade (indicated with pink color) groups species of the genus Burkholderia sensu stricto (s.s.) that synthesize unmodified and modified OLs when grown in complex LB medium. The second clade (marked in purple color) groups species of the genera Trinickia, Paraburkholderia, Caballeronia, and Robbsia, that do not synthesize OLs when grown in complex LB medium.
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FIGURE 2. Ornithine lipid (OL) synthesis is constitutive in strains belonging to the genus Burkholderia sensu stricto (s.s), but not in the other analyzed strains. Separation of [14C]acetate-labeled lipids by two dimensional thin-layer chromatography (TLC) from different Burkholderia sensu latu (s.l) strains grown in LB medium at 30°C. (A) Burkholderia cenocepacia J2315, (B) B. dolosa, (C) Paraburkholderia sortisoli, (D) P. xenovorans, (E) Caballeronia glathei, and (F) Robbsia andropogonis. CL, cardiolipin; PG, phosphatidylglycerol; PE, phosphatidylethanolamine; 2OH-PE, hydroxylated phosphatidylethanolamine; OL, unmodified ornithine lipid; 2OH-OL, ornithine lipid 2-hydroxylated within ester-bound fatty acid.


Bacterial species belonging to the genus Burkholderia form OLs by the OlsBA pathway. The presence of a gene encoding an OlsB homolog is considered a good indicator for the capacity of the bacteria to form OLs (Geiger et al., 2010). We wanted to know if the absence of OLs in the species classified as Paraburkholderia, Caballeronia, Robbsia, Mycetohabitans, and Trinickia was caused by the absence of a gene encoding an OlsB homolog or if it was due to a difference in gene regulation. We searched the genomes of Paraburkholderia, Caballeronia, Robbsia, Mycetohabitans, and Trinickia species for genes encoding homologs of the N-acyltransferase OlsB (Bcal1281) responsible for the first step in OL synthesis in B. cenocepacia (González-Silva et al., 2011). We found that all analyzed species possessed a gene coding for an OlsB homolog in their genome and that the genomic context around the respective genes was usually conserved in Burkholderia s.l. (data no shown). Bacterial species such as Sinorhizobium meliloti, Rhodobacter sphaeroides, Pseudomonas fluorescens, Pseudomonas diminuta, Desulfovibrio alaskensis, Serratia proteamaculans, and Vibrio cholerae do not form OL when the bacteria are grown in complex media (which are usually rich in phosphate), but induce the synthesis of OLs or/and other phosphorus-free lipids under phosphate-limiting growth conditions and replace some of their membrane phospholipids (Minnikin and Abdolrahimzadeh, 1974; Benning et al., 1995; Geiger et al., 1999; Lewenza et al., 2011; Bosak et al., 2016; Barbosa et al., 2018). In some of these bacteria, gene expression in response to phosphate limitation is known to be regulated by the two-component system PhoBR. At low phosphate concentrations, the response regulator PhoB is phosphorylated and binds to a highly conserved nucleotide motif called the Pho box in the promoter region of regulated genes (Geske et al., 2013). We would expect to find Pho boxes preceding the homologs of olsB genes if the synthesis of OLs can be induced at low phosphate concentrations and is regulated by PhoB. Using the sequences of identified Pho boxes from Agrobacterium tumefaciens, S. meliloti, and Mesorhizobium loti (Yuan et al., 2006; Geske et al., 2013) present in the promoter sequences of the genes encoding enzymes involved in the biosynthesis of glycolipids and OLs formed under conditions of phosphate limitation (Supplementary Table 3), a consensus sequence was obtained (Figure 3A). The genomes of 43 Burkholderia s.l. species were searched for the presence of Pho boxes upstream of the genes encoding OlsB homologs. Putative Pho boxes were detected in 21 of the analyzed genomes (Supplementary Table 4) and corresponded to fourteen species of the genus Paraburkholderia, two species of the genus Caballeronia (both genera do not constitutively synthesize OLs), and five species corresponding to the genus Burkholderia s.s. that constitutively synthesize OLs. Due to the evolutionary distance between α-proteobacteria and β-proteobacteria it is possible that we missed the Pho boxes in some genomes, but alternatively, OL formation might be regulated differently in these species. Using the putative Pho boxes of Burkholderiales (Supplementary Table 4), a new matrix was obtained (Figure 3B). When searching with this new matrix, putative Pho boxes were detected in the upstream regions of the genes encoding OlsB homologs in all 43 Burkholderia s.l genomes (data not shown).
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FIGURE 3. Position-specific scoring matrix (PSSM) of Pho boxes obtained using the INFO-GIBBS program. (A) The PSSM derived from the sequences of Pho boxes of A. tumefaciens, S. meliloti, and M. loti present in the promoter sequences of the genes involved in the lipid biosynthesis of glycolipids and OLs (Supplementary Table 3). (B) PSSM obtained of putative Pho boxes from Burkholderiales (Supplementary Table 4) that constitutively synthesize OLs or not.




OlsF Expression Causes Constitutive OL Formation in Robbsia andropogonis

OL synthesis is constitutive in the Burkholderia s.s., but probably inducible in the other genera forming part of Burkholderia s.l., and an open question is if the presence or absence of OL affects the abiotic stress resistance of the bacteria and if it affects how the bacteria interact or how they are perceived by their eukaryotic hosts. Therefore, we wanted to study two pairs of strains either forming OLs or not, under abiotic stress conditions and during interactions with their eukaryotic hosts: (1) B. cenocepacia J2315 (Vandamme et al., 2003), which forms OL constitutively and its corresponding mutant deficient in OL formation NG1 (González-Silva et al., 2011) and (2) R. andropogonis (formerly B. andropogonis) which does not form OL constitutively and R. andropogonis constitutively forming OLs due to the presence of a plasmid harboring the gene olsF from S. proteamaculans (Vences-Guzmán et al., 2015).

R. andropogonis contains both forms of PE but no OLs when grown in complex medium (Figure 2F). To create a R. andropogonis strain constitutively forming OL, the bifunctional acyltranferase OlsF from S. proteamaculans (Vences-Guzmán et al., 2015) was expressed in the type strain R. andropogonis LMG2129 (Gillis et al., 1995). When analyzing the lipid composition of the OlsF-expressing strain using LC-MS, we observed the formation of two new lipids that were absent in the vector control strain (Figures 4A,B) and the lipid profile of the vector control strain is similar to the wild-type strain. These new lipids were identified as unmodified and hydroxylated OLs (Figures 4C,D), with the [M-H]− ions of their major species being observed at m/z 649.5 and 665.5, respectively. A comparison of the MS/MS spectra of m/z 649.5 and 665.5 (Figures 4C,D) indicates that the hydroxylation is located within the secondary fatty acyl chain. Specifically, the carboxylic anion of C18:1 fatty acid is observed at m/z 281 (Figure 4C), and the carboxylic anion of hydroxylated C18:1 fatty acid is observed at m/z 297 (Figure 4D). This result suggests that the hydroxylase responsible for 2-hydroxylation of OL is constitutively expressed whereas OL synthesis is inducible in the wild-type strain.
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FIGURE 4. R. andropogonis LMG2129 expressing OlsF forms OLs and 2OH-OLs. Shown are total ion chromatograms of the LC-MS analysis of total lipid extracts from (A) R. andropogonis LMG2129.pRK404.pET9a, and (B) R. andropogonis LMG2129.pRK404.pET9a.olsF. (C) Negative ion collision-induced dissociation mass spectra of [M-H]—ions at m/z 649 identifying OL and (D) m/z 665 showing that it is 2OH-OLs. The masses of major fragment ions indicate that the hydroxyl group is located in the secondary fatty acyl chain.




The Absence of OLs Slows the Growth of B. cenocepacia Under Acid Stress Conditions

Earlier reports had shown that B. cepacia induces OL formation under conditions of heat stress (Taylor et al., 1998). An importance of the presence of OL for heat and acid stress resistance had been also described in R. tropici (Rojas-Jiménez et al., 2005; Vences-Guzmán et al., 2011). We wondered if the absence of OL in B. cenocepacia NG1 (González-Silva et al., 2011) would negatively affect the stress tolerance of this strain in comparison with its respective wild-type J2315 or if the R. andropogonis strain constitutively forming OL would be more resistant to abiotic stress than the corresponding wild-type. Strains were exposed to various abiotic stresses such as variations in temperature (30, 37, or 42°C), in acidity (pH 4 or pH 7) or osmotic stress conditions (0.05 M, 0.5 M, or 1 M NaCl).

With respect to the temperature stress experiments, we observed that R. andropogonis strains grew best at 30°C (Figure 5A), and their growth was drastically affected at 37°C. The R. andropogonis strain constitutively forming OLs grows a little less than that of the wild-type strain at 37°C (Figure 5B). At 42°C, the R. andropogonis strains do not grow, apparently because they are lysed. No growth differences were observed between both B. cenocepacia strains at 30 and 37°C, but, at 42°C the absence of OL in B. cenocepacia NG1 apparently mildly affected the growth of this strain compared to the wild-type J2315 (Figure 5C).


[image: Figure 5]
FIGURE 5. The absence of OLs in the B. cenocepacia mutant deficient in olsB slightly affects its growth under low pH and temperature stress conditions, but the presence of OLs in R. andropogonis does not increase tolerance to environmental stress conditions. The strains were grown in complex LB medium at 30°C (A), 37°C (B), or 42°C (C), or in complex LB medium adjusted to pH 7.0 (D), or pH 4.0 (E), and in complex LB medium supplemented with 0.05 M NaCl (F), 0.5 M NaCl (G), or 1 M NaCl (H) at 30°C. Growth kinetics were determined in a Synergy 2.0 Biotek, with medium shaking in 96-well microplates measuring every 3 h for 24 h, performing three independent repetitions. ▲ (green triangle up) B. cenocepacia J2315, ▼ (purple triangle down) B. cenocepacia NG1, • (blue circle) R. andropogonis LMG2129.pRK.pET9a, ■ (red square) R. andropogonis LMG2129.pRK.pET9a.olsF.


With respect to acid stress, we observed that the presence of OL did not affect the growth of the R. andropogonis strains. In contrast, the absence of OL in B. cenocepacia NG1 mildly affected the stress tolerance of this strain in comparison with its respective wild-type J2315. Also, it was observed that R. andropogonis strains were more resistant to pH 4 than the strains of B. cenocepacia (Figures 5D,E).

Osmotic stress is a common environmental stress for B. cenocepacia, to which it is exposed for example in the lungs of patients with cystic fibrosis (CF) or in soil (Smith et al., 1996). Behrends et al. (2011), investigated the tolerance to osmotic stress of five isolates of B. cenocepacia and elucidated the metabolic changes associated with osmotic stress when the isolates were exposed to 0.5 M NaCl. When exposing the strains to NaCl concentrations of 0.05, 0.5, and 1 M, we observed that there was no difference between the strains that synthesized OLs with those that did not (Figures 5F–H). R. andropogonis did not grow under osmotic stress conditions, whereas B. cenocepacia strains grow well in medium supplemented with 0.5 M NaCl, but did not grow in medium supplemented with 1 M NaCl.



The Absence of OLs in B. cenocepacia Reduces Their Virulence in a Galleria mellonella Infection Model Under Specific Conditions

Non-mammalian model systems of infection such as G. mellonella have been used to study the virulence of human pathogens such as Candida albicans, Pseudomonas aeruginosa, Acinetobacter baumannii, Staphylococcus aureus, Enterococcus faecalis, Yersinia pseudotuberculosis, and species of the genus Burkholderia (Fedhila et al., 2010). G. mellonella is a relatively cheap infection model, small in size, and possesses a short life cycle, the organisms can be handled easily and only small quantities of test compounds are required for injection. It has been used as a model for clinical infections as it can be maintained at physiological temperatures (37°C) for up to 5 days and its innate response to infections is structurally and functionally similar to that of mammals. The release of reactive oxygen species and antimicrobial peptides into the hemolymph is triggered by humoral responses. Hemolymph clotting, equivalent to mammalian blood clotting, is followed by melanization. The cellular response results in the encapsulation of the infecting pathogen and phagocytosis (McCloskey et al., 2019). When control larvae were infiltrated with saline solution, with E. coli or simply picketed, they were asymptomatic and neither death nor melanization were observed until day 5 (Figure 6A). When evaluating the virulence of the B. cenocepacia wild-type J2315 and the mutant NG1 in larvae of G. mellonella, both strains caused the typical melanization (Figures 6B,C). When larvae of G. mellonella were infected with high concentrations of 3 × 107 CFU/ml and 3 × 106 CFU/ml, no differences between the larvae infected with the wild-type or the mutant strain were observed (Figure 7). However, at lower bacterial concentrations such as 3 × 105 CFU/ml, lower mortalities were observed in the case of the mutant lacking OLs. At this concentration, the wild-type strain B. cenocepacia J2315 caused a mortality rate of 44% after 5 days, while the mortality rate of the mutant strain NG1 was 28% after the same time. The minimum dose for larval mortality was 2 × 103 CFU/ml and only those larvae infected with the wild-type strain (2% mortality) presented larval death. Our results indicate that the presence of OLs causes an increase in mortality in the G. mellonella infection model under a cell density of 3 × 105 CFU/ml.


[image: Figure 6]
FIGURE 6. Melanization in Galleria mellonella larvae infected with strains of B. cenocepacia occurs in the presence of the pathogen and does not depend on the presence of OLs. (A) Control larvae infiltrated with 10 mM MgSO4, (B) Larvae infected with B. cenocepacia wild-type J2315, and (C) larvae infected with the B. cenocepacia mutant strain NG1. The pathogenicity assays were carried out using 10 insect larvae placed individually in 55 mm Petri dishes without diet and incubated at 30°C, evaluating mortality every 24 h after injection for 5 days before moving to the next larval growth stage. The melanization in G. mellonella larvae occurred along with larva death. Five independent experiments were performed.



[image: Figure 7]
FIGURE 7. B. cenocepacia lacking OLs caused lower mortality in Galleria mellonella larvae. (A) Kaplan-Meier survival curves: Larvae were injected with wild-type cells of B. cenocepacia J2315 or the mutant strain NG1 that does not synthesize OLs at concentrations of 3 × 107, 3 × 106, 3 × 105, and 2 × 104 CFU/ml. Survival was evaluated every 24 h for 5 days. At the highest concentration of 3 × 107 CFU/ml, the mortality for both strains was 100 %. (B) Strain J2315 (black columns) caused increased mortality after 5 days in the infection model of G. mellonella larvae compared with the mutant NG1 that lacking OLs (gray columns) at a concentration of 3 × 105 CFU/ml and was significantly different (*) with an analysis tailed t-test with a P-value: 0.0349. The experiment was repeated five times with similar results using fifty larvae in total for each treatment.




The Presence of OLs Induces an Increased Accumulation of Reactive Oxygen Species (ROS)

Plant innate immunity is the first line of defense against multiple pathogens. An important part of these immune responses is the production of extracellular reactive oxygen species (ROS). ROS can be present as impermeable superoxide ([image: image]) or as permeable hydrogen peroxide (H2O2) and it can be readily translocated from one cell to another (Ghosh et al., 2019). B. andropogonis LMG2129 has been described as bacterial stripe pathogen in maize and other plants (Moffett et al., 1986; Cother et al., 2004; Li and De Boer, 2005; Eloy and Cruz, 2008). We wanted to study if the presence or absence of OLs could modify the plant immune responses, in particular the ROS production by the plant upon infection with R. andropogonis. ROS formation in infiltrated plant leaves was quantified using the fluorescence emitted by the compound diacetate 2 ′, 7′-dichlorodihydrofluorescein (DCFH-DA) when it is oxidized by ROS (Lehmann et al., 2015). Directly after infection (0 days post infection (dpi) ROS formation is detected in leaves infected with R. andropogonis (Figure 8). Interestingly, ROS production was much higher in leaves infected with the strain LMG2129.pRK.pET9a.olsF constitutively forming OLs compared to mock-treated samples (MgCl2) and to the wild-type strain (Figures 8A–C). To study the progression of ROS accumulation over time, ROS was quantified at 0, 3, 7, and 15 dpi (Figure 8D). Immediately after infection (0 dpi), ROS levels were twice as high in the strain constitutively forming OLs than the wild-type strain. ROS levels decreased at 3, 7, and 15 dpi, and no significant differences were detected between the different treatments at the later time points. Wounding caused by infiltration has been also described to induce ROS accumulation (Benikhlef et al., 2013). We observed that the possible damage by infiltrating the mock solution only slightly induces ROS formation (Figures 8A,D). Our results indicate that the presence of OLs triggers a strong ROS accumulation.


[image: Figure 8]
FIGURE 8. The presence of ornithine lipids in R. andropogonis drastically increases the formation of reactive oxygen species (ROS) directly after infiltration into leaves of maize plants. ROS detection as DCFH-DA fluorescence (A) in maize leaves treated with mock solution, (B) treated with LMG2129.pRK404.pET9a, or (C) treated with LMG2129.pRK404.pET9a.olsF. (D) Densitometric quantification of ROS production by measuring DCFH-DA fluorescence showed that immediately after infection (0 dpi) the ROS levels were two times higher in leaves infiltrated with the strain constitutively forming OLs compared to leaves infiltrated with the wild-type strain, and were significantly different (*) determined by the analysis tailed t-test with a P-value: 0,0263 at 0 dpi. ROS concentration was lower on later times at 3, 7, and 15 dpi, and no differences were detected between the treatments. The experiment was repeated three times with similar results.




Constitutive OL Formation Does Not Modify the Progression of Infection Caused by Robbsia andropogonis on Its Host Maize

Based on the increased accumulation of ROS caused by the OL-forming R. andropogonis strain on maize (Figure 8), we wanted to characterize if the presence of OLs would modify the progression of the infection of R. andropogonis. Disease symptoms (dark-red lesions and chlorosis) and the number of living bacteria present inside the leaves were evaluated (Figure 9). Maize leaves were inoculated with the R. andropogonis strains and 3 days post-inoculation (dpi) disease symptoms were observed at the point of inoculation. These lesions continued to advance along the veins during the following days, while control plants infiltrated with the mock solution were asymptomatic (Figure 9A). Remarkably, the lesions caused by strains constitutively expressing OlsF were similar to the ones produced by the wild-type strain B. andropogonis LMG2129 (Figures 9B–D). Bacteria were isolated from leaves and colony-forming units (CFU) were determined at 0, 3, 7, and 15 dpi. Bacterial numbers increased over time in infected plants and no significant differences could be observed between both strains (Figure 9E). These results suggest that the increased ROS accumulation induced by the overexpression of OLs did not influence the progression of the infection on maize.


[image: Figure 9]
FIGURE 9. The presence of OLs does not modify the progression of the infection of R. andropogonis in maize leaves. When infiltrated with R. andropogonis strains, maize leaves showed dark-red lesions and chlorosis, while control plants infiltrated with the mock solution were asymptomatic. (A) Mock solution, (B) wild-type LMG2129, (C) LMG2129.pRK404.pET9a, and (D) LMG2129.pRK404.pET9a.olsF. (E) The number of bacteria isolated from the maize leaves at 0, 3, 7, and 15 dpi, increased over time in infected plants, and no significant differences could be observed between the strains. The experiment was repeated three times with similar results using thirty corn plants in total for each treatment.





DISCUSSION

The genus Burkholderia s.l. contains pathogenic, phytopathogenic, symbiotic and non-symbiotic species from a very wide range of environmental (soil, water, plants, fungi) and clinical (animal, human) habitats (Estrada-de Los Santos et al., 2018). One characteristic that was thought to be unique for the genus Burkholderia was the presence of the membrane lipids phosphatidylethanolamine and ornithine lipids (OLs), both in a hydroxylated and in a non-hydroxylated form (Yabuuchi et al., 1992). Here, we show that only Burkholderia s.s. species which often correspond to pathogens of humans, plants or animals constitutively form OLs and that these lipids are absent (or at least not constitutively formed) in the recently proposed genera Paraburkholderia, Caballeronia, Robbsia, Trinickia, and Mycetohabitans that are related to beneficial bacteria or that do not cause pathogenicity in humans. However, the absence of OLs is probably not caused by the absence of a copy of the olsB gene because we found that all analyzed species possessed a gene encoding a homolog of the N-acyltransferase OlsB (Bcal1281) responsible for the first step in OL synthesis in B. cenocepacia (González-Silva et al., 2011). The genomic context around the respective genes was usually conserved throughout Burkholderia s.l. (data not shown). The synthesis of OLs in the recently proposed genera is probably induced at low phosphate concentrations and regulated by PhoB as seen in a variety of other bacteria such as for example Sinorhizobium meliloti, Rhodobacter sphaeroides, Serratia proteamaculans, and Vibrio cholerae. This idea is supported by our prediction of Pho boxes preceding the respective putative olsB genes in 21 of the 43 genomes analyzed. The majority of these 21 genomes corresponded to genomes of bacteria that do not constitutively synthesize OLs (Paraburkholderia and Caballeronia), and five corresponded to bacterial species of the genus Burkholderia s.s. which constitutively synthesize OLs (Supplementary Table 4). It is possible that we did not detect the Pho boxes in some genomes, because of the evolutionary distance between α-proteobacteria and β-proteobacteria or alternatively that the genes responsible for OL formation are regulated differently in the other species. The presence of a Pho box in front of olsB in strains forming OLs constitutively might mean that expression of the respective olsB copies is increased further under phosphate-limiting conditions and that this leads to an increase in OL formation. Among the species that we identified with predicted Pho boxes was P. xenovorans and we cultured the strain LB400 (Goris et al., 2004) in minimal medium supplemented under low phosphate conditions. We observed that when cultivated in growth medium with 0 or 0.02 mM phosphate the strain was able to replace the phospholipids PE and 2OH-PE by modified and unmodified OLs (data not shown).

OLs can be modified by hydroxylations, either in the head group or in the fatty acid chains or by N-methylations (Sohlenkamp and Geiger, 2016). These modifications can play an important role in response to environmental stresses, and it has been observed that the amount of hydroxylated lipids (2OH-PE and 2OH-OL) increases at high temperatures in B. cepacia (Taylor et al., 1998) and that the hydroxylated OL NL1 is formed under acid stress in B. cenocepacia (González-Silva et al., 2011). In this study, we noticed that the absence of OLs in B. cenocepacia strain NG1, slightly affected tolerance to high temperature and acidic pH compared to its respective wild-type J2315 (Figures 5C,E) and we believe that the slight decrease in growth could be caused by the absence of the hydroxylated OL NL1. This observation is consistent with the earlier observations in R. tropici, where the presence of (hydroxylated) OLs conferred resistance to acid stress conditions and increased temperatures (Vences-Guzmán et al., 2011), although the effect observed in B. cenocepacia is clearly not as strong as in R. tropici. A possible explanation is that the presence/absence of OLs in B. cenocepacia is not a main factor for stress resistance as seems to be the case in R. tropici, but a secondary factor contributing on a smaller scale to resistance to the stress conditions studied. In the case of the R. andropogonis strains, the strain expressing OlsF constitutively is growing slower under all conditions and it does not contribute to an increased resistance to abiotic stress conditions under the chosen expression conditions.

Membrane lipids can play a role in bacteria-host relationships during pathogenicity. Bartholomew et al. (2019), described that a 2-hydroxylation in lipid A contributes to virulence in Acinetobacter baumannii using G. mellonella as an infection model. They could show that only 10 % of the larvae survived when challenged with the wild-type and the complemented mutant. In contrast, 50 % of the larvae survived when inoculated with the lpxO mutant. A recent study by Kim et al. (2018) concluded that an increased formation of OLs might play a role in increasing persistence, while at the same time reducing the virulence of Pseudomonas aeruginosa on Tenebrio molitor (an insect) and in Caenorhabditis elegans (nematode). In our study, we observed that the mean of the mortalities after 5 days caused by the B. cenocepacia mutant deficient in OL seems to be lower at different cell densities tested, but a statistically significant reduction of mortality in the G. mellonella model was only observed at a cell density of 3 × 105 CFU/ml. A possible explanation is that OLs are not the main factor contributing to mortality in this experimental system, and that the effect of the absence of OLs might be covered by other unknown factors. Older studies by other groups about the immunogenicity of OLs have been contradictory and a probable reason is that OLs are not the only or main factor in all the bacteria studied, although they probably contribute to immunogenicity by interfering with or contributing to the effects of other virulence factors. We also observed that the resistance to a selected set of antibiotics and microbial peptides was not affected by the presence of OLs (data not shown). However, although OLs seem to affect the bacterial-host interaction, there are clearly additional factors present in B. cenocepacia affecting its virulence.

Plants have elaborate multilayered defense mechanisms to survive the constant attack of pathogens. The first line of defense is innate immunity, which is triggered by molecular components of microbes, called Microbe-Associated Molecular Patterns (MAMPs), including components of the bacterial membrane (Boller and Felix, 2009). Once MAMPs are recognized, the Pattern-Triggered Immunity (PTI) is activated, inducing a strong accumulation of ROS, MAPK signaling cascades and transcriptional activation of early defense response genes (Tsuda and Somssich, 2015). After this initial response, plants can induce the Effector-Triggered Immunity (ETI), which is based on the specific recognition of pathogen effectors by the R genes that leads to a local programmed cell death or hypersensitive response (HR) (Boller and Felix, 2009). The combined effect of PTI and ETI can block the invasion of pathogens, both locally at the infection site and systemically in uninfected leaves (Craig et al., 2009; Tsuda and Somssich, 2015). However, although PTI and ETI share similar molecular defense response elements, they have different dynamics in the activation and intensity (Katagiri and Tsuda, 2010). It was demonstrated that bacterial polar lipids can stimulate specific immune responses in the host (Melian et al., 2000; Roura-Mir et al., 2005). For instance, polar lipids of B. pseudomallei (e.g., ornithine lipids and rhamnolipids) induce antibody production and several polar lipids stimulate cellular immune responses (González-Juarrero et al., 2013). Here we show that R. andropogonis constitutively forming OLs causes an increased formation of ROS directly after infection of maize leaves (Figure 8), suggesting that plants can recognize OLs as MAMPs, inducing the PTI. As signaling molecules and as toxic compounds, ROS have been described to play multiple roles during plants life, including modulation of growth and development and response to abiotic and biotic stimuli (Camejo et al., 2016). The constitutive presence of OLs in R. andropogonis does not affect the number of bacteria growing inside the leaves (Figure 9), which suggests that a possible recognition of OLs and subsequent accumulation of ROS are not sufficient to stop the infection. One possibility to explain this phenomenon, is that the infection inflicted by R. andropogonis can be inhibited by activating the ETI but no PTI. This is in agreement with the observation that expression of the R gene Rxo1 controls the resistance against R. andropogonis in maize and rice (Zhao et al., 2005). Another possibility is that during the infection, R. andropogonis can produce scavenger molecules or detoxifying enzymes that can inhibit ROS, which has been previously described as invading strategy for multiple plant pathogens (Lehmann et al., 2015).

In conclusion, the presence of OLs in both bacteria-host interactions we studied affects how the pathogen is perceived and it may affect in some cases the outcome of the infection. Further work is required to determine the role of OLs in Burkholderia spp. during plant-pathogen and animal-pathogen interactions.
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