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Rhodobacteraceae harbor a conspicuous wealth of extrachromosomal replicons (ECRs) and therefore the exchange of genetic material via horizontal transfer has been supposed to be a major evolutionary driving force. Many plasmids in this group encode type IV secretion systems (T4SS) that are expected to mediate transfer of proteins and/or DNA into host cells, but no experimental evidence of either has yet been provided. Dinoroseobacter shibae, a species of the Roseobacter group within the Rhodobacteraceae family, contains five ECRs that are crucial for anaerobic growth, survival under starvation and the pathogenicity of this model organism. Here we tagged two syntenous but compatible RepABC-type plasmids of 191 and 126-kb size, each encoding a T4SS, with antibiotic resistance genes and demonstrated their conjugational transfer into a distantly related Roseobacter species, namely Phaeobacter inhibens. Pulsed field gel electrophoresis showed transfer of those replicons into the recipient both individually but also together documenting the efficiency of conjugation. We then studied the influence of externally added quorum sensing (QS) signals on the expression of the T4SS located on the sister plasmids. A QS deficient D. shibae null mutant (ΔluxI1) lacking synthesis of N-acyl-homoserine lactones (AHLs) was cultivated with a wide spectrum of chemically diverse long-chain AHLs. All AHLs with lengths of the acid side-chain ≥14 reverted the ΔluxI1 phenotype to wild-type. Expression of the T4SS was induced up to log2 ~3fold above wild-type level. We hypothesize that conjugation in roseobacters is QS-controlled and that the QS system may detect a wide array of long-chain AHLs at the cell surface.
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INTRODUCTION

Roseobacters are a group of Rhodobacteraceae which are widely distributed in marine habitats and can reach abundances up to 20 percent in polar regions or in the North Sea (Selje et al., 2004; Giebel et al., 2011) and during algae blooms (Wemheuer et al., 2014; Voget et al., 2015). They have important ecological roles in the ocean as primary surface colonizers [recently reviewed by (Dang and Lovell, 2016)] and are “master recyclers" that are consistently correlated with phytoplankton blooms, both with respect to abundance and activity, in spite of the large diversity of algae and environmental conditions encountered in those blooms (Buchan et al., 2014). Roseobacters have relatively large genomes which collectively encode biogeochemically important pathways, but only a subset of those pathways is present in any single genome (Newton et al., 2010), and the genome content of uncultivated Roseobacter cells determined by single cell genome sequencing differs substantially from that of their cultured counterparts (Luo et al., 2012). Both genetic drift and horizontal gene transfer have therefore been hypothesized to play an important role in their evolution (Luo et al., 2014; Luo and Moran, 2015). Horizontal gene transfer can be mediated by transformation, transduction, or conjugation. Transformation has never been observed in roseobacters and could not be achieved experimentally (Piekarski et al., 2009). The genomes of many cultivated roseobacters encode a specialized bacteriophage like particle called GTA (gene transfer agent; Lang et al., 2002) that is able to transfer small pieces of DNA (Zhao et al., 2009; McDaniel et al., 2012) and is extremely efficient in the ocean (McDaniel et al., 2010). GTA sequences have, however, not been found in some largely uncultivated lineages, e.g., DC5-80-3, CHAB-I-5, SAG-O19, NAC11-7, that together can account for up to 60% of roseobacters in surface waters of the ocean (Zhang et al., 2016). Finally, conjugation is a powerful mechanism to shift entire plasmids across species or genus barriers, but it has not been observed in this group before (Mazodier and Davies, 1991; Thomas and Nielsen, 2005).

Roseobacters carry a wealth of plasmids [the record is held by the 12 extrachromosomal elements of Marinovum algicola (Pradella et al., 2010)] which can encode ecologically important traits, including a complete photosynthesis gene cluster, gene clusters for the synthesis of the antibiotic tropodithietic acid, flagella, biofilms, survival under oxidative stress, and killing of algae (Pradella et al., 2004; Kalhöfer et al., 2011; Petersen et al., 2012; Thole et al., 2012; Frank et al., 2015; Soora et al., 2015; Wang et al., 2015). Individual and compatible replication modules such as the RepABC-operon, which harbors a replicase (RepC) and a partitioning system (RepAB), ensure the stable maintenance of all plasmids (Petersen et al., 2009). Conjugation of those plasmids into other species or genera could be an important mechanism for horizontal gene transfer in roseobacters.

Type IV secretion systems (T4SS) were found in half of the 12 genome sequences of roseobacters available at the time (Moran et al., 2007). They are highly homologous to the archetypical VirB/VirD4 operon of Agrobacterium tumefaciens (Christie et al., 2014) and might therefore function to transfer DNA and/or proteins into other bacteria or even eukaryotic hosts such as dinoflagellates (Wagner-Döbler et al., 2010; Petersen et al., 2013; Wang et al., 2015). However, such transfer has never been shown in roseobacters and therefore the function of their T4SS is unknown.

In D. shibae, a species of the Roseobacter group which was isolated from the dinoflagellate Prorocentrum lima (Biebl et al., 2005) two syntenous plasmids (pDSHI01, 191-kb; pDSHI03, 126-kb) are present which contain complete T4SS systems, including the virB gene cluster for pilus formation, the DNA relaxase VirD2 as well as the coupling protein VirD4 (Wagner-Döbler et al., 2010; Petersen et al., 2013). D. shibae has been shown to provide essential vitamins to microalgae in co-culture (Wagner-Döbler et al., 2010). However, during the later stage of co-cultivation with the dinoflagellate P. minimum, death of the algae was observed (Wang et al., 2014a). This death was dependent on the presence of the 191-kb plasmid which was therefore termed “killer-plasmid” (Wang et al., 2015). A screen for mutants of D. shibae that were unable to grow anaerobically using a transposon library revealed several insertion sites on the sister plasmids (Ebert et al., 2013). In addition to the importance of those mutants for understanding anaerobic growth, they provide a tool to study plasmid transfer since they are tagged by an antibiotic resistant gene.

In many Alphaproteobacteria conjugation is regulated by cell–cell communication [usually referred to as quorum sensing (QS), e.g., in A. tumefaciens (Lang and Faure, 2014)] and rhizobia (Ding and Hynes, 2009). QS provides bacteria with a mechanism to adjust their “behavior” to the abundance of their own kind. For the canonical LuxR/LuxI system of Proteobacteria (Fuqua et al., 1996) the essential genetic elements are a LuxR-type transcriptional regulator and a LuxI-type autoinducer synthase. In the roseobacter group the ability for QS is widespread; about 80% of all sequenced genomes contain luxI homologs (Cude and Buchan, 2013; Zan et al., 2014). D. shibae utilizes a complex communication system comprising two chromosomal luxI/luxR operons (luxI1/luxR1, luxI2/luxR2), a third synthase gene (luxI3) located on the 86-kb plasmid downstream of an autoinducer binding gene luxB (Wang et al., 2014b) and three additional orphan luxR transcriptional regulators (Wagner-Döbler et al., 2010). These QS circuits are organized in a hierarchical way (Patzelt et al., 2013). The master synthase LuxI1 produces two long-chain AHLs, C18-en-HSL and C18-dien-HSL, which control the expression of the two other synthase genes luxI2 and luxI3. Knock-out of luxI1 resulted in a QS null mutant which did not produce detectable levels of AHLs; it had a homogenous small cell size and a faster growth rate than the wild-type; moreover, flagella biosynthesis and T4SS were strongly down-regulated. Expression of the T4SS could be restored by addition of the cognate AHLs as well as by C18-HSL, an autoinducer which was never detected in culture supernatants of D. shibae (Neumann et al., 2013; Patzelt et al., 2013). Thus we hypothesized that D. shibae might be able to respond to non-self AHLs.

Here we tested if the 191-kb and 126-kb RepABC-type plasmids of D. shibae carrying a T4SS can be conjugated into a distantly related Roseobacter species, namely P. inhibens DSM 17395 (Martens et al., 2006). This strain was chosen as a recipient because it has three extra-chromosomal replicons (ECRs) whose lengths differ from those of D. shibae and thus plasmid transfer can be visualized directly by pulse-field gel-electrophoresis (Frank et al., 2015). We then investigated if the transcription of the T4SS on those two plasmids of D. shibae can be induced by chemically diverse AHLs, most of which have been shown to be produced by isolates from the Rhodobacteraceae but not necessarily by D. shibae.

RESULTS

Conjugation of 191 and 126-kb D. shibae Plasmids into P. inhibens

We used three gentamicin tagged transposon mutants of D. shibae as donors for conjugation. They had previously been identified based on their impaired growth under anaerobic denitrifying conditions (Ebert et al., 2013). However, the precise localization of Tn1, Tn2, and Tn3 on either the 191 or the 126-kb plasmid had not been possible, because the transposons are located in a highly conserved region of these sister plasmids (Figure 1; Supplementary Figure S1) and therefore the arbitrary PCR approach of O’Toole et al. (1999) that represents the standard method to determine transposon insertion sites resulted in sequences that perfectly matched with both plasmids.
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FIGURE 1. Synteny plot of the 191 and 126-kb repABC-type sister plasmids of Dinoroseobacter shibae DSM 16493T (pDSHI01, pDSHI03). Long-range homologies with approximately identical sequences are shown with fading gray bars. The virB and virD operons of the type IV secretion system (T4SS) are highlighted in orange and green, respectively. Blue arrows indicate the localization of primer binding sites for PCR-based differentiation of the two sister plasmids. Red stars represent putative integration sites of three mariner transposons (Tn), whose precise integration site could not be determined via arbitrary PCR (Ebert et al., 2013). Yellow bolts show the actual transposon integration sites that were determined via conjugative transfer into Phaeobacter inhibens DSM 17395 in the current study. Tn1: Dshi_3944 (126-kb pDSHI03); Tn2: Dshi_3624 (191-kb pDSHI01); Tn3: Dshi_3964 (126-kb pDSHI03).



The chromosome of the recipient P. inhibens was tagged with a kanamycin resistance gene and the conjugation mixtures of donor and recipient were spread on plates with both antibiotics. The conjugation experiment was performed twice at different times using independent cultures but similar conditions. The first experiment resulted in 228, 5, and 25 brownish colonies for Tn1, Tn2, and Tn3, respectively. The brown color is eponymous for the recipient Phaeobacter and correlates with the presence of its 262-kb plasmid (Petersen et al., 2011). A second independent batch of putative transconjugants was established, and four colonies from the first plus six colonies from the second batch were passaged and DNA was isolated. The authenticity of P. inhibens as the host of all 30 putative transconjugants was proven via PCR with specific primers for the 262-kb plasmid (Supplementary Figure S1). To detect D. shibae plasmids in P. inhibens transconjugants, four primer pairs that specifically bind to the non-syntenous parts of the two sister plasmids of D. shibae were designed (Figure 1). The PCR revealed successful conjugation of both D. shibae plasmids into P. inhibens (Supplementary Figure S1) and allowed to determine the precise integration site of the transposons ex post (Supplementary Figure S2). Tn1 and Tn3 were present in all 10 transconjugants of their respective conjugation mixtures and were located in the 126-kb plasmid pDSHI03. Tn1 was located in the cytochrome C biogenesis gene Dshi_3944 (YP_001542153) and Tn3 in the cation eﬄux gene Dshi_3964 (YP_001542173). Tn2 was similarly present in all 10 transconjugants of its conjugation mixture; the strong PCR signals clearly document the successful conjugation of the 191-kb plasmid pDSHI01 into P. inhibens. The transposon had been inserted into Dshi_3624 (YP_001541838), another gene of the cation eﬄux system. Interestingly, PCR bands for the 126-kb plasmid pDSHI03 were additionally found in transconjugant I-3 of Tn2 (Supplementary Figure S3B), indicative of the presence of both plasmids in the recipient P. inhibens. Two plausible scenarios would explain the transfer of the non-transposon-tagged plasmid. First, recombination of the two sister plasmids in their highly conserved large (>50-kb) syntenous regions may have resulted in a composite plasmid of 317-kb that was conjugated into P. inhibens. Second, under the assumption that conjugation is a very efficient process, the 126-kb plasmid pDSHI03 may simply have been transferred independently through the existing connecting pilus.

Plasmid Profiles of Representative P. inhibens Transconjugants

In order to differentiate between both alternatives we performed PFGE experiments and determined the plasmid pattern of representative transconjugants. The donor D. shibae with five plasmids (191, 154, 126, 86, and 72-kb) and the recipient P. inhibens with three plasmids (262, 78, and 65-kb) served as references and size standards. The conditions of PFGE were optimized to reduce the amount of plasmids with a covalently closed conformation (ccc) and to obtain linearized replicons that are easier to compare. Accordingly, all plasmids of P. inhibens wild-type and the four tested transconjugants are linear, whereas the faint bands above 262-kb of the D. shibae wild-type represent residual ccc-plasmids (Figure 2). The plasmid profiles illustrate the presence of an additional 126-kb plasmid in the recipient strains of Tn1 and Tn3, whereas the transconjugant Tn2 (I-1) obtained the 191-kb replicon, which is in perfect agreement with the PCR assays. Finally, the exceptional transconjugant Tn2 (I-3) clearly contains two replicons with expected sizes of 126 and 191-kb, supporting the independent transfer of both sister plasmids into Phaeobacter during conjugation.
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FIGURE 2. Plasmid profiles of the P. inhibens DSM 17395 tranconjugants Tn1 (I-1), Tn2 (I-1), Tn3 (I-1), and Tn2 (I-3) obtained by pulsed-field gel electrophoresis (PFGE). The PFGE conditions for separation of the high molecular weight genomic DNA were as follows: 1.0% (w/v) agarose gel with pulse times of 1–40 s for 25 h at 200 V (6 V/cm). Conjugative plasmids of the donor strain D. shibae DSM 16493T are highlighted in green. The completely sequenced wild-type strains served as references and size standards. Chr, chromosomal DNA.



Selection of AHLs for Testing the Response of D. shibae

The expression of the T4SS on the sister plasmids has been shown to be down-regulated in the QS null-mutant D. shibae ΔluxI1 (Patzelt et al., 2013). Here, we tested which AHLs were able to restore the wild-type gene expression in this strain. We used four AHLs that are produced by D. shibae (C14-en-HSL, 3-oxo-C14-HSL, C16-en-HSL, and C18-dien-HSL; Neumann et al., 2013; Wang et al., 2014b) and six AHLs that have never been detected in cultures of D. shibae (C12-HSL, C14-HSL, C16-HSL, 3-oxo-C12-HSL, 3-oxo-C14-en-HSL, and 3-oxo-C16-en-HSL). One of the main signals produced by D. shibae itself, C18-en-HSL, and the corresponding non-self C18-HSL were not tested, because they have already been analyzed previously (Patzelt et al., 2013). The short-chain C8-HSL served as a negative control. AHLs were added to ΔluxI1 cultures in final concentrations of 0.1, 0.5, 2.5, or 5 μM.

Long-Chain AHLs Restore the Wild-Type Growth Rate

Previous work had shown that the QS null mutant D. shibae ΔluxI1 grows faster, reaches a higher cell density and has a shorter lag-phase than the wild-type (Patzelt et al., 2013). Here we used high-throughput BioScreen measurements to determine the effect of AHLs on growth. Figure 3 shows that C8-HSL and C12-HSL had no effect on the growth rate of the mutant at any tested concentration, while 3-oxo-C12-HSL caused a slight reduction of its growth rate only at the highest tested concentration of 5 μM. All other tested AHLs restored the wild-type growth rate in a concentration dependent manner. For all following experiments the lowest common active concentration of 0.5 μM was used except for C8-HSL, C12-HSL, and 3-oxo-C12-HSL where a concentration of 2.5 μM was tested in order not to miss a response.
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FIGURE 3. Growth of the quorum sensing (QS) null mutant D. shibae ΔluxI1 supplemented with external acyl-homoserine lactones AHLs. Indigenous AHLs are shown in bold letters. Data for signal molecules with the same acyl side-chain length are displayed in the same color. Mean and standard deviation for three biological replicates are shown. Vertical lines mark the wild-type (green) and mutant (red) level. Asterisk (*) labeled concentrations were used for subsequent experiments.



Long-Chain AHLs Restore Pleomorphism in the QS Null Mutant

Because the growth rate of D. shibae is related to its mode of cell division we investigated the effect of external AHLs on chromosome content distribution and pleomorphism. Stoichiometric DNA staining and subsequent flow cytometric analysis was used to determine the percentage of cells that contained multiple chromosome equivalents (Cxn; Figure 4). The QS mutant lacked cells containing more than two chromosome equivalents (Figure 4A) and showed uniform cell morphology (Figure 4B). Its DNA distribution pattern showed the re-occurrence of cells with higher fluorescence intensities when supplemented with C14-en-HSL or C16-HSL. The percentage of cells with more than one chromosome equivalents in cultures supplemented with diverse external AHLs is shown in Figure 4C. In the wild-type culture 33% of the cells contained multiple chromosome equivalents. This fraction was not present in the ΔluxI1 mutant or in cultures provided with C8-HSL and C12-HSL, both of which had also failed to induce the slow wild-type growth. All other tested long-chain AHLs induced the occurrence of Cxn cells to a different extent, with C14-HSL, C16-HSL, and 3-oxo-C16-en-HSL reaching values closest to the wild-type.
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FIGURE 4. Flow cytometric and microscopic analysis of the QS null mutant D. shibaeΔluxI1 cultivated with externally added AHLs. (A) Distribution of chromosome equivalents in the wild-type culture (gray), ΔluxI1 (black), ΔluxI1 provided with C14en (red), and ΔluxI1 provided with C16-HSL (green). (B) Microscopic pictures of wild-type, ΔluxI1 and ΔluxI1 supplemented with C14en-HSL and C16-HSL. (C) Determination of the fraction of cells containing multiple chromosome equivalents per cell (Cxn) at mid-exponential growth in cultures with the indicated AHLs [added at a concentration of 0.5 μM; asterisk (*) indicates a concentration of 2.5 μM].



Effect of C8-HSL and C12-HSL on Gene Expression

Next we investigated the response of the ΔluxI1 mutant to AHL treatment on the transcriptome level. Gene expression at mid-exponential growth phase of ΔluxI1 alone and ΔluxI1 cultivated with AHLs was compared to that of the wild-type (Dataset S1 and Supplementary Figure S3). 360 genes showed a differential gene expression, in accordance with the previous results (Patzelt et al., 2013). 47% of them encoded hypothetical proteins. In the C8-HSL and C12-HSL supplemented samples only five genes were upregulated (Supplementary Figure S1), among them Dshi_2278 which encodes a putative DMSO reductase. In those samples the AHLs had been added at 2.5 μM requiring a larger volume of the DMSO stock solution. Thus, activation of these genes is probably a response to the solvent that can be used by the cell as electron acceptor. Other than that, the transcriptome profiles of the ΔluxI1 mutant alone and supplemented with C8-HSL and C12-HSL were similar, confirming the growth experiments.

Effect of Long-Chain AHLs on Quorum Sensing Controlled Genes

We then focused on genes constituting the QS circuits of D. shibae (Figure 5). The expression of the cognate luxR1 (Dshi_0311) and the orphan regulators luxR3, luxR4, and luxR5 (Dshi_1550, 1815, 1819) was not significantly changed in any sample. The expression of the luxR2/luxI2 pair (Dshi_2851, 2852) as well as of the plasmid encoded third synthase luxI3 and the autoinducer binding gene luxB (Dshi_4067) located directly downstream could be restored to wild-type levels or slightly higher by some AHLs.
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FIGURE 5. Comparative transcriptome analysis of the D. shibae ΔluxI1 mutant cultivated with different AHLs. Heatmap visualization of log2 fold changes of QS, cell cycle, flagella, and T4SS gene expression in D. shibae ΔluxI1 and ΔluxI1 supplemented with the indicated AHLs compared to the wild-type. AHLs have been added at 0.5 μM, asterisk (*) indicates a concentration of 2.5 μM. Samples were taken at the mid-exponential growth phase (OD600 0.4).



Dinoroseobacter shibae possesses nine homologs to the Caulobacter crescentus cell cycle control genes, of which four, ctrA, cckA, chpT, and the putative divL homolog were significantly down-regulated in the QS mutant. Their expression was increased to a different extend by all tested long-chain AHLs, although only C14-en-HSL restored the wild-type expression level completely. The biosynthesis machinery for the polar flagellum of D. shibae is encoded in three gene clusters (Dshi_3246-3268, 3358-3365, 3376-3380) which are controlled by CtrA (Wang et al., 2014b). Their expression was reduced in the QS null mutant and increased in the presence of all long-chain AHLs tested; full wild-type expression level was restored with C14-en-HSL and C16-HSL.

Overexpression of T4SS after Addition of Long-Chain AHLs

The two plasmid encoded T4SS gene clusters (Dshi_3637-3651, 3972-85) in D. shibae have previously been shown to respond more strongly to AHLs than any other of the QS regulated genes (Patzelt et al., 2013). This finding can now be extended to the various long-chain self-produced and non-native AHLs tested here. All of them strongly induced the expression of the T4SS beyond wild-type level. The highest induction was observed when the mutant was supplemented with 3-oxo-C14-en-HSL and 3-oxo-C16-en-HSL.

DISCUSSION

Our experiments demonstrate the conjugative transfer of both the 126 and the 191-kb plasmid of D. shibae (pDSHI01, pDSHI03) into P. inhibens, suggesting that the T4SS located on them is indeed mediating conjugation as predicted by in silico analyses (Petersen et al., 2012). The obtained transconjugants verify that RepABC-type plasmids are stably maintained in P. inhibens DSM 17395 in agreement with the presence of the plasmid pInhi_B88 (RepABC-8) in the type strain P. inhibens DSM 16374T (Dogs et al., 2013). Moreover, the establishment of both replicons in the transconjugant strainTn2 (I-3) validates the compatibility of RepABC-9 (pDSHI01) and RepABC-2 (pDSHI03) type plasmids not only in D. shibae, but also in P. inhibens (Petersen et al., 2009). However, the most important novelty of the current study is the first experimental proof of conjugation between different representatives of the Roseobacter group. Individual and concerted conjugation of the two sister plasmids demonstrate the efficient exchange of ECRs even between phylogenetically only distantly related mating partners such as D. shibae and P. inhibens. Thus conjugation across genus barriers may be an important mechanism for horizontal gene transfer in the Roseobacter group and contribute to its ecological success.

Dinoroseobacter shibae responded to a diverse spectrum of long-chain AHLs added to the cultivation medium; the active AHLs were chemically diverse, with acyl-side chain lengths between 14 and 18 carbon atoms, modifications at the third carbon atom, and un-saturations in the side chain. In spite of different structures of the signaling molecules, the cells responded in a very similar manner, only the strength of the response showed minor differences. This observation is not in accordance with the strict stereo-specific binding of AHLs to their cognate LuxR type transcriptional regulators. Crystal structures of TraA of A. tumefaciens and LasR of Pseudomonas aeruginosa demonstrate that their AHL is deeply buried in the binding pocket and this binding is abolished already by conserved point mutations (Bottomley et al., 2007). Our findings are also not consistent with the direct binding of the AHLs to an intracellular receptor, since the membrane is a barrier against diffusion of long-chain AHLs (Krol and Becker, 2014). Thus, the data suggest that the tested long-chain AHL signals were detected at the cell surface. Recently, is was shown that homologs of the fatty acid transporter FadL of Escherichia coli, which is located in the outer membrane, are found in some rhizobia and increase the sensitivity of e.g., Sinorhizobium meliloti to externally added long-chain AHLs significantly, most likely by importing them into the cytoplasm, where they bind their transcriptional regulator (Krol and Becker, 2014). A homolog of fadL is not present in D. shibae (unpublished results). An entirely different approach is applied by Vibrio harveyi and V. cholera; here, a phosphorylation cascade relays signal detection into the cell using two component signal transduction systems (TCS; Henke and Bassler, 2004). In this case information about the structural diversity of the detected signals is lost at the cell surface, and the transcriptional regulator is activated by phosphorylation rather than by binding of AHLs; this mechanism seems to be more in accordance with our findings. The CtrA phosporelay of D. shibae activates the downstream QS genes in response to the signal synthesized by the LuxI1 master synthase (Wang et al., 2014b) and might in fact represent a sensing mechanism for long-chain AHLs.

Induction of T4SS gene expression was always much stronger than that of the other QS controlled genes. This might be caused by the larger number of gene copies of the T4SS which are located on the two sister plasmids. Interestingly, all AHLs induced transcription of the T4SSs up to log2 threefold above the level found in the wild-type. The long-chain AHLs synthesized by LuxI1 in the wild-type may have to be processed or exported to naturally activate the QS signaling cascade, and this route was bypassed by external addition of AHLs. Another explanation would be that the T4SS, unlike most other QS-controlled genes, are not part of the CtrA-regulon (Wang et al., 2014b) and thus are regulated differently.

Rhodobacteraceae, and in particular roseobacters, produce overlapping bouquets of AHLs, rather than species specific AHLs (Wagner-Döbler et al., 2005). Molecules used in this study have been identified in Rhodobacter capsulatus, R. sphaeroides, Roseovarius tolerans, and Jannaschia helgolandensis (Schäfer et al., 2002; Wagner-Döbler et al., 2005; Cataldi et al., 2011; Bruns et al., 2013). Thus QS in roseobacters may adjust gene expression not so much to the density of the species that is producing the signal, but to the total density of AHL producing strains within the community.

In conclusion, we showed that the sister plasmids of D. shibae carrying T4SSs are conjugative, and that the T4SS gene clusters are upregulated by diverse long-chain AHLs. It is therefore tempting to speculate that conjugation can be triggered by AHLs in roseobacters like in other Alphaproteobacteria (Ding and Hynes, 2009; Lang and Faure, 2014). To prove this experimentally, plasmids in the D. shibae ΔluxI1 mutant could be tagged with an antibiotic resistance gene via transposon mutagenesis. Conjugation frequencies would then have to be quantified depending on the presence, type and amount of AHLs added.

Roseobacters play important roles as colonizers of micro- and macro algal surfaces in the ocean (Buchan et al., 2014), and it has been hypothesized that horizontal gene transfer might contribute to the higher activity and adaptability of such biofilms (Dang and Lovell, 2016). The surface associated lifestyle provides both the high cell densities and cell–cell contact that are required for QS and conjugation to function efficiently. The possible link between those two physiological traits hypothesized here could therefore represent an important adaptation for survival in the ocean.

EXPERIMENTAL PROCEDURES

Culture Conditions, Media, and AHLs

Dinoroseobacter shibae strains [DFL12T wild-type DSM 16493T (Biebl et al., 2005) and ΔluxI1 (Patzelt et al., 2013)] were grown at 30°C and 160 rpm in defined sea water minimal medium supplemented with 5 mM succinate as described (Tomasch et al., 2011). Pre-cultures were inoculated from fresh half-concentrated Marine Broth (MB) agar plates (MB, Difco 2216) and grown over night before they were transferred to fresh minimal medium. For cultivation of ΔluxI1 the agar was supplemented with 150 μg/ml gentamicin. AHLs were purchased from Cayman Chemicals (Ann Arbor, MI, USA) and prepared as 1 mM stocks in DMSO. AHLs were added to ΔluxI1 cultures in final concentrations of 0.1, 0.5, 2.5, or 5 μM.

Growth Measurements

For growth measurements strains were grown over night in 50 ml sea water medium in the dark. These pre-cultures were diluted with fresh medium to an initial OD600 of 0.01. For determination of the mutant’s growth in the presence of AHLs the respective volumes of the AHL stock solution (1 mM in DMSO) were added depending on the desired final AHL concentration. 200 μl of the culture were transferred into a Honeycomb 100-well plate and growth was monitored by half-hourly automatic OD600 measurements using the BioScreenC device (Oy Growth Curves Ab Ltd). Growth rates (μ) were determined for three biological replicates per treatment.

Flow Cytometry

For flow cytometric analysis, samples at the selected cell density (OD600 0.4) were fixed by addition of 2% glutaraldehyde. Samples were diluted 1000-folds in sterile filtered PBS buffer (pH 7.4) and DNA was stained with 10 μl per ml of sample of 100x SYBR Green I (Molecular Probes, Leiden, Netherlands). A minimum of 50 000 cells per sample, in at least two biological replicates, were analyzed using the FACS Canto flow cytometer (BD Bioscience). Fluorescence intensities were determined using the FITC filter with excitation at 488 nm and emission at 519 nm. Data were processed and analyzed using the “flowCore” (Hahne et al., 2009) package of the R BioConductor project.

RNA Extraction and Labeling

Cells from at least two biological replicates per condition were harvested at mid-exponential growth phase (OD600 0.4) by adding 4 ml culture to 800 μl stop-solution (5% phenol in ethanol) and centrifugation for 1 min at 13 000 rpm and 4°C. Cell pellets were immediately frozen in liquid nitrogen and stored at –70°C. Cell lysis was performed enzymatically for 25 min with TE buffer (pH 8.0) containing 15 mg/ml lysozyme followed by mechanical disruption using acid-washed glass beads and vortexing for 3 min. Lysates were applied to RNeasy spin columns (RNeasy Mini Kit, Qiagen, Germany) and RNA isolation was performed according to the manufacturer’s manual. In addition to the on-column digestion of genomic DNA a second DNase I-digestion was performed in solution, followed by a second purification and washing step with 80% ethanol. 2 μg of total RNA were labeled with the fluorescent dyes Cy3 and Cy5 using the USL Fluorescent Labeling Kit (Kreatech, Amsterdam, Netherlands) following the manufacturer’s protocol. 500 ng labeled RNA of each sample was fragmented and hybridized to a two-color Agilent Microarray applying a loop-design which allows a comparison of all samples with each other.

Microarray Analysis

In this study a custom made Agilent microarray for D. shibae (AMADID 026232) has been used as previously described (Tomasch et al., 2011). Layout and probe annotation can be found in the gene expression omnibus (GEO) database1.

Gene expression in D. shibae ΔluxI1 and D. shibae ΔluxI1-strain cultivated with synthetic AHLs was determined in comparison to the wild-type strain for at least two independent cultures at mid-exponential growth phase (OD600 0.4). Microarray slides were scanned using the Agilent DNA microarray Scanner. Median spot intensities and background signals of the Cy3 and Cy5 channel were analyzed using the R environment2 and processed using the LIMMA package (Smyth, 2005). Background signals were subtracted using the “normexp” method (Ritchie et al., 2007), fluorescent signals were Loess normalized before quantile normalization was performed on all microarrays from one dataset. Signals from replicate probes for single genes were averaged. A linear model was fitted for each comparison as described (Smyth, 2004) to allow indirect comparisons across microarrays. The p-values were adjusted for false discovery rate (fdr) using the method described (Benjamini and Hochberg, 1995). Raw and processed data were deposited at the GEO database under the accession number GSE54420.

Plasmid Conjugation

Three D. shibae DFL-12T mutants with mariner transposon tagged plasmids (gentamicin resistance cassette) that were established in the recent large-scale mutagenesis approach (Ebert et al., 2013) were chosen as donor strains for plasmid conjugation. The flanking sequences of the transposons, which were determined via arbitrary PCR (O’Toole et al., 1999), are identical in both plasmids (NC_009955.1, NC_009957.1; Wagner-Döbler et al., 2010). Therefore it was initially unclear if the respective transposons (Tn) were located on the 191-kb plasmid pDSHI01 or the 126-kb plasmid pDSHI03. After detection of the plasmids with plasmid specific primers in P. inhibens DSM 17395 transconjugants, the exact integration site of the transposons was established. [Tn1, clone 40-A11: Dshi_3606/Dshi_3944 (integration position(s) 12584/13365), Tn2, clone 31-B1: Dshi_3624/Dshi_3962 (integration position(s) 26518/27299), Tn3, clone 11-D12: Dshi_3626/Dshi_3964 (integration position(s) 27457/28238)]. P. inhibens DSM 17395 was mutagenized with the EZ-Tn5 <R6Kγori/KAN-2> transposon kit (Epicenter; kanamycin resistance cassette). The genomic insertion sites of about 100 transposons were determined via arbitrary PCR (O’Toole et al., 1999; unpublished results) and one Tn-mutant whose chromosome was tagged in an intergenic region (integration position 521,196) was chosen as a recipient for the conjugation experiments.

Precultures of D. shibae donor strains and the P. inhibens recipient were cultivated at 28°C in test tubes with MB medium containing the antibiotics gentamicin (40 μg/ml) and kanamycin (120 μg/ml), respectively. 1000 μl of D. shibae and 100 μl of P. inhibens cells that were grown to the exponential phase were added to a new test tube with 3.5 ml MB medium and incubated overnight with gentle shaking (50 rpm). The conjugation cocktail was plated on 0.5x MB agar plates with both antibiotics and incubated for 3 days at 28°C. Transconjugants were picked, incubated in 0.5x MB medium for 3 days and plated on 0.5x MB agar plates under continuous antibiotic selection. Passaging of single colonies was repeated twice in order to obtain authentic transconjugants without non-conjugated P. inhibens recipient and residual D. shibae donor cells.

PCR-based Differentiation of P. inhibens Transconjugants

Plasmid DNA of the transconjugants was isolated with the NucleoSpin Plasmid DNA kit (Macherey-Nagel) and used for PCR amplification with the Crimpson Taq DNA polymerase. Two specific primer sets were established for the 191-kb as well as the 126-kb plasmid that allow the differentiation between the two sister plasmids: PCR-A pDSHI01 (191-kb), P450 (5′-TTACGAAAAACCCGCAGAAGG-3′), and P451 (5′-CCGTTGACCCTTTCGTGGCTG-3′); PCR-B pDSHI01 (191-kb), P430 (5′-TCTGGCTGCGTGGTGGCTTTC-3′), and P431 (5′-TGCGCTATAGTGCTCTCAACA-3′); PCR-C pDSHI03 (126-kb), P432 (5′-GGCACCATCGTCGGAACCAAT-3′), and P433 (5′-TGGTATCAGGCATTCGCTTCA-3′); PCR-D pDSHI03 (126-kb), P059 (5′-CTGACCGTGTTGGAAAGAAGT-3′), and P064 (5′-GCACGAAAAGGCAAAAGA-3′). PCR amplification of the 262-kb plasmid of P. inhibens with P100 (5′-AAACCTTCGTGCCGCTTGTGA-3′), and P105 (5′-CCCAGTTGGAGGATGAGG-3′) served as a positive control (PCR-E). PCR reactions A, B, C, and E were performed with 1 ng of purified plasmid DNA, 5 ng were used for reaction D.

Pulsed-Field Gelelectrophoresis Analysis of Transconjugants

The plasmid composition of the kanamycin-tagged P. inhibens DSM 17395 transconjugants was determined with one-dimensional pulsed-field gel electrophoresis (PFGE) as previously described (Pradella et al., 2010). The completely sequenced strains D. shibae DSM 16493T and P. inhibens DSM 17395, which served as donor, and recipient for plasmid conjugation, were used as references (Wagner-Döbler et al., 2010; Thole et al., 2012).

AUTHOR CONTRIBUTIONS

JP, DP, JT, PT, and IW-D designed the study. DP, VM, OP, and ME performed the experiments. DJ provided materials. DP, JP, JT, DJ, and IW-D analyzed the data and wrote the manuscript.

ACKNOWLEDGMENT

We gratefully acknowledge financial support through the DFG Transregio TRR-51.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fmicb.2016.00742

FOOTNOTES

1http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL11243

2https://www.r-project.org/

REFERENCES

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate - – a practical and powerful approach to multiple testing. J. Royal. Stat. Soc. Series B- Stat. Methodol. 57, 289–300.

Biebl, H., Allgaier, M., Tindall, B. J., Koblizek, M., Lünsdorf, H., Pukall, R., et al. (2005). Dinoroseobacter shibae gen. nov., sp. nov., a new aerobic phototrophic bacterium isolated from dinoflagellates. Int. J. Syst. Evol. Microbiol. 55, 1089–1096. doi: 10.1099/ijs.0.63511-0

Bottomley, M. J., Muraglia, E., Bazzo, R., and Carfi, A. (2007). Molecular insights into quorum sensing in the human pathogen Pseudomonas aeruginosa from the structure of the virulence regulator LasR bound to its autoinducer. J. Biol. Chem. 282, 13592–13600. doi: 10.1074/jbc.M700556200

Bruns, H., Thiel, V., Voget, S., Patzelt, D., Daniel, R., Wagner-Döbler, I., et al. (2013). N-acylated alanine methyl esters (NAMEs) from Roseovarius tolerans, structural analogs of quorum-sensing autoinducers, N-acylhomoserine lactones. Chem. Biodivers. 10, 1559–1573. doi: 10.1002/cbdv.201300210

Buchan, A., LeCleir, G. R., Gulvik, C. A., and Gonzalez, J. M. (2014). Master recyclers: features and functions of bacteria associated with phytoplankton blooms. Nat. Rev. Microbiol. 12, 686–698. doi: 10.1038/nrmicro3326

Cataldi, T. R., Bianco, G., Abate, S., and Losito, I. (2011). Identification of unsaturated N-acylhomoserine lactones in bacterial isolates of Rhodobacter sphaeroides by liquid chromatography coupled to electrospray ionization-hybrid linear ion trap-Fourier transform ion cyclotron resonance mass spectrometry. Rapid. Commun. Mass Spectrom. 25, 1817–1826. doi: 10.1002/rcm.5054

Christie, P. J., Whitaker, N., and Gonzalez-Rivera, C. (2014). Mechanism and structure of the bacterial type IV secretion systems. Biochim. Biophys. Acta 1843, 1578–1591. doi: 10.1016/j.bbamcr.2013.12.019

Cude, W. N., and Buchan, A. (2013). Acyl-homoserine lactone-based quorum sensing in the Roseobacter clade: complex cell-to-cell communication controls multiple physiologies. Front. Microbiol. 4:336. doi: 10.3389/fmicb.2013.00336

Dang, H., and Lovell, C. R. (2016). Microbial surface colonization and biofilm development in marine environments. Microbiol. Mol. Biol. Rev. 80, 91–138. doi: 10.1128/MMBR.00037-15

Ding, H., and Hynes, M. F. (2009). Plasmid transfer systems in the rhizobia. Can. J. Microbiol. 55, 917–927. doi: 10.1139/w09-056

Dogs, M., Voget, S., Teshima, H., Petersen, J., Davenport, K., Dalnigault, H., et al. (2013). Genome sequence of Phaeobacter inhibens type strain (T5T), a secondary metabolite producing member of the marine Roseobacter clade, and emendation of the species description of Phaeobacter inhibens. Stand. Genomic Sci. 9, 334–350. doi: 10.4056/sigs.4448212

Ebert, M., Laass, S., Burghartz, M., Petersen, J., Kossmehl, S., Wohlbrand, L., et al. (2013). Transposon mutagenesis identified chromosomal and plasmid genes essential for adaptation of the marine bacterium Dinoroseobacter shibae to anaerobic conditions. J. Bacteriol. 195, 4769–4777. doi: 10.1128/JB.00860-13

Frank, O., Michael, V., Päuker, O., Bödeker, C., Jogler, C., Rohde, M., et al. (2015). Plasmid curing and the loss of grip–the 65-kb replicon of Phaeobacter inhibens DSM 17395 is required for biofilm formation, motility and the colonization of marine algae. Syst. Appl. Microbiol. 38, 120–127. doi: 10.1016/j.syapm.2014.12.001

Fuqua, C., Winans, S. C., and Greenberg, E. P. (1996). Census and consensus in bacterial ecosystems: the LuxR-LuxI family of quorum-sensing transcriptional regulators. Annu. Rev. Microbiol. 50, 727–751. doi: 10.1146/annurev.micro.50.1.727

Giebel, H. A., Kalhöfer, D., Lemke, A., Thole, S., Gahl-Janssen, R., Simon, M., et al. (2011). Distribution of Roseobacter RCA and SAR11 lineages in the North Sea and characteristics of an abundant RCA isolate. ISME J. 5, 8–19. doi: 10.1038/ismej.2010.87

Hahne, F., LeMeur, N., Brinkman, R. R., Ellis, B., Haaland, P., Sarkar, D., et al. (2009). flowCore: a Bioconductor package for high throughput flow cytometry. BMC Bioinformatics 10:106. doi: 10.1186/1471-2105-10-106

Henke, J. M., and Bassler, B. L. (2004). Three parallel quorum-sensing systems regulate gene expression in Vibrio harveyi. J. Bacteriol. 186, 6902–6914. doi: 10.1128/JB.186.20.6902-6914.2004

Kalhöfer, D., Thole, S., Voget, S., Lehmann, R., Liesegang, H., Wollher, A., et al. (2011). Comparative genome analysis and genome-guided physiological analysis of Roseobacter litoralis. BMC Genomics 12:324. doi: 10.1186/1471-2164-12-324

Krol, E., and Becker, A. (2014). Rhizobial homologs of the fatty acid transporter FadL facilitate perception of long-chain acyl-homoserine lactone signals. Proc. Natl. Acad. Sci. U.S.A. 111, 10702–10707. doi: 10.1073/pnas.1404929111

Lang, A. S., Taylor, T. A., and Beatty, J. T. (2002). Evolutionary implications of phylogenetic analyses of the gene transfer agent (GTA) of Rhodobacter capsulatus. J. Mol. Evol. 55, 534–543. doi: 10.1007/s00239-002-2348-7

Lang, J., and Faure, D. (2014). Functions and regulation of quorum-sensing in Agrobacterium tumefaciens. Front. Plant Sci. 5:14. doi: 10.3389/fpls.2014.00014

Luo, H., Loytynoja, A., and Moran, M. A. (2012). Genome content of uncultivated marine Roseobacters in the surface ocean. Environ. Microbiol. 14, 41–51. doi: 10.1111/j.1462-2920.2011.02528.x

Luo, H., and Moran, M. A. (2015). How do divergent ecological strategies emerge among marine bacterioplankton lineages? Trends Microbiol. 23, 577–584. doi: 10.1016/j.tim.2015.05.004

Luo, H., Swan, B. K., Stepanauskas, R., Hughes, A. L., and Moran, M. A. (2014). Evolutionary analysis of a streamlined lineage of surface ocean Roseobacters. ISME J. 8, 1428–1439. doi: 10.1038/ismej.2013.248

Martens, T., Heidorn, T., Pukall, R., Simon, M., Tindall, B. J., and Brinkhoff, T. (2006). Reclassification of Roseobacter gallaeciensis Ruiz-Ponte et al. 1998 as Phaeobacter gallaeciensis gen. nov., comb. nov., description of Phaeobacter inhibens sp. nov., reclassification of Ruegeria algicola (Lafay et al. 1995) Uchino et al. 1999 as Marinovum algicola gen. nov., comb. nov., and emended descriptions of the genera Roseobacter, Ruegeria and Leisingera. Int. J. Syst. Evol. Microbiol. 56, 1293–1304.

Mazodier, P., and Davies, J. (1991). Gene transfer between distantly related bacteria. Annu. Rev. Genet. 25, 147–171. doi: 10.1146/annurev.ge.25.120191.001051

McDaniel, L. D., Young, E., Delaney, J., Ruhnau, F., Ritchie, K. B., and Paul, J. H. (2010). High frequency of horizontal gene transfer in the oceans. Science 330, 50. doi: 10.1126/science.1192243

McDaniel, L. D., Young, E. C., Ritchie, K. B., and Paul, J. H. (2012). Environmental factors influencing gene transfer agent (GTA) mediated transduction in the subtropical ocean. PLoS ONE 7:e43506. doi: 10.1371/journal.pone.0043506

Moran, M. A., Belas, R., Schell, M. A., Gonzalez, J. M., Sun, F., Sun, S., et al. (2007). Ecological genomics of marine Roseobacters. Appl. Environ. Microbiol. 73, 4559–4569. doi: 10.1128/AEM.02580-06

Neumann, A., Patzelt, D., Wagner-Döbler, I., and Schulz, S. (2013). Identification of new N-acylhomoserine lactone signalling compounds of Dinoroseobacter shibae DFL-12 by overexpression of LuxI genes. Chembiochem 14, 2355–2361. doi: 10.1002/cbic.201300424

Newton, R. J., Griffin, L. E., Bowles, K. M., Meile, C., Gifford, S., Givens, C. E., et al. (2010). Genome characteristics of a generalist marine bacterial lineage. ISME J. 4, 784–798. doi: 10.1038/ismej.2009.150

O’Toole, G. A., Pratt, L. A., Watnick, P. I., Newman, D. K., Weaver, V. B., and Kolter, R. (1999). Genetic approaches to study of biofilms. Methods Enzymol. 310, 91–109. doi: 10.1016/S0076-6879(99)10008-9

Patzelt, D., Wang, H., Buchholz, I., Rohde, M., Gröbe, L., Pradella, S., et al. (2013). You are what you talk: quorum sensing induces individual morphologies and cell division modes in Dinoroseobacter shibae. ISME J. 7, 2274–2286. doi: 10.1038/ismej.2013.107

Petersen, J., Brinkmann, H., Berger, M., Brinkhoff, T., Päuker, O., and Pradella, S. (2011). Origin and evolution of a novel DnaA-like plasmid replication type in Rhodobacterales. Mol. Biol. Evol. 28, 1229–1240. doi: 10.1093/molbev/msq310

Petersen, J., Brinkmann, H., Bunk, B., Michael, V., Päuker, O., and Pradella, S. (2012). Think pink: photosynthesis, plasmids and the Roseobacter clade. Environ. Microbiol. 14, 2661–2672. doi: 10.1111/j.1462-2920.2012.02806.x

Petersen, J., Brinkmann, H., and Pradella, S. (2009). Diversity and evolution of repABC type plasmids in Rhodobacterales. Environ. Microbiol. 11, 2627–2638. doi: 10.1111/j.1462-2920.2009.01987.x

Petersen, J., Frank, O., Göker, M., and Pradella, S. (2013). Extrachromosomal, extraordinary and essential–the plasmids of the Roseobacter clade. Appl. Microbiol. Biotechnol. 97, 2805–2815. doi: 10.1007/s00253-013-4746-8

Piekarski, T., Buchholz, I., Drepper, T., Schobert, M., Wagner-Döbler, I., Tielen, P., et al. (2009). Genetic tools for the investigation of Roseobacter clade bacteria. BMC Microbiol. 9:265. doi: 10.1186/1471-2180-9-265

Pradella, S., Allgaier, M., Hoch, C., Päuker, O., Stackebrandt, E., and Wagner-Döbler, I. (2004). Genome organization and localization of the pufLM genes of the photosynthesis reaction center in phylogenetically diverse marine Alphaproteobacteria. Appl. Environ. Microbiol. 70, 3360–3369. doi: 10.1128/AEM.70.6.3360-3369.2004

Pradella, S., Päuker, O., and Petersen, J. (2010). Genome organisation of the marine Roseobacter clade member Marinovum algicola. Arch. Microbiol. 192, 115–126. doi: 10.1007/s00203-009-0535-2

Ritchie, M. E., Silver, J., Oshlack, A., Holmes, M., Diyagama, D., Holloway, A., et al. (2007). A comparison of background correction methods for two-colour microarrays. Bioinformatics 23, 2700–2707. doi: 10.1093/bioinformatics/btm412

Schäfer, A. L., Taylor, T. A., Beatty, J. T., and Greenberg, E. P. (2002). Long-chain acyl-homoserine lactone quorum-sensing regulation of Rhodobacter capsulatus gene transfer agent production. J. Bacteriol. 184, 6515–6521. doi: 10.1128/JB.184.23.6515-6521.2002

Selje, N., Simon, M., and Brinkhoff, T. (2004). A newly discovered Roseobacter cluster in temperate and polar oceans. Nature 427, 445–448. doi: 10.1038/nature02272

Smyth, G. K. (2004). Linear models and empirical bayes methods for assessing differential expression in microarray experiments. Stat. Appl. Genet. Mol. Biol. 3, Article3.

Smyth, G. K. (2005). “limma: linear models for microarray data,” in Bioinformatics and Computational Biology Solutions Using R and Bioconductor, eds R. Gentleman, V. J. Carey, W. Huber, R. A. Irizarry, and S. Dudoit (New York, NY: Springer), 397–420.

Soora, M., Tomasch, J., Wang, H., Michael, V., Petersen, J., Engelen, B., et al. (2015). Oxidative stress and starvation in Dinoroseobacter shibae: the role of extrachromosomal elements. Front. Microbiol. 6:233. doi: 10.3389/fmicb.2015.00233

Thole, S., Kalhöfer, D., Voget, S., Berger, M., Engelhardt, T., Liesegang, H., et al. (2012). Phaeobacter gallaeciensis genomes from globally opposite locations reveal high similarity of adaptation to surface life. ISME J. 6, 2229–2244. doi: 10.1038/ismej.2012.62

Thomas, C. M., and Nielsen, K. M. (2005). Mechanisms of, and barriers to, horizontal gene transfer between bacteria. Nat. Rev. Microbiol. 3, 711–721. doi: 10.1038/nrmicro1234

Tomasch, J., Gohl, R., Bunk, B., Diez, M. S., and Wagner-Döbler, I. (2011). Transcriptional response of the photoheterotrophic marine bacterium Dinoroseobacter shibae to changing light regimes. ISME J. 5, 1957–1968. doi: 10.1038/ismej.2011.68

Voget, S., Wemheuer, B., Brinkhoff, T., Vollmers, J., Dietrich, S., Giebel, H. A., et al. (2015). Adaptation of an abundant Roseobacter RCA organism to pelagic systems revealed by genomic and transcriptomic analyses. ISME J. 9, 371–384. doi: 10.1038/ismej.2014.134

Wagner-Döbler, I., Ballhausen, B., Berger, M., Brinkhoff, T., Buchholz, I., Bunk, B., et al. (2010). The complete genome sequence of the algal symbiont Dinoroseobacter shibae: a hitchhiker”s guide to life in the sea. ISME J. 4, 61–77. doi: 10.1038/ismej.2009.94

Wagner-Döbler, I., Thiel, V., Eberl, L., Allgaier, M., Bodor, A., Meyer, S., et al. (2005). Discovery of complex mixtures of novel long-chain quorum sensing signals in free-living and host-associated marine alphaproteobacteria. Chembiochem 6, 2195–2206. doi: 10.1002/cbic.200500189

Wang, H., Tomasch, J., Jarek, M., and Wagner-Döbler, I. (2014a). A dual-species co-cultivation system to study the interactions between Roseobacters and dinoflagellates. Front. Microbiol. 5:311. doi: 10.3389/fmicb.2014.00311

Wang, H., Tomasch, J., Michael, V., Bhuju, S., Jarek, M., Petersen, J., et al. (2015). Identification of genetic modules mediating the jekyll and hyde interaction of Dinoroseobacter shibae with the dinoflagellate Prorocentrum minimum. Front. Microbiol. 6:1262. doi: 10.3389/fmicb.2015.01262

Wang, H., Ziesche, L., Frank, O., Michael, V., Martin, M., Petersen, J., et al. (2014b). The CtrA phosphorelay integrates differentiation and communication in the marine alphaproteobacterium Dinoroseobacter shibae. BMC Genomics 15:130. doi: 10.1186/1471-2164-15-130

Wemheuer, B., Gullert, S., Billerbeck, S., Giebel, H. A., Voget, S., Simon, M., et al. (2014). Impact of a phytoplankton bloom on the diversity of the active bacterial community in the southern North Sea as revealed by metatranscriptomic approaches. FEMS Microbiol. Ecol. 87, 378–389. doi: 10.1111/1574-6941.12230

Zan, J., Liu, Y., Fuqua, C., and Hill, R. T. (2014). Acyl-homoserine lactone quorum sensing in the Roseobacter clade. Int. J. Mol. Sci. 15, 654–669. doi: 10.3390/ijms15010654

Zhang, Y., Sun, Y., Jiao, N., Stepanauskas, R., and Luo, H. (2016). Ecological genomics of the uncultivated marine Roseobacter lineage CHAB-I-5. Appl. Environ. Microbiol. 82, 2100–2111. doi: 10.1128/AEM.03678-15

Zhao, Y., Wang, K., Budinoff, C., Buchan, A., Lang, A., Jiao, N., et al. (2009). Gene transfer agent (GTA) genes reveal diverse and dynamic Roseobacter and Rhodobacter populations in the Chesapeake Bay. ISME J. 3, 364–373. doi: 10.1038/ismej.2008.115

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Patzelt, Michael, Päuker, Ebert, Tielen, Jahn, Tomasch, Petersen and Wagner-Döbler. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
, frontiers
in Microbiology

Gene Flow Across Genus
Barriers — Conjugation of
Dinoroseobacter shibae's 191-kb
Killer Plasmid into Phaeobacter
inhibens and AHL-mediated
Expression of Type IV Secretion
Systems





OPS/images/fmicb-07-00742-g003.jpg
il

,"unsn..umi.uwusumm,wﬁ,wﬁ,uwm:.,..uuigw,w“,ﬁ“,u"“wm
Plilis Lw Ee :77





OPS/images/fmicb-07-00742-g004.jpg
Density

9]

Cxn (%)

1.5

1.0

0.5

0.0

— Aluxl1
— Wild-type

- Alux/1+C14-en
— Alux/1+C16

40 -

30 -

20 -

10 -

B

wild-type

Aluxl1

FITC-A

N X l X*
&P T p\‘lf W
Avg o o
% o

Aluxl1 + C14en

Aluxl1 + C16






OPS/images/fmicb-07-00742-g001.jpg
. vir Gene Cluster (Type |V Secretion) /,/”
Tn2
\\ PCR A /,,——" PCR -B

P450 P451 P430  P431 191 kb
[ ) Plasmid
RepABC-9

126 kb

* ** [ Plasmid

RepABC-2

’

-

L P432 P433 P059 P064
Tn1 Tn3 N






OPS/images/fmicb-07-00742-g002.jpg
DSM 16493
DSM 17395
DSM 16493

Tn2 11
Tn3 111
Tn2 I-3

-
L
—

i=
-

Chr — —  Chr
262kb — — 262kb
191kb — — 191kb
126 kb — —
78 kb —

65 kb — — I5kh

— 65kb





OPS/images/cross.jpg





OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-07-00742-g005.jpg





