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Basic knowledge of transcriptional regulation is needed to understand the mechanisms governing biological processes, i.e., nitrogen fixation by Rhizobiales bacteria in symbiosis with leguminous plants. The RhizoBindingSites database is a computer-assisted framework providing motif-gene-associated conserved sequences potentially implicated in transcriptional regulation in nine symbiotic species. A dyad analysis algorithm was used to deduce motifs in the upstream regulatory region of orthologous genes, and only motifs also located in the gene seed promoter with a p-value of 1e-4 were accepted. A genomic scan analysis of the upstoream sequences with these motifs was performed. These predicted binding sites were categorized according to low, medium and high homology between the matrix and the upstream regulatory sequence. On average, 62.7% of the genes had a motif, accounting for 80.44% of the genes per genome, with 19613 matrices (a matrix is a representation of a motif). The RhizoBindingSites database provides motif and gene information, motif conservation in the order Rhizobiales, matrices, motif logos, regulatory networks constructed from theoretical or experimental data, a criterion for selecting motifs and a guide for users. The RhizoBindingSites database is freely available online at rhizobindingsites.ccg.unam.mx.
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INTRODUCTION

Biological nitrogen fixation is a byproduct of beneficial symbiosis between some species of alpha- (order Rhizobiales) and beta-proteobacteria and leguminous plants. The promotion of biological nitrogen fixation in crops will protect against the major impacts of global warming: it substitutes the chemical fertilization of crops, reducing pollution and recycling excess atmospheric CO2. In addition, it provides basic grains for human consumption and pasture for animal breeding.

There is limited experimental information on transcriptional regulation in the Rhizobiales order; one strategy is to extend experimental regulatory motifs in bacterial genomes with bioinformatic tools (see below). However, the information is insufficient for answering basic questions, such as how the genomic circuitry of transcription factors (TFs) is in proteomic profiles.

The high number of genomes sequenced from Rhizobium species eases the inference of transcriptional regulatory networks (TRNs). Given that regulatory interactions between transcription factors and their target genes are well conserved in closely related organisms (Mushegian and Koonin, 1996) and that transcriptional regulation in bacteria occurs mainly in the upstream regions of genes, it is possible to infer common regulators (i.e., TF binding motifs) by combining the upstream sequences of orthologs of a given gene in a given taxon (e.g., the upstream sequences of the orthologs genes of LexA in the Enterobacteriales); this approach is known as phylogenetic footprinting (McCue et al., 2001; Defrance et al., 2008; Janky and van Helden, 2008). The discovered motifs can then be used for the in silico detection of transcription binding sites (TFBSs) when a binding site (BS) is from a TF or simply a BS in regard to a non-TF gene. We use TFBS to refer to all motifs located in the upstream regions of genes or operons, and this information can be used to build TRNs or to infer regulons (groups of genes regulated by the same TF).

Phylogenetic footprinting has been successfully used to complement TRNs in other bacteria, such as Escherichia coli K12 (McCue et al., 2001; Freyre-González et al., 2008), and is particularly useful when the studied TF binding motif is well conserved across a group of related organisms. It must be noted that one key point in the applicability of phylogenetic footprinting in bacterial genomes is the organization of bacterial genomes into operons and the general lack of distal regulation (e.g., enhancers).

Variants of a phylogenetic footprinting method have been used to construct databases with experimental transcriptional regulation and extended data (motifs deduced in silico from experimental data) of Rhizobium species, such as RhizoRegNet1, which is based on published regulatory interaction data (Krol et al., 2011). PRODORIC v.8.92 contains a collection of TFBSs with experimental evidence from the literature (Grote et al., 2009). RegPrecise3 is a program based on an expanded reference collection of manually curated regulons (Novichkov et al., 2013). RegTransBase4 captures the knowledge from published scientific literature for the verification of predictions (Cipriano et al., 2013). However, for Rhizobium species, only a few TFs with motifs are known, and these databases contain limited genomic information and cannot infer regulons from co-expressed proteins, which are groups of co-regulated operons of the response system in bacterial cells (McGuire et al., 2000; Liu et al., 2016).

To complement the missing information, we developed the RhizoBindingSites database5, a computational genomic framework of transcriptional regulation for nine symbiotic species of the order Rhizobiales that provides information for inferring transcriptional regulation in bacteria for better experimental designs on transcriptional regulation.

The RhizoBindingSites database includes information about numerous organisms, namely, Rhizobium etli CFN42, R. etli Mim1, Bradyrhizobium diazoefficiens USDA110, Sinorhizobium fredii NGR234, Sinorhizobium meliloti 1021, Rhizobium leguminosarum bv. viciae 3841, Bradyrhizobium sp. BTAi, Azorhizobium caulinodans ORS 571 and Mesorhizobium japonicum MAFF303099, and covers a great number of host plants in symbiotic relationships.



MATERIALS AND METHODS

The motif analysis was performed using Regulatory Sequences Analysis Tools (RSAT) in a Linux environment (Medina-Rivera et al., 2015; Nguyen et al., 2018)6.


Motif Discovery

Position-specific scoring matrices (PSSMs), hereafter called motifs, were identified using the program RSAT for footprint discovery (Janky and van Helden, 2008). Briefly, the input for this program includes the name of an organism, one or more gene names and the name of a taxon (see the command in Appendix A). The program searches the orthologous genes in the given taxon for each gene of the desired organism with a best bidirectional hit and an E-value threshold 1.0e-5. For each selected ortholog, the program obtains the upstream sequences (−400 to −1) relative to the translation start site. These sequences are masked in the redundant fragments, and a motif discovery algorithm is applied to these sequences using dyad-analysis in RSAT (van Helden et al., 2000). This program looks for overrepresented variable-spaced motifs, which is the case for most bacterial TFs that bind DNA as dimers. The detected dyads are assembled into PSSMs. For this analysis, we used all the upstream sequences of all the organisms belonging to the order Rhizobiales as a background model (Brohée et al., 2011).



Selection of Motifs and Genomic Scan

Given that the motifs were discovered from the promoters of the orthologs of each gene, it is possible that some discovered motifs do not exist in the organism of interest. Some of the discovered motifs are likely to be artifacts (i.e., motifs reflecting the taxon-wise nucleotide frequencies and that do not correspond to a bona fide TF binding motif from the gene seed). Then, for selection of relevant motifs, matrices representing the motifs were used to scan the promoter regions of their gene seeds using the RSAT program matrix-scan (Defrance et al., 2008; Thomas-Chollier et al., 2008; command in Appendix B). We selected the motifs predicting a TFBS in the gene seed promoter with a p-value ≤ 1e-4, where the p-value evaluates the weight of the site. The weight is obtained by dividing the probability of finding a sequence segment given the matrix and the probability of generating the sequence segment given the background model, according to the probabilities described in Staden (1989) and Bailey and Gribskov (1998).

For each gene, the selected motifs were used to scan all the regulatory regions of all the genes of a corresponding genome, this process was repeated for the nine genomes. The regulatory regions were located from −400 to −1 relative to the ATG (translation initiation site) of each gene, removing overlapping coding regions when required. We kept the predicted TFBSs with a p-value ≤ 1e-4, and we used all the upstream sequences of all the organisms belonging to the order Rhizobiales to do the background model.



Matrix-Scan Data

Predicted binding sites were divided according to the level of confidence, i.e., low (1.0e-4 to 9.9e-4), medium (1.0e-5 to 9.9e-5), and high (1.0e-6 to lowest data) p-values, to emphasize the importance of data with a low p-value. This scheme was based on the rationale that the homology between the sequence of the matrix and the segment of DNA of the regulatory region with the same matrix size is higher for low p-values than for high p-values. Predicted binding sites for each gene are reported in the motif information window, showing the motif in both strings for each gene.



Motif Information

The motif information window in RhizoBindingSites contains data from a genomic matrix-scan analysis with the matrices from each gene. These data represent an expected regulon that will hereafter be referred to as an “e-regulon” to distinguish it from the regulon deduced experimentally. These genes sharing one or more motifs from a gene in their upstream promoter region are shown; the presented information includes the locus tag of the gene; strand of the gene location; associated motif, which is identified by the locus name or locus tag of the gene followed by the letter “m” with the number of the matrix (i.e., RHE_RS30790_m1); strand of the motif in the upstream region; start/end position of the motif; sequence of the site motif; and weight, p-value and significance for the site (Figure 1; Medina-Rivera et al., 2015; Nguyen et al., 2018).
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FIGURE 1. Motif information window for the gene RHE_RS00185 from R. etli CFN42.




Gene Information

The gene information window in the RhizoBindingSites database shows unique genes from an e-regulon (Figure 2). It includes the identifier locus tag (when there is no function annotated) or the start-stop position sequence of the gene, gene strand location, gene ID, name of the locus, identifier locus tag, protein product identifier, number of amino acids in the protein, COG number, COG group, and number of the gene in the genome; an equal number is used for genes near the three genes according to the number of the genes in the genome (see below), and the total number of unique genes is included at the bottom of column 1 (Figure 2). Note that some genes lack functional information although they are grouped according to shared motifs.
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FIGURE 2. Gene information window for the gene RHE_RS00185 from R. etli CFN42.




Vicinity of Genes Sharing Motifs

In bacterial genomes, genes that are proximal to each other are often functionally related, for example, organized in the same operon and regulated by the same TF(s) (Strong et al., 2003; Bowers et al., 2004; Rodriguez-Llorente et al., 2009; Pannier et al., 2017). Neighborhood analysis was performed to detect genes within three genes of an e-regulon. First, all genes of a whole genome were enumerated starting from the replication origin. Second, unique genes from an e-regulon were sorted in decreasing order. Finally, new progressive numeration starting from zero was applied (Figure 2, column 12) to groups of pairs of genes within three genes. For genes organized in an operon, this criterion of vicinity should be extended per operon.



Motif Conservation in the Taxon Rhizobiales

All methods for predicting TFBSs produce false positives. To determine how conserved motifs are in the taxa and gain more confidence in these data, the RhizoBindingSites database makes it easier for users to search for predicted motifs in the upstream sequences of orthologous genes in the order Rhizobiales. Detection of conserved motifs across taxa was performed using the RSAT command matrix-scan (command Appendix C; Figure 1; Medina-Rivera et al., 2015; Nguyen et al., 2018).



Matrix Quality Analysis

We selected fifteen TFs with the highest coverage from each genome, and their respective matrices were analyzed with the program matrix-quality (Medina-Rivera et al., 2011). Matrices were run on the sequences from which the matrix was deduced, and a control was constructed by the program with the leave-one-out (LOO) procedure, which consists of discarding one site of the collection of sites that were used to construct the matrix. Then, the matrix was rebuilt with these sites, and sensitivity was newly assessed against the collection of sequences used originally. Most of our data were similar to the LexA transcriptional regulator (Medina-Rivera et al., 2011), showing a clear difference between theoretical and empirical score distributions with LOO control and the original matrices (data not shown).



Comparison of Reported and Predicted Data of Transcriptional Regulation

We searched for coincidence of the published TF target genes in experimental transcriptional regulation data from R. etli CFN42, S. meliloti 1021, B. diazoefficiens USDA110, R. leguminosarum bv. viciae 3841, and S. fredii NGR234 taken from the RegTransBase database (Cipriano et al., 2013). We used the target genes of the predicted TFBSs to build putative regulons, which were then compared against the predicted data from RhizoBindingSites database (Supplementary Table 9).



Genomic Coverage

Genomic coverage is the percentage of genes of an e-regulon with respect to the total number of genes from e-regulons (Figure 2, column 1) for each p-value category (Supplementary Tables 2–4, column 5). Then, for each gene of R. etli CFN42, respective orthologous genes were paired (column 1), and information on the function of each gene was added (columns 6 and 7).



Comparing Genomic Coverage Between Orthologs

Genomic coverage of each gene of R. etli CFN42 and its respective orthologs for each species were used (Supplementary Tables 2–4, column 5) to produce a chart, and the correlation coefficient was calculated for each pair of strains for each p-value (Supplementary Tables 5–8).



TFs With Vicinity

Genes with vicinity involved in transcriptional regulation grouped in Cluster orthologous Group K (COGK) (Tatusov et al., 2003) (TFs, response regulators, two-component response regulators, sigma factors, and anti-sigma factors) were analyzed for each genome in the three categories of p-values from the gene information window (Figure 2, column 9). We obtained 79% COGK annotated genes per genome on average (Supplementary Table 10).



Some Examples of How to Use the RhizoBindingSites Database for a Computational Study


An Inferred Transcriptional Regulatory Network for the Synthesis of a Nodulation Factor From R. etli CFN42

We carried out an in silico search to determine how the genes involved in the synthesis of a nodulation factor are regulated. It is recognized that the transcriptional regulator nodD activates the transcription of genes for the synthesis of the nodulation factor (Rossen et al., 1985; Laranjo et al., 2014). The nodulation factor excreted to the rhizosphere promotes the first changes in Phaseolus vulgaris roots to establish symbiosis with R. etli CFN42 (Winsor, 1989; Cárdenas et al., 1995; Wang et al., 2018). A list of genes annotated for the synthesis of the nodulation factor was made according to the annotation of the genome of R. etli CFN427, considering that some of them may be inside of an operon and that the regulatory region of this operon is from the first gene (Figure 5 and Supplementary Table 11).



How to Find an Expected Transcriptional Regulator of the Non-TF Gene RHE_RS00040 in the e-Regulon of RHE_RS00040

In the output from matrix-scan, the TF for the transcriptional regulator of the corresponding non-TF gene can be included. The non-TF gene RHE_RS00040 is used as an example, and the process is described in the user guide. The instructions are as follows: (1) Navigate to the R. etli CFN42 genome; (2) Navigate to the Gene Information section; (3) Introduce the gene example, and select a p-value of 1e-6 or lower; (4) Download the corresponding file in tsv format, open it with gedit, make a copy, and paste the copy into an Excel spreadsheet; (5) Select and sort the columns by COG group, and copy all the transcriptional regulators (nine transcriptional regulators); and (6) Paste the transcriptional regulators into the left box of the “Prediction of regulons” application, type the RHE_RS00040 locus into the right box, and download the data.



How the TFs of the Matrix-Scan Output of the Non-TF Gene RHE_RS00040 Can Be Interregulated

We observed some TFs in the output matrix-scan data. As an example of how to use these data, the output matrix-scan data of the non-TF gene RHE_RS00040 were taken to assess how the TFs could be interregulated. The process is described in the user guide as follows: (1) Navigate to the R. etli CFN42 genome; (2) Navigate to the Gene Information section; (3) Introduce the gene sample, and select a p-value of 1e-6 or lower; (4) Download the file in tsv format, open it with gedit, make a copy, and paste the copy into an Excel spreadsheet; (5) Select and sort the columns by COG group, and copy all the transcriptional regulators (nine transcriptional regulators); and (6) Paste the transcriptional regulators into both the left and right boxes of the “Prediction of regulons” application, and press “view network graph.”



RESULTS AND DISCUSSION

RhizoBindingSites (see text footnote 5) is a database of predicted DNA-binding motif regulatory regions associated with TF and non-TF genes from nine genomes of Rhizobiales (consult the user guide in the RhizoBindingSites database). Presumption of a motif in the gene seed may help avoid detecting motifs by chance and raise the possibility of finding genes involved in the gene regulatory process. The goal of RhizoBindingSites is to provide TF and non-TF binding motifs and gene information for each gene at three levels of confidence and to facilitate motif conservation analysis in the order Rhizobiales. In addition, the user can obtain the motif logo and regulons from predicted or experimental data.

Regulatory sequences analysis tools footprint discovery data showed that in the nine genomes, 62.7% of genes had 4.6 matrices per gene on average. Genes with motifs accounted for an average of 80.44% of genes, with 19613 matrices per genome (Supplementary Table 1). Genes without motifs may be due to a limited size of the upstream region, the absence of orthologs in the order Rhizobiales, the lack of a promoter (i.e., genes organized in operons) or non-significant dyads (Nguyen et al., 2018).

The ten genes with the highest genomic coverage were taken from the matrix-scan output of the R. etli CFN42 genome at p-value levels of 1e-4, 1e-5, and 1e-6. On average, 3324, 940, and 219 genes were covered at the three levels of p-values, respectively (data not shown). This means that the alignment of the matrix sequence and the upstream region (−400 to −1) of genes at a p-value of 1.0e-4 to 9.9e-4 is acceptable with a low identity, probably including more false positives than at the medium level of restriction (p-value of 1.0e-5 to 9.9e-5) or even the stricter level (p-value of 1.0e-6 or lower) in the R. etli CFN42 genome. This is a general observation for all genomes in this study. Accordingly, the RSAT matrix-scan program output data had the lowest p-value per matrix (Thomas-Chollier et al., 2008). Motifs with a p-value of 1.0e-4 may be relevant for relaxed consensus promoters, such as sigA gene from R. etli CFN42 (Ramírez-Romero et al., 2006).

It is worth noting that the motif information window contains predicted motifs of TF and non-TF genes. For matrix-scan data of non-TF genes, the genomic matrix-scan output contains all genes sharing one or some motifs of a gene, based on the principle that most of the genes that encode enzymatic or structural proteins have orthologs and conserved sequences between them, probably involved in the transcriptional regulation of the gene. It is very likely that the gene and its transcriptional regulator share similar sequences, such that the transcriptional regulator may be part of the e-regulon of the gene. A new search with matrices of this TF is recommended to infer the regulation of these genes (Figure 1). There is an example of how to search for a hypothetical TF from the e-regulon of the non-TF gene RHE_RS00040 in the user guide, while a genomic matrix-scan output from motifs of a TF suggests a functional association. Moreover, for genes without a deduced matrix, in the motif information window, there is an option for searching for TF matrices that recognize a binding site in the upstream regions of those genes, particularly when they do not have sufficient orthologs in the order Rhizobiales but have a sufficient sequence in its promoter region (Figure 1).

To determine the conservation of the genomic coverage number between orthologous genes from all genomes (Supplementary Tables 2–4 column 5), we used genomic coverage data per gene to calculate correlation coefficients at the three p-value levels between R. etli CFN42 and the orthologs of the eight strains. In addition, we compared S. meliloti 1021 with S. fredii NGR234 1021, which is more closely related than R. etli CFN42 to S. meliloti and that R. etli CFN42 to S. fredii NGR234 (Black et al., 2012; Supplementary Tables 5–8). The correlation coefficient is high when strains are closely related in a phylogenetic tree with a 16S ARN (Black et al., 2012). These data showed that the genomic coverage was similar between phylogenetically related species but different among distant phyla.

The users may choose the p-value for motif prediction in the motif information window from the RhizoBindingSites database (Figure 1). After exploring possible functional data, it is recommended to select data with the lowest p-value level, since the p-value evaluates the weight of the site (see “Materials and Methods”). Moreover, for better selection of predicted data, it is necessary to consider the following in the gene information window of RhizoBindingSites (Figure 2): the function of the query protein, the COG classification (Galperin et al., 2015), the preponderancy of functions in the group of genes sharing the same motif (see the chart located in the gene information window), and other TFs considering vicinity (Bowers et al., 2004; Figure 2, column 12). It is worth noting that the user will have a set of genes per genome sharing a motif from a TF from the RhizoBindingSites database or an experimental profile of proteins with co-expressed TFs. In those cases, the presence of the regulons can be inferred with the application “Prediction of regulons” (located in the motif information window for each species). Additionally, the user may enrich their data by searching for the genomic context of the query and target genes on the Gene Context Tool NG v3 website at http://bioinfo.ibt.unam.mx/gecont (Martinez-Guerrero et al., 2008).

The user may be able to determine how conserved a motif is in the order Rhizobiales by conducting a matrix-scan analysis (Thomas-Chollier et al., 2008), specifically, by clicking the motif map button in the motif information window of the RhizoBindingSites database. This option shows a matrix-scan analysis with the matrix selected and upstream sequences (−400 to −1) of orthologs of the gene query. The output is a graph (.png file) showing a list of orthologs from the gene query with boxes into the upstream −400 to −1 putative promoter region depicted by a line. This line contains colored boxes representing the motifs, with size indicating the motif score. The box is above the line if the binding site is on the direct strand (D) or below if it is on the reverse strand (R) (Figure 3). Note that when the motif is conserved, the binding site is mapped in the same orientation and same position in phylogenetically related groups and may or may not be in a different position between groups within the order Rhizobiales, meaning that the motifs are not predicted by chance (Figure 3). In addition, the RhizoBindingSites database has a window where the user can obtain a logo from the motif on the D and R strands by clicking on the motif logo button (Figures 4A,B), as with RSAT convert-matrix 2004 (Crooks et al., 2004; Medina-Rivera et al., 2015).
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FIGURE 3. Motif map of the RHE_RS00185_m1 matrix from R. etli CFN42 in orthologs from taxon Rhizobiales.
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FIGURE 4. Motif logo from the RHE_RS00185_m1 matrix for the forward (A) and reverse (B) complementary strands.
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FIGURE 5. Computational regulatory network for the synthesis of the nodulation factor from R. etli CFN42.


We compared predicted data with experimental data collected from the literature in the RegTransBase database (Cipriano et al., 2013). We found five hits of seven regulons from R. etli CFN42 matrix-scan reported data: twenty-six of twenty-seven from S. meliloti 1021, nine of twelve from B. diazoefficiens USDA110, nine of ten from R. leguminosarum bv. viciae 3841 and the unique regulon described from S. fredii NGR234 (Supplementary Table 9). For the sequence and position of the predicted motif, our data should be highly approximate relative to experimental data because the motifs are predicted by positional consensus of nucleotides from orthologs for each gene. This was shown for the predicted transcriptional regulator NodD motif from R. etli CFN42 (Meneses et al., 2017). Thus, the predicted data showed great correspondence with previously reported data, despite the limited number of TFs with experimental information on transcriptional regulation per genome from nitrogen-fixing symbiotic species (Cipriano et al., 2013). Moreover, the capacity of a matrix to find motifs with the matrix-quality program from TFs with the highest genomic coverage was determined, and it showed great sensitivity (Medina-Rivera et al., 2011) (data not shown).

Additionally, in the matrix-scan output data, we searched for nearby COGK genes for the three levels of p-values (“Materials and Methods”). The data showed that for six genomes (R. etli CFN42, R. etli Mim1, S. fredii NGR234, B. diazoefficiens USDA110, B. sp. BTAi1, and M. japonicum MAFF303099), the percentage of nearby COGK genes was higher at p-values 1.0e-6 or lower than at p-values of 1.0e-4 to 9.9e-4 and 1.0e-5 to 9.9e-5 (Supplementary Table 10). This suggests higher specificity for data at a more restrictive p-value of 1.0e-6 or lower. Additionally, we confirmed that our data were not predicted by chance, since the average of ten genes with the greatest genomic coverage was 15.1 times higher at p-values of 1.0e-4 to 9.9e-4 than at p-values 1.0e-6 or lower (see above). These neighboring genes may be co-regulated, and since they share a motif, they may be tightly co-regulated and highly expressed (Pannier et al., 2017).

As examples of how to use the RhizoBindingSites database, we have included three in silico studies. The first example was to determine the transcriptional regulators involved in the synthesis of a nodulation factor from R. etli CFN42. This analysis was performed with the option “auto,” which selects the TF gene-target relationship with the lowest p-value (see “Materials and Methods” and Guide for Users). These data showed that the three nodD transcriptional regulators of type lysR were involved in the synthesis of the nodulation factor, revealing that eleven genes were regulated for more than one nodD transcriptional regulator. RHE_RS31005 nodD was located at the top of the network, and there was interregulation between the two nodD transcriptional regulators RHE_RS31005 and RHE_RS30790 and between RHE_RS30790 and RHE_RS31010 (Figure 5 and Supplementary Table 11). A second study consisted of using the matrix-scan data from a non-TF gene to search for the potential TFs involved in the regulation of the non-TF-gene RHE_RS00040, based on the principle that the non-TF gene and its transcriptional regulator should share a motif; consequently, they should be included in the matrix-scan output data (e-regulon). These data showed that among nine TFs, only the matrix RHE_RS26495_m3 of the TF RHE_RS26495 was involved in the transcriptional regulation of the non-TF gene RHE_RS00040. The process is detailed in the user guide (“Materials and Methods”). In the third example, since for matrix-scan output data from RHE_RS00040, a non-TF gene, nine TFs shared one or more motifs, transcriptional regulation was inferred only between these TFs, with the lowest p-value for a TF-TF relationship. As was hypothesized, a Cytoscape graph (Shannon et al., 2003) showed interregulation between the TFs, with the TF RHE_RS27920 located at the top of the network with the greatest number of connections. The analysis and graph are described in detail in the user guide (“Materials and Methods”).

The RhizoBindingSites database (see text footnote 5) provides bioinformatic information that may contribute to the design of experiments on the transcriptional regulation of nitrogen-fixing symbiotic species which covers a great number of host plants and is thus useful for inferring regulons and providing information for regulatory networks.
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6http://embnet.ccg.unam.mx/rsat/
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REFERENCES

Bailey, T. L., and Gribskov, M. (1998). Combining evidence using p-values: application to sequence homology searches. Bioinformatics 14, 48–54. doi: 10.1093/bioinformatics/14.1.48

Black, M., Moolhuijzen, P., Chapman, B., Barrero, R., Howieson, J., Hungria, M., et al. (2012). The genetics of symbiotic nitrogen fixation: comparative genomics of 14 rhizobia strains by resolution of protein clusters. Genes 3, 138–166. doi: 10.3390/genes3010138

Bowers, P. M., Pellegrini, M., Thompson, M. J., Fierro, J., Yeates, T. O., and Eisenberg, D. (2004). Prolinks: a database of protein functional linkages derived from coevolution. Genome Biol. 5, R35–R35. doi: 10.1186/gb-2004-5-5-r35

Brohée, S., Janky, R. R. R., Abdel-Sater, F., Vanderstocken, G., André, B., van Helden, J., et al. (2011). Unraveling networks of co-regulated genes on the sole basis of genome sequences. Nucleic Acids Res. 39, 6340–6358. doi: 10.1093/nar/gkr264

Cárdenas, L., Domínguez, J., Quinto, C., López-Lara, I. M., Lugtenberg, B. J. J., Spaink, H. P., et al. (1995). Isolation, chemical structures and biological activity of the lipo-chitin oligosaccharide nodulation signals from Rhizobium etli. Plant Mol. Biol. 29, 453–464. doi: 10.1007/BF00020977

Cipriano, M. J., Novichkov, P. N., Kazakov, A. E., Rodionov, D. A., Arkin, A. P., Gelfand, M. S., et al. (2013). RegTransBase – a database of regulatory sequences and interactions based on literature: a resource for investigating transcriptional regulation in prokaryotes. BMC Genomics 14:213. doi: 10.1186/1471-2164-14-213

Crooks, G. E., Hon, G., Chandonia, J.-M., and Brenner, S. E. (2004). WebLogo: a sequence logo generator. Genome Res. 14, 1188–1190. doi: 10.1101/gr.849004

Defrance, M., Janky, R., Sand, O., and van Helden, J. (2008). Using RSAT oligo-analysis and dyad-analysis tools to discover regulatory signals in nucleic sequences. Nat. Protoc. 3, 1589–1603. doi: 10.1038/nprot.2008.98

Freyre-González, J. A., Alonso-Pavón, J. A., Treviño-Quintanilla, L. G., and Collado-Vides, J. (2008). Functional architecture of Escherichia coli: new insights provided by a natural decomposition approach. Genome Biol. 9:R154. doi: 10.1186/gb-2008-9-10-r154

Galperin, M. Y., Makarova, K. S., Wolf, Y. I., and Koonin, E. V. (2015). Expanded microbial genome coverage and improved protein family annotation in the COG database. Nucleic Acids Res. 43, D261–D269. doi: 10.1093/nar/gku1223

Grote, A., Klein, J., Retter, I., Haddad, I., Behling, S., Bunk, B., et al. (2009). PRODORIC (release 2009): a database and tool platform for the analysis of gene regulation in prokaryotes. Nucleic Acids Res. 37, 61–65. doi: 10.1093/nar/gkn837

Janky, R., and van Helden, J. (2008). Evaluation of phylogenetic footprint discovery for predicting bacterial cis-regulatory elements and revealing their evolution. BMC Bioinformatics 9:37. doi: 10.1186/1471-2105-9-37

Krol, E., Blom, J., Winnebald, J., Berhörster, A., Barnett, M. J., Goesmann, A., et al. (2011). RhizoRegNet-A database of rhizobial transcription factors and regulatory networks. J. Biotechnol. 155, 127–134. doi: 10.1016/j.jbiotec.2010.11.004

Laranjo, M., Alexandre, A., and Oliveira, S. (2014). Legume growth-promoting rhizobia: an overview on the Mesorhizobium genus. Microbiol. Res. 169, 2–17. doi: 10.1016/j.micres.2013.09.012

Liu, B., Zhang, H., Zhou, C., Li, G., Fennell, A., Wang, G., et al. (2016). An integrative and applicable phylogenetic footprinting framework for cis-regulatory motifs identification in prokaryotic genomes. BMC Genomics 17:578. doi: 10.1186/s12864-016-2982-x

Martinez-Guerrero, C. E., Ciria, R., Abreu-Goodger, C., Moreno-Hagelsieb, G., and Merino, E. (2008). GeConT 2: gene context analysis for orthologous proteins, conserved domains and metabolic pathways. Nucleic Acids Res. 36, W176–W180. doi: 10.1093/NAR/GKN330

McCue, L., Thompson, W., Carmack, C., Ryan, M. P., Liu, J. S., Derbyshire, V., et al. (2001). Phylogenetic footprinting of transcription factor binding sites in proteobacterial genomes. Nucleic Acids Res. 29, 774–782. doi: 10.1093/nar/29.3.774

McGuire, A. M., Hughes, J. D., and Church, G. M. (2000). Conservation of DNA regulatory motifs and discovery of new motifs in microbial genomes. Genome Res. 10, 744–757. doi: 10.1101/GR.10.6.744

Medina-Rivera, A., Abreu-Goodger, C., Thomas-Chollier, M., Salgado, H., Collado-Vides, J., and Van Helden, J. (2011). Theoretical and empirical quality assessment of transcription factor-binding motifs. Nucleic Acids Res. 39, 808–824. doi: 10.1093/nar/gkq710

Medina-Rivera, A., Defrance, M., Sand, O., Herrmann, C., Castro-mondragon, J. A., Delerce, J., et al. (2015). RSAT 2015: regulatory sequence analysis tools. Nucleic Acids Res. 43, W50–W56. doi: 10.1093/nar/gkv362

Meneses, N., Taboada, H., Dunn, M. F., Vargas, M. D. C., Buchs, N., Heller, M., et al. (2017). The naringenin-induced exoproteome of Rhizobium etli CE3. Arch. Microbiol. 199, 737–755. doi: 10.1007/s00203-017-1351-8

Mushegian, A. R., and Koonin, E. V. (1996). Gene order is not conserved in bacterial evolution. Trends Genet. 12, 289–290. doi: 10.1016/0168-9525(96)20006-x

Nguyen, N. T., Contreras-Moreira, B., Castro-Mondragon, J. A., Santana-Garcia, W., Ossio, R., Robles-Espinoza, C. D., et al. (2018). RSAT 2018: regulatory sequence analysis tools 20th anniversary. Nucleic Acids Res. 46, W209–W214. doi: 10.1093/nar/gky317

Novichkov, P. S., Kazakov, A. E., Ravcheev, D. A., Leyn, S. A., Kovaleva, G. Y., Sutormin, R. A., et al. (2013). RegPrecise 3.0–a resource for genome-scale exploration of transcriptional regulation in bacteria. BMC Genomics 14:745. doi: 10.1186/1471-2164-14-745

Pannier, L., Merino, E., Marchal, K., and Collado-Vides, J. (2017). Effect of genomic distance on coexpression of coregulated genes in E. coli. PLoS One 12:e0174887. doi: 10.1371/journal.pone.0174887

Ramírez-Romero, M. A., Masulis, I., Cevallos, M. A., González, V., and Dávila, G. (2006). The Rhizobium etli σ70 (SigA) factor recognizes a lax consensus promoter. Nucleic Acids Res. 34, 1470–1480. doi: 10.1093/nar/gkl023

Rodriguez-Llorente, I., Caviedes, M. A., Dary, M., Palomares, A. J., Cánovas, F. M., and Peregrín-Alvarez, J. M. (2009). The symbiosis interactome: a computational approach reveals novel components, functional interactions and modules in Sinorhizobium meliloti. BMC Syst. Biol. 3:63. doi: 10.1186/1752-0509-3-63

Rossen, L., Shearman, C. A., Johnston, A. W., and Downie, J. A. (1985). The nodD gene of Rhizobium leguminosarum is autoregulatory and in the presence of plant exudate induces the nodA,B,C genes. EMBO J. 4, 3369–3373. doi: 10.1002/j.1460-2075.1985.tb04092.x

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. 13, 2498–2504. doi: 10.1101/gr.1239303

Staden, R. (1989). Methods for calculating the probabilities of finding patterns in sequences. Comput. Appl. Biosci. 5, 89–96. doi: 10.1093/bioinformatics/5.2.89

Strong, M., Mallick, P., Pellegrini, M., Thompson, M. J., and Eisenberg, D. (2003). Inference of protein function and protein linkages in Mycobacterium tuberculosis based on prokaryotic genome organization: a combined computational approach. Genome Biol. 4:R59. doi: 10.1186/gb-2003-4-9-r59

Tatusov, R. L., Fedorova, N. D., Jackson, J. D., Jacobs, A. R., Kiryutin, B., Koonin, E. V., et al. (2003). The COG database: an updated version includes eukaryotes. BMC Bioinformatics 4:41. doi: 10.1186/1471-2105-4-41

Thomas-Chollier, M., Sand, O., Turatsinze, J. V., Janky, R., Defrance, M., Vervisch, E., et al. (2008). RSAT: regulatory sequence analysis tools. Nucleic Acids Res. 36:gkn304. doi: 10.1093/nar/gkn304

van Helden, J., Rios, A. F., and Collado-Vides, J. (2000). Discovering regulatory elements in non-coding sequences by analysis of spaced dyads. Nucleic Acids Res. 28, 1808–1818. doi: 10.1093/nar/28.8.1808

Wang, Q., Liu, J., and Zhu, H. (2018). Genetic and molecular mechanisms underlying symbiotic specificity in legume-rhizobium interactions. Front. Plant Sci 9:313. doi: 10.3389/fpls.2018.00313

Winsor, B. A. (1989). A nod at differentiation: the nodD gene product and initiation of Rhizobium nodulation. Trends Genet. 5, 199–201. doi: 10.1016/0168-9525(89)90079-6


Conflict of Interest: 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 © 2020 Taboada-Castro, Castro-Mondragón, Aguilar-Vera, Hernández-Álvarez, van Helden and Encarnación-Guevara. 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) and the copyright owner(s) 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.

Appendix A

Command for footprint discovery analysis of Rhizobium etli CFN42.

RSAT footprint-discovery was conducted with the following parameters: -org Rhizobium_etli_GCF_000092045.1_ASM9204v1 -taxon Rhizobiales -all_genes -sep_genes -lth occ 1 -lth occ_sig 0 -uth rank 50 -return occ,proba,rank -filter -bg_model taxfreq -task query_seq,filter_dyads,orthologs,ortho_seq,purge,dyads,maps,gene_index,index. This program deduced one to five motifs for each gene.

Appendix B

Command for the genomic matrix-scan analysis of Rhizobium etli CFN42.

The following parameters were used: -matrix_format transfac -pseudo 1 -decimals 1 -2str -origin genomic –bginput background_model -markov 2 -bg_pseudo 0.01 -return limits -return sites -return pval -lth score 1 -uth pval 1e-4 -i -seq_format fasta upstream_sequences -n score (Thomas-Chollier et al., 2008).

Appendix C

Matrix-scan command for analysis of conservation of a motif across the orthologs in Rhizobiales.

The parameters were as follows: matrix-scan -quick -return limits,sites,pval -decimals 1 -origin end -consensus_name -matrix_format transfac –m (address of matrix) -pseudo 1 -decimals 1 -2str -bg_pseudo 0.01 -lth score 1 -uth pval 1e-4 -n score -seq_format fasta -bginput -markov 1 -i (address of upstream ortholog sequences in fasta format) | $RSAT/perl-scripts/feature-map -title “Site map; Rhizobiales; Rhizobium_etli_GCF_000092045.1_ASM9204v1;

RHE_RS17305_Rhizobium_etli_GCF_000092045.1_ASM9204v1_Rhizobiales_taxfreq” -format png –scalebar -legend –score thick -mapthick 16 -mspacing 2 -mlen 600 –o (output in png format).
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