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Abstract 

Small noncoding RNAs (sRNA) are widely distributed through all domains of life. Bacterial sRNAs 

generally range between 50 and 600 nucleotides (nt) in length and they can act as post-

transcriptional and post-translational regulators involved in processes such as Quorum Sensing 

(QS), stress responses, protein composition of the outer membrane, virulence and infection. 

Some sRNAs have been reported for Xanthomonas campestris pv. vasicatoria, X. campestris pv. 

campestris and X. oryzae pv. oryzae. sRNAs studies have not been performed in Xanthomonas 

axonopodis pv. manihotis (Xam), which is the causal agent of bacterial blight in cassava. The 

objective of this study was to identify and characterize sRNAs in Xam, potentially related with 

virulence and the quorum sensing process. Here, we implemented a directed transcriptomic 

analysis through the sequencing of RNA (library <200nt) from the wild type strain CIO151, a 

strain over-expressing a constitutively active version of the global virulence regulator HrpG, and 

a strain with a mutation in three genes implicated in the perception of the QS signal. 

Bioinformatic analyses to discover sRNAs expressed in all strains and in each one were 

performed. These included size selection, GC content, secondary structure and genomic 

context. Additionally, the sRNAs were classified as cis or trans-encoded and homologous regions 

were searched in other members of the genus Xanthomonas. Potential transcriptional 

regulatory regions for the sRNAs were detected, as well as potential targets in the genome of 

Xam. Fifty-one sRNAs were found, 45 of which are novel bacterial sRNAs. 90.2% of all the sRNAs 

detected correspond to cis-encoded antisense sRNAs and 9.8% to trans-encoded sRNAs. 75% of 

all sRNA detected possess at least one regulatory region. The expression of trans-encoded 

sRNAs was confirmed through RT-PCR. The possible targets of the cis-encoded antisense sRNAs 
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were classified as genes implicated in regulation of expression, response to stress, oxidation-

reduction processes and metabolic processes. Additionally, for most of the sRNA homologs, 

corresponding regions were identified in several species of Xanthomonas. This is the first study 

of sRNAs in Xanthomonas axonopodis pv. manihotis and could shed light on the regulation of 

the infection and QS process. 
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Introduction 

Small noncoding RNAs (sRNAs) are widely distributed through all domains of life (reviewed by 

Jost et al., 2011). However, prokaryotes and eukaryotes present some differences in terms of 

size, biogenesis and function of sRNAs.  Bacterial sRNAs range in size from 50 to 600 nt 2, and, in 

contrast with those from eukaryotes, only very few are processed by RNase (e.g. 6S and tmRNA) 

3 and, they may have a positive or negative effect on their targets 1.  

Bacterial sRNAs are very plastic molecules, they can act as a buffer in environmental changes 

and are susceptible to beneficial and innovative mutations under the usual pressure of natural 

selection 4. The successful cell response to environmental changes depends on the co-

ordination between sRNA- and protein-dependent regulators. This response must adapt to 

different alterations simultaneously 5. As such, sRNA-dependent regulation is given according to 

their abundance and stability 6, as well as target abundance 1. Previous studies have 

demonstrated that sRNAs have an important role in diverse biological processes such as the 

modulation of outer membrane protein composition 7,8, regulation of iron homeostasis and 

carbon metabolism 9–11, stress adaptation 12–14, quorum sensing (QS) 15,16 and virulence 6,17. 

These cellular processes can be modulated by sRNAs through molecular control at different 

levels. They can regulate the transcription, translation, mRNA stability, and DNA maintenance, 

as well as silencing of their gene target 3. 
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Different types of sRNAs have several modes of action and genomic localization. Riboswitches, 

found in the 5’ end of mRNA, can take diverse conformations depending on environmental 

signals such as temperature or the presence of a specific small ligand 18; this condition causes a 

conformational change that, for example, displays or hides the ribosome binding site (RBS) of 

their target, resulting in its translational activation or repression19.  sRNA regulators of protein 

activity can act independently, as a ribonucleoprotein complement or mimicking structural 

targets of specific proteins 3,20. Cis-encoded sRNAs, in turn, act through base pairing and share a 

high complementarity with their target, they are encoded in antisense on the opposite strand 

from the regulated gene. These cis-encoded sRNAs generally have an overlap of at least 75nt 

with their target, although there have been reports with shorter overlaps. Cis-encoded sRNAs 

can participate in transcription attenuation, translation inhibition, inhibition of primer 

maturation, degradation or stabilization of mRNA21. On the other hand, trans-encoded sRNAs 

act through base pairing and share a low complementarity with their target; they are encoded 

in an intergenic and distant position with respect to their regulated gene; the majority of trans-

encoded sRNAs negatively control their target through translational inhibition hiding the RBS 

and/or degrading its mRNA3. The degradation of mRNA occurs by the action of the complex 

conformed by sRNA, RNA chaperone Hfq and RNase E 22. However, the main role of Hfq in this 

context is to facilitate the association and stabilization of the trans-encoded sRNAs with their 

targets 23.  In some cases only 10 to 25 nt of complementarity are necessary between a trans-

encoded sRNA and its target.  This allows sRNAs to have several targets 3.  

Coding genes possess some conserved regions which allow for an easy identification. These 

include promoter elements, transcription start site (TSS), 5’ untranslated region (UTR) with a 

Shine-Delgarno sequence that corresponds to RBS, open read frame (ORF) with a start codon 

and a stop codon for translation, and 3’ UTR 24. However, not all these features are present in 

the sequences of non-coding RNAs. Bacterial sRNAs, only have promoter region, a TSS and a 

terminator site 24. Among the promoter regions we can find Stress-induced DNA duplex 

destabilization sites (SIDD sites) which have been observed in intergenic regions were 

promoters are being predicted, these sites are not associated with coding regions and are 
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related with transcriptional response to physiological and environmental stimuli 25 Rho 

independent transcriptional terminators have been observed in the majority of known sRNAs 26.  

To bioinformatically predict the existence of sRNAs in bacterial genomes, some of these regions 

have been used. Computational approaches have implemented several strategies to identify 

such molecules, among them we find those based on comparative genomics (testing sequence 

and secondary structure conservation)27, RNA structure and thermodynamic stability (taking 

into account the minimal free energy)28, transcriptional signals (taking into account promoter 

and terminator regions)29, and sequence-dependent (GC content) and independent (based on 

occurrence of profiles and differential distribution of motifs) detection 30. 

In addition, several experimentally methods have been used for the identification of sRNAs from 

Gram-negative and Gram-positive bacteria31. Among them are deep sequencing 32 and dRNA-

seq 33, tiling array 34, Hfq co-immunoprecipitation35, RNomics 36 and sRNA cloning 37, among 

others.    

The first chromosomally encoded sRNA, MicF, was discovered in Escherichia coli. MicF inhibits 

the translation of OmpF, the major outer membrane porin 38.  Since then, many sRNAs have 

been found in several bacterial species, e.g. in X. campestris pv. vesicatoria (X. euvesicatoria)33, 

Mycobacterium tuberculosis 39, Pseudomonas aeruginosa 40 and E. coli 41. In Xanthomonas, 

previous studies have allowed the identification of some sRNAs, for X. campestris pv. vesicatoria 

23 sRNAs were confirmed 33, for X. campestris pv. campestris 12 sRNAs were experimentally 

validated 42,43 and for X. oryzae pv. oryzae eight sRNAs were verified 44.  Although the function 

of the majority of sRNAs from Xanthomonas remains elusive, there are some interesting facts 

about some of them. sRNA sX12 promotes virulence in X. campestris pv. vesicatoria and the 

transcription of other eight sRNAs-Xcv is regulated by the virulence global regulators HrpG and 

HrpX 33. Also, sX13 severely affects virulence and indirectly affects the action of HrpG 17. Still 

others, such as sRNA-Xcc15, sRNA-Xcc16 and sRNA-Xcc28, are dependent of the quorum sensing 

(QS)-related genes Rpf (Regulator of pathogenicity factors), and only the mutation of all three 

can reduce virulence in this bacterium 42. 
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In the genus Xanthomonas, the cluster of hypersensitive response and pathogenicity (hrp) 

encodes the type III secretion system (T3SS) genes, which constitutes an important 

pathogenicity factor 45. The expression of hrp genes is controlled by two global regulators: HrpG, 

an OmpR-type response regulator 46 and HrpX, an AraC-type transcriptional activator which is 

activated by HrpG 47. On the other hand, HrpG also regulates rpfG, which regulates the DSF-

mediated QS system in several members of the Xanthomonadaceae family. This system is 

involved in virulence and biofilm formation in Xanthomonas 48 and is based on the cell-to-cell 

signaling mediated by the Diffusible Signal Factor (DSF) molecule. This system to regulates the 

activation of virulence factors such as extracellular enzymes and exopolysaccharides 49. The rpf 

gene cluster (for regulation of pathogenicity factors) is required for the synthesis and 

perception of DSF, RpfF is implicated in the synthesis of the signal; a two component system 

corresponds to sensor kinase RpfC and the response regulator RpfG. These two proteins are 

crucial for DSF perception and signal transduction. RpfH is a predicted membrane-associated 

protein similarity to sensory input domain or RpfC, but it is not present in all Xanthomonas. 

These three genes are encoded in an operon 50. 

The genus Xanthomonas comprises different species of economic importance because several 

of them are causal agents of crop diseases. One of them is Xanthomonas axonopodis pv. 

manihotis, the causal agent of the Cassava Bacterial Blight CBB and one of the ten more 

important phytopathologic bacteria 51. CBB is the most important bacterial disease of cassava; it 

is endemic in tropical and subtropical regions of the world and can severely affect the 

production of this crop 52. The elucidation of the mechanisms of regulation of pathogenicity in 

Xam can be an important venue to find novel ways to control this disease. In this study, we have 

determined novel specific candidate sRNAs in Xanthomonas axonopodis pv. manihotis (Xam) 

associated with the global regulation by HrpG and the QS process. Our findings allow for a 

better understanding of the molecular processes that occur in  Xam during the infection 

process. 

 

Materials and Methods 
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Bacterial strains, transformation and growth conditions  

Three derivatives of Xam strain CIO151 were used in this study, as described in Table 1. The 

plasmid pBBR1MCS-5, empty vector (EV) form and with the gene hrpG*, were provided by Dr. 

Ralf Koebnik (IRD, France). The latter has the active form of the hrpG gene (hrpG*) from 

Xanthomonas campestris pv. vesicatoria 53. The plasmids were transformed through 

electroporation into Escherichia coli DH10B and then into E. coli S17-1. Subsequently, a 

biparental mating was performed to transfer the plasmids into Xam strain CIO151. Positive 

colonies were confirmed by PCR. 

For the transformation process, E. coli was grown on LB agar overnight at 37°C or LB broth 

overnight at 37°C and 225 rpm. For RNA extraction, Xam was grown on NYGA solid medium 

(5g/L of peptone, 3g/L of yeast extract, 20 ml/L of glycerol, 15 g/L of agar) for three days or in 

NYGB broth (without agar) for 18 hours at 28°C and 200rpm. Antibiotics were used when 

required (rifampicin 100 µg/mL and/or gentamycin 20 µg/mL).  

 

In vitro growth assay 

Growth assays of Xam EV and Xam hrpG* (Table 1) were conducted to evaluate if there were 

differences in the growth between treatments. This was carried out starting from an initial 

culture with an OD600nm of 0,002, which was obtained from dilution of two successive overnight 

liquid cultures. The growth of the strains was monitored every four hours for 24 hours by 

measuring optical density (OD600nm) and plating. 

 

Virulence and aggressiveness assays 

Cassava susceptible plants of the cultivar MCOL-2215, previously grown in the greenhouse for 

two months with a photoperiod of 12 hours and a mean temperature of 25°C, were used to 

evaluate the virulence of Xam strains. Bacterial suspensions equivalent to 1x108 CFU/ml were 

prepared in a 10mM MgCl2 solution from an overnight culture and were infiltrated into cassava 
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leaves. Circular samples of 5mm of diameter were taken at cero, five and ten days post-

inoculations. The tissue was ground and suspended a 10mM MgCl2 solution. Seven serial 

dilutions were performed and plated. Three technical replicates were used. 

To evaluate the aggressiveness of the strains of Xam, suspensions equivalent to 1X107 CFU/ml 

were prepared a 10mM MgCl2 solution from an overnight liquid culture and were inoculated by 

infiltration, as previously described 54. Samples were collected 15 days post-inoculation and 

lesion areas were measured with Analyzing Digital Images Software 

(http://dew.globalsystemsscience.org/software). Five technical replicates were used. 

 

Total RNA isolation 

Xam EV, Xam hrpG* and Xam ΔrpfCHG-EV were diluted from an overnight culture to an OD600 of 

0.002. The resulting culture was grown in NYG medium for 18h at 28°C, corresponding to the 

late exponential growth phase. Total RNA was isolated using the hot-phenol procedure. Two 

biological replicates with four technical replicates were obtained for each treatment. RNA 

quality and quantity were confirmed with the RNA6000 ladder in a 2100 Agilent Bioanalyzer.  

 

Small RNA transcriptome sequencing 

Total RNA from three strains: Xam EV, Xam hrpG* and Xam ΔrpfCHG-EV, was sequenced in 

Beijing Genomics Institute – BGI (Beijing, China). Samples were treated with DNase. Library 

preparation was performed with TruSeq Small RNA Sample Preparation Kit (Illumina) attaching 

3’ and 5’ adapters, followed by RT-PCR amplification and selection of a range size smaller than 

200 pb. Paired-ends and strand specific sequencing was performed using the HiSeq2000 

(Illumina). 

 

Bioinformatic transcriptome analysis 
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The bioinformatic pipeline was divided into four stages (Figure 1). In the first stage, quality and 

quantity of raw sequence data were analyzed by FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), then the remaining adaptors 

from the sequencing process were trimmed by FastXTrimmer (FASTX-Toolkit, 

http://hannonlab.cshl.edu/fastx_toolkit/). rRNA and tRNAs were removed by mapping with 

Bowtie2 55 against the tRNAs from the annotated genome of Xam CIO151 

(https://iant.toulouse.inra.fr//bacteria/annotation/cgi/xanmn/xanmn.cgi). Clean reads were 

mapped against the genome of Xam CIO151 56 using TopHat2 57. Strand specific information was 

taken into account. Read assembly and abundance analysis (in FPKM) were obtained by 

Cufflinks 58, without taking into account previously annotated genes. Redundancy reduction and 

comparison between transcripts found in each treatment were performed by Cuffcompare  58.  

For the second stage, a manual analysis was performed from shared transcripts in both 

biological replicates in each treatment. Systematic comparisons were performed to find 

transcripts that were exclusive on each treatment, shared transcripts between pairs of 

treatments and shared transcripts among the three treatments.  

In the third stage, transcripts selected from the second stage were filtered according to size (18 

– 600 nt). The genomic context of the transcripts was checked using the Integrative Genomics 

Viewer software 59 considering the annotated Xam CIO151 as a reference. Non-coding regions 

were selected manually or with a specific script. The transcriptional start sites from X. campstris 

pv. vesicatoria 33 were included in the analysis. The resulting transcripts were considered as 

sRNA candidates. 

 

Bioinformatic characterization of sRNAs and target prediction 

This part corresponds to the final stage of the bioinformatics pipeline (Figure 1). To search for 

sRNAs previously reported, sequences of the sRNA candidates were obtained and a Blastn 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) analysis was performed against three databases: Rfam 

60, for which an online Blastn with default parameters was conducted; Bacterial Small 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://hannonlab.cshl.edu/fastx_toolkit/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Regulatory RNA Database BSRD 61, and a database constructed from small RNA data reported 

previously for X. campestris pv. vesicatoria 33 and X. campestris pv. campestris 42. For these last 

three databases a local Blastn with specific parameters for identity percent (>60%) and e-value 

(<10-6 and 10-2 < e-value < 10-5) were conducted.  

Additionally, to search for homologs in other Xanthomonas, sequences of the sRNA candidates 

were obtained and a local Blastn analysis was performed against 26 genomes of different 

xanthomonas strains Xam UA226, Xam IBSBF1411, Xam UG39, Xam UA303, Xam IBSBF320, Xam 

NCPPB1159, Xam IBSBF356, Xam IBSBF2346, Xam CIO1, Xam CFBP1851, Xam IBSBF2345, X. 

campestris pv. vesicatoria str. 85-10, X. axonopodis pv. citrumelo F1, X. citri pv. citri Aw12879, X. 

axonopodis pv. citri 306, X. oryzae pv. oryzae PXO99A, X. oryzae pv. oryzae MAFF 311018, X. 

oryzae pv. oryzae KACC10331, X. oryzae pv. oryzicola BLS256, X. campestris pv. vasculorum 

NCPPB702, X. campestris pv. musacearum NCPPB4381, X. cassavae CFBP 4642, X. campestris pv. 

campestris B100, X. campestris pv. campestris ATCC 33913, X. campestris pv. campestris 8004 

and X. albilineans GPE PC73. An e-value of 10-6, a coverage >70% and an identity >60% were 

taken as cutoff, it was slightly modified from previously reports 40.  

The sRNA candidates were evaluated by nocoRNAc 29 which integrates the program 

TransTermHP 62 to predict Rho-independent terminator searching stem-loop signals at the 3’ 

end until 500nt from the end of the transcript, and SIDD model (Stress Induced Duplex 

Destabilization) 63 to detect, considers the thermodynamic stability and the torsional energy, 

destabilized regions in the genomic DNA nearby the 5’ end which could indicate the location of 

a promoter region. Secondary structure of sRNA candidates was predicted through Randfold 

software 64 using 999 random sequences for each sRNA. The sRNAs that presented a probability 

lower than 0.05, a minimum free energy (MFE) relatively high and that did not present any 

homologous sequence in other bacteria were selected for prediction of secondary structure 

using RNAfold 65  with default parameters.  

 

The position of each selected sequence was predicted using Integrative Genomics Viewer 

software 59 to determine the type of sRNAs detected. In the same way, the possible targets of 
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Cis-encoded antisense sRNAs were determined considering the overlapping between the sRNA 

and the 5’ end of the gene. Finally, the possible target sequence was extracted and a 

classification was performed through Gene ontology (GO) annotation using the Blast2go 

software package 66. 

 

Validation of the expression of candidate trans-sRNAs 

 

The expression of Trans-encoded sRNAs was assayed through RT-PCR as is reported previously 

67. cDNA was obtained from each strain using the iScript cDNA synthesis kit (BioRad). Then, a RT-

PCR was performed with specific primers to amplify a fragment of each Trans-encoded sRNA 

using DreamTaq Polymerase (ThermoScientific) (Table 2). The results were visualized in 1.2% 

agarose gels. 

 

RESULTS 

In order to identify small noncoding RNAs potentially involved in virulence in Xam, we used a 

transcriptomic approach aimed at detecting ncRNAs whose expression was induced by the 

global pathogenicity regulator HrpG and QS. We therefore generated three strains of Xam: Xam 

CIO151 hrpG* expresses a constitutively active version of the HrpG protein, Xam 

CIO151 ΔrpfCHG-EV has a deletion in the rpfCHG genes responsible for the perception of the 

DSF signal and signal transduction, previously reported as the QS signal in other Xanthomonas 

48. Previous analyses performed in our laboratory had defined that the Xam CIO151 ΔrpfCHG 

mutant had phenotypes that were in agreement with the disruption of the QS system in 

Xanthomonads (reduced virulence, reduced ability to degrade components of the plant cell wall, 

reduced motility, etc;68).  

Strain Xam CIO151 ΔrpfCHG had previously been observed to have an in vitro growth similar to 

Xam CIO151 and reduced virulence on cassava plants, demonstrating the importance of the QS 

system in Xam68. However, no previous studies were carried out for strain Xam CIO151 EV, Xam 

CIO151 ΔrpfCHG-EV and Xam CIO151 hrpG*. In order to further characterize the growth, 
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virulence and aggressiveness of strains used in this study, we first conducted an in vitro growth 

curve with the strains Xam CIO151 EV and Xam CIO151 hrpG* (Fig. 2A and 2B). The lag - growth 

phase were absent in all cases. Further analyses with more time of growth are necessary to 

characterize start moment of the stationary growth phase. However, it was possible to 

determine a segment of exponential growth phase to take it into account for the next stage of 

the study.   

To test the behavior of all the strains used in this study, we assessed the ability of each strain to 

cause symptoms and to grow in susceptible cassava plants. There were no statistically 

significant differences among strains in terms of their ability to cause symptoms in susceptible 

plants, as measured 15 dpi (Fig. 2C). Similarly, no statistically significant difference in in planta 

growth was observed among strains at days 0, 5 and 10 post-inoculation (Fig 2D). However, 

comparing with Xam CIO151 EV, a slight but no statistically significant reduction in the ability to 

grow in planta was observed for strain Xam CIO151 ΔrpfCHG-EV at 0 and 5 dpi (Fig. 2D). These 

observations could suggest that rpfCHG are genes required for maximal growth of Xam in 

planta. This is in agreement with previous observations from our laboratory (Restrepo et al., 

2012). These results suggest that the expression of hrpG* did not affect the ability to cause 

symptoms, although an aggressiveness experiment with more replicates is required to be 

conclusive.  

Identification of putative sRNAs expressed in conditions related with virulence in Xam 

The late exponential phase was selected for RNAseq experiments because many of the genes 

expected to be important for virulence are expressed between mid-exponential phase and early 

stationary phase in in vitro culture experiments carried out in other Xanthomonas 69,70. Based on 

our results, we selected the 18th hour as the reference point corresponding to the late 

exponential phase for the treatments for the RNAseq experiments.  

Total RNA of Xam CIO151 EV, Xam CIO151 hrpG* and Xam CIO151 ΔrpfCHG-EV was extracted at 

18 hours of in vitro growth in NYGA medium. The quality and concentration of the RNA samples 

were measured in a 2100 Agilent Bioanalyzer. Accordingly, RNA Integrity Number (RIN) and 
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23S/16S rRNA Ratio values (RIN/rRNA Ratio) were 9.9/1.3 and 9,3/1.1 for both biological 

replicates of strain Xam CIO151 EV, 10.0/1.4 and 9,8/1.7 for both biological replicates of strain 

Xam CIO151 hrpG* and 10.0/1.4 and 10.0/1.4 for both biological replicates of strain Xam 

CIO151 ΔrpfCHG-EV, respectively. These values indicated that the quality of the samples was 

acceptable (Level C), although not optimal, according to the requirements for small RNA library 

preparation, the 23S/16S rRNA ratio requested is above 1.5 (Level A). However, repeated 

extractions did not result in an improved RNA quality. Therefore, sequencing for small RNAs was 

performed at the Beijing Genomics Institute (BGI).  

An average of 10.779.720 raw reads were obtained for each replicate and their length varied 

between 18 – 90 nt. The quality score of all the reads was optimal according to the results from 

FastQC, however the first 4 nt were trimmed because of the presence of adaptor sequences. An 

average of 8.22% of rRNA and tRNA were filtered. After read mapping using Bowtie2 and 

assembly using Cufflinks, a mean of 5313 transcripts were obtained for each dataset and 7778 

different regions were identified among all replicates. The available annotation data for the 

Xam genome were not used to avoid bias in the mapping and assembly process. In some cases, 

transcripts of up to 2500 nt were found. However, the library was constructed with a size 

selection under 200nt. This suggests that the library most likely included degraded mRNA 

transcripts. These degraded transcripts could arise either from shearing in the RNA extraction 

procedure or from the processing of some mRNAs targeted for degradation by post-

transcriptional processes in the cell.  We used the resulting transcripts for further analyses 

because they should also contain sRNAs. 

A manual analysis of absolute presence or absence in expression data for each region was 

performed. Those regions present in both biological replicates from one treatment were 

selected. Presence/absence comparisons among treatments were carried out. After filtering out 

transcripts with sizes outside the range of 18 to 600 nt, 1792 regions were obtained. The 

resulting regions were subjected to an evaluation to discard those which could not be 

differentiated from previously annotated coding sequences in the genome of Xam CIO151. 

Therefore, transcripts overlapping with the strand of a predicted coding region were discarded 
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from further analyses. The resulting non-coding regions were catalogued as sRNAs. These were 

a total of 51. 

 

Characterization of candidate sRNAs from Xam 

Candidate sRNAs were additionally classified as either Cis or Trans antisense RNAs (Fig.  3). The 

distribution obtained is shown in Figure 4. In general, all the treatments shared 13 sRNAs and 

Xam CIO151 ΔrpfCHG-EV and Xam CIO151 EV are the treatments with the highest numbers of 

exclusive sRNAs. Table 3 shows the general characteristics of all sRNAs found. The majority of 

candidate sRNAs identified in Xam are Cis-encoded. Among 51 sRNAs found in Xam in this study, 

90.2% were cis-encoded and in antisense with respect to an overlapping coding gene and 9.8% 

were trans-encoded sRNAs, located in an intergenic region (Fig. 3 and Table 3). The expression 

of the novel candidate Trans-encoded sRNAs was tested through RT-PCR. Expression was 

confirmed for three sRNAs of this type (Fig. 5). This is not a quantitative assay and therefore the 

expression level of each sRNA needs to be further examined to determine their exact 

abundance.   

The 51 sRNAs presented an average length of 213 nt and an average GC content of 61.1% (Fig. 6 

A and B). This GC content is similar but somewhat lower than the GC content estimated from 

the genome sequence of Xam CIO151 (65.1% 56). This is in agreement with 62,1%, calculated 

value for the sRNAs reported previously for other Xanthomonas 33,42,71. 

In order to further characterize the candidate sRNAs, we searched for transcriptional regulatory 

regions in the vicinity of the sRNA using nocoRNAc 29. These included predicted promoter 

elements and Rho-independent terminators. 75% of the candidate sRNAs presented at least one 

regulatory region associated with their own transcriptional control (Fig. 6C).    

Secondary structure analyses were performed for all the candidate sRNAs. These presented a 

minimum free energy (MFE) average of -82.4 kcal/mol. Additionally, random sequences from 

each sRNAs were used to evaluate the probability of finding the MFE observed by chance. Thus, 
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those sRNAs that presented a low MFE and a low probability could have a greater support to be 

classified as possible sRNAs. Nine sRNAs presented a p<0.05 and 19 of these presented a MFE 

lower than the average MFE (Fig. 7A).  Five of these were selected for prediction of secondary 

structure, based on a p<0.05, a low MFE (preferably lower than the average) and the lack of 

similarity with other previously sRNAs reported according to the blast parameters described in 

materials and methods (Fig. 7B).  

 

Six sRNAs detected in Xam are homologous to those reported in other bacteria  

A search was performed to determine the candidate sRNAs that were reported before in other 

bacteria. A blast against sRNA databases was performed taking into account the identity and the 

e-value parameters described in materials and methods. Six sRNAs were found under these 

parameters (Fig. 8).  The sRNAs with detected similarities are shown in table 4. 

 

The majority of candidate sRNAs present homologs in other Xanthomonas  

In order to determine the degree of conservation of the candidate sRNAs detected in this study, 

a blast against 26 genomes of Xanthomonas was carried out to find homologs of the sRNAs 

identified in this study. Hits with an identity higher than 60%, a coverage higher than 70% and e-

value lower than 10-6 were considered. In figure 8, where the Xanthomonas species used are 

organized according to their phylogenetic relationships 72,73, six general groups of sRNAs are 

distinguishable. Group I, with six candidate sRNAs, corresponds to those sRNAs that are only in 

one or some strains of Xam, but not all. However, although sRNAXam32 does not have 

homologs in the Xanthomonas evaluated, this sRNA is present in S. maltophilia, as shown in 

table 4. Group II, with three candidate sRNAs, corresponds to sRNAs present in all or most of the 

Xam strains. Group III, with nine candidate sRNAs, corresponds to sRNAs present in the most of 

strains of Xam, X. campestris pv. vesicatoria 85-10 and X. axonopodis pv. citri, all of them 

belonging to a monophyletic group further characterized by not contain monocot pathogens. 
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Group IV comprises 14 of candidate sRNAs, and corresponds to sRNAs that are present in the 

most of  Xanthomonas evaluated except for the monophyletic group composed by X. campestris 

pv. campestris and X. albilineans.  Group V corresponds to 16 sRNAs present in all the strains, 

except for X. albilineans whose inclusion in the genus Xanthomonas has been questioned 72,73. 

Finally, group VI, with three candidate sRNAs, comprises all the strains evaluated including X. 

albilineans. In general terms, we found a major number (16) of sRNAs conserved between all 

strains except X. alblineans. Also, we observed a relation between the number of sRNAs shared 

between each strain and Xam and the phylogenetic distance, distant strains have less sRNAs in 

common.  

 

Potential targets for the sRNAs identified in Xam 

The possible targets of the cis-encoded antisense sRNAs were predicted according to the 

position and the genomic context of each one. Taking into account that the majority of sRNAs 

typically bind to the 5’UTR of their target, near the ribosomal binding site (RBS) 1, the genes that 

showed an overlap in their 5’UTRs were selected as possible targets of the corresponding sRNA.  

The possible targets identified were analyzed to determine their function and a potential 

enrichment of functions with respect to the functions encoded by the genome was assessed 

using Blast2GO. Some of the targets are involved with transmembrane transport, regulation of 

transcription, oxidation-reduction processes, among others (Fig. 9). 

 

Discussion  

Bacterial sRNAs allow for a fast, precise, energetically economic and versatile control of several 

cellular processes. In the last few years, increasing attention has been focused on these 

molecules 3,74. Issues such as where they are located in the genome, how to predict and confirm 

their existence and how they function have been of great interest. In this study, we identified 51 

candidate sRNAs in Xam, from which 45 are putative new reports. At least six of them could be 
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highly involved in virulence processes based on their possible targets. Also, most of the sRNAs 

have homology to regions present in other Xanthomonas and even some of them follow a 

distribution according to the phylogenetic relationship.  

We consider that the transcriptomic directed approach could be a suitable method to detect 

novel bacterial sRNAs, for three reasons. It not only provides a wide number of possible 

candidates from an experimental source. Also, if the analysis to identify novel sRNAs starts with 

a transcriptomic approach, false positives predicted through of a bioinformatic approach can be 

reduced because it is possible to filter coding regions based on their conserved features and 

then only take into account the non-coding sequences among the sRNAs. Additionally, if the 

samples used are of high quality, the transcriptomic approach could have the extra advantage of 

allowing the detection of the action of sRNAs on their possible targets because some of these 

would be degraded, at least in cases where the regulation is through degradation.  

For this study, we decided to take an experimental approach that also allowed us to identify 

some sRNAs related with two conditions of interest. We did not use a total transcriptomic 

approach, as has been reported in several other studies e.g. for X. campestris pv. vesicatoria and 

other bacteria 33,75. Our strategy consisted on a transcriptomic method, until now rarely used in 

prokaryotes 40,76 but which allows for a directed search for sRNAs, in which the library was 

generated by enriching for transcripts below 200nt. However, we obtained transcripts not only 

of the expected size for sRNAs known in bacteria, but also larger transcripts, suggesting the 

potential presence of degraded transcripts due to the high labile nature of prokaryotic RNAs 76, 

probably coming from the isolation process of coding regions that were discarded with the later 

analysis. In spite of that, this was a remarkable start for such a wide experimental approach, 

taking into account that most of the studies aiming at identifying sRNAs have a bioinformatic 

starting point using an array of predictive software. 

Although there are several software packages to predict sRNAs, these are diverse molecules 

and, as such, they not always share the same regions or features (e.g. Presence and absence of 

regulatory regions of several sizes). This fact results in a lack of precision in the prediction. An 

example of the challenges for the bioinformatic prediction is the prediction through GC content 
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used in different approaches 77. In bacteria with a high GC content, such as Xanthomonas, with 

approximately 64% GC 72 compared with an average of 61,1% in our sample of sRNAs, this 

would not the best method to predict these molecules because these regions are not constantly 

and markedly different to the rest of the genome. Even the predicted secondary structure could 

be different to the real cellular form 24, therefore, an approach initiating with an experimental 

detection of sRNAs might allow for more precise predictions. In any case an additional 

experimental procedure, such as RT-PCR or Northern blot analyses, to confirm the existence of 

the sRNA must be performed.  

In previous studies, approximately 40 sRNAs were identified in the genus Xanthomonas 33,42–44. 

Although, some of these sRNAs e.g. sX12 and sX13, from X. campestris pv. vesicatoria, are 

present in the genome of Xam CIO151, they were not detected in our approach, even though 

they were detected in conditions that are similar to those tested here. In this study only three 

sRNAs were previously reported, at least under the comparison parameters used. This could be 

due to real biological differences in the regulatory pathways of the assayed processes in Xam 

with respect to other bacterial strains or to differences in the expression of these sRNAs 

according with specific environmental conditions (e.g. temperature, medium, growth phase) in 

which the samples were assayed. sRNAs sX12 and sX13 were detected at similar growth 

conditions to our experiments. This suggests that the  activation regulatory pathways for these 

sRNAs could be different between these closely related pathovars (X. campestris pv. vesicatoria 

vs. Xam). 

Previous studies have reported the discovery or characterizaction of many trans-encoded 

sRNAs, probably because their condition is simple to assay (i.e. most of them do not overlap 

with regions transcribed for coding RNAs). However, in recent years, more and more cis-

encoded sRNAs have been discovered reducing the quantitative differences observed with 

respect to trans-encoded sRNAs. One of these cases is the report on Sinorhizobium meliloti 75 in 

which about 3% of the genes are trans-encoded sRNAs and 2% antisense cis-encode sRNAs. 

Another case is the report on E. coli where from 72 to 89% of coding regions found have 

antisense cis-encode sRNAs, in comparison to intergenic region from which from 51 to 72% have 

trans-encoded sRNAs 76. However more studies could be necessary in cases like this in order to 
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discover the total repertoire of sRNAs because they can be differentially expressed under 

different conditions. Most of the sRNAs detected in our study correspond to cis-encoded 

transcripts, which is in disagreement with other reports, This could be due to the intrinsic form 

of gene control in Xam at the conditions tested, suggesting that the major regulation in Xam is 

by direct high complementarity between the sRNA and its target, improving the specificity and 

robustness of the control process, as cis-encoded sRNAs reportedly have a high 

complementarity with their targets 21. However, it is more likely that, in order to avoid false 

positives, several trans-encoded transcripts were discarded in the analysis because some of 

them were annotated in the genome as unknown predicted genes. The existence of all the 

candidate sRNAs, specially those cis-encoded, reported in this study will need to be confirmed 

through northern blot analyses.  

sRNAs can establish an expression treshold supressing fluctuation in the expresion of their 

targets 78, meaning that there are different levels in the regulation of the expression and not 

always the fold change in the expresión of the target will be clearly distinguishable. Therefore, 

in order to test for the effect of a sRNA on its target it is necessary to carry out additional assays 

such as qRT-PCR which allows to carefully examine the specific regulation. 

Previous reports from studies in other Xanthomonas show that HrpG controls multiple genes 

implicated in Type III and Type II Secretion Systems (T3SS and T2SS), chemotaxis, QS and 

flagellar biosynthesis, metabolism and transport, aminoacid biosynthesis and signal 

transduction and regulation 69. Interestingly, two of our sRNAs, sRNAXam47 and sRNAXam34, 

have genes that are involved in QS processes and also are regulated by hrpG 69 as potential 

targets. Such genes are rpfG and xanmn_chr03_0166 whose GGDEF-EAL domains are similar to 

ravR. Both genes regulate the concentration of the central messenger cyclic-di-GMP, which in 

high concentrations stimulates biofilm formation and in low concentration promotes motility 

and transcription of virulence factors 69,79. sRNAXam47 is only expressed in Xam CIO151 rpfCHG-

EV. This suggests that rpfCHG genes negatively regulate sRNAXam47, which in turn regulates 

rpfG. In order to determine which kind of regulation is carried out by this sRNA, it would be 

necessary to assay the expression on a strain where, for example, the sRNA was overexpressed 

but rpfG was on its wild type form. 
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 sRNAXam34 seems to be negatively regulated by HrpG. In addition, taking into account that 

HrpG negatively controls GGDEF 69, one could expect that sRNAXam34 is a positive activator of 

xanmn_chr03_0166 expression. On the other hand, a function of c-di-GMP degradation was 

reported previously for both genes rpfG and ravR. Both of these genes are necessary to achieve 

the full expression of virulence and pathogenicity factors in X. campestris pv. campestris 79.  In 

the case of Xam CIO151, rpfCHG appears to positively control sRNAXam34. This could suggest 

that this sRNA serves as a link for expression control between rpfG and xanmn_chr03_0166 in 

order to achieve the corresponding function, similar to what has been suggested in previous 

studies 50. 

xanmn_chr03_0195 is the possible target for sRNAXam35. This gene encodes for Fis, a 

transcriptional regulator of virulence factor expression of genes in Dickeya dadantii (Erwinia 

chrysanthemi) involved in adhesion, motility, survival to stress caused by the plant host, 

production of T3SS effectors, secretion of molecules corresponding to T2SS and production of 

cell wall degrading enzymes 80. So this transcription factor plays an important role in the switch 

from the asymptomatic to the symptomatic phase in this necrotrophic bacteria 80. In this study 

we found that sRNAXam35 is not expresed in Xam CIO151 ΔrpfCHG-EV and Xam CIO151 hrpG*. 

These data suggest that sRNAXam35 is positively controlled by rpfCHG and negatively controlled 

by hrpG. Additionally, in other studies of our lab, the gene xanmn_chr03_0195, was down-

regulated in Xam CIO151 ΔrpfCHG-EV (i.e. it is positively controlled by rpfCHG). These data 

suggest that sRNAXam35 positively regulates its target. The study of xanmn_chr03_0195, 

corresponding to the Fis homolog, and its regulation are interesting issues for further research 

because it has not previously been studied in Xanthomonas and it could constitute an important 

regulatory center of virulence in Xam. 

Other sRNAs that could play an important role in virulence are: sRNAXam25 which appears to 

be positively regulated by hrpG, and whose possible target is trxB, which is induced together 

with trxA and NADPH in oxidative stress conditions, they are also related with cell wall 

degradation of the host 70,81; sRNAXam41, whose presence is negatively controlled by rpfCHG, 

and whose possible target is xanmn_chr03_0290, a possible member of the Rrf2 family of 

transcription factors involved in stress response to reactive nitrogen species 82; and, 
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sRNAXam49 whose expression is negatively controlled by rpfCHG, and whose possible target is 

leuD, a gene that codes for an aconitase. This, enzyme has been reported as involved in 

bacterial growth in the plant and in the sensing of celular changes to iron levels and reactive 

oxygen species (ROS), which could contribute to defense against these toxic compounds 

produced by the plant during infection by X. campestris pv. vesicatoria 83. The regulation of 

genes involved in response to oxidative stress is important in the virulence context because 

plants mount an oxidative burst as a pivotal component in defense against pathogen and the 

pathogen must overcome this barrier to achieve a successful infection 84. In the case of the 

cassava-Xam phatosystem, diverse genes involved in the production of reactive oxygen species 

have been reported as induced in response to Xam CIO151 infection 85. 

The analysis of conservation of the putative sRNAs from Xam showed that most of the sRNAs 

detected are shared by several Xanthomonas species. This is in agreement with previous reports 

33 . However, there are some interesting patterns. There are sRNAs exclusive of one strain, but 

there are also sRNAs shared by only some strains of the same species, as well as sRNAs exclusive 

of one species. Additionally, it was possible to distinguish an inverse correlation between the 

number of sRNAs shared with Xam CIO151 and the phylogenetic distance. Nevertheless, some 

sRNAs that present an erratic distribution could be subjected to other evolutionary phenomena 

such as horizontal transfer. This has also been previously suggested for other sRNAs in the 

genus Xanthomonas 33.  

Through this study we identified more than 40 candidate sRNAs for Xam CIO151. These sRNAs 

could have potential roles in regulation of processes that are crucial in pathogenicity such as 

motility, biofilm formation, oxidative stress response and expression of virulence factors. We 

expect that this advance will contribute to elucidate the regulatory network of the virulence and 

quorum sensing pathways in Xanthomonas. 

 

 

 



21 
 

 

 

 

 

 

 

 

 

REFERENCES 

1. Jost, D., Nowojewski, A. & Levine, E. Small RNA biology is systems biology. BMB Rep. 44, 11–21 
(2011). 

2. Pichon, C. & Felden, B. Small RNA gene identification and mRNA target predictions in bacteria. 
Bioinformatics 24, 2807–2813 (2008). 

3. Waters, L. S. & Storz, G. Regulatory RNAs in bacteria. Cell 136, 615–628 (2009). 

4. Rodrigo, G. & Fares, M. a. Describing the structural robustness landscape of bacterial small RNAs. 
BMC Evol. Biol. 12, 52 (2012). 

5. Repoila, F. & Darfeuille, F. Small regulatory non-coding RNAs in bacteria: physiology and 
mechanistic aspects. Biol. Cell 101, 117–31 (2009). 

6. Romby, P., Vandenesch, F. & Wagner, E. G. H. The role of RNAs in the regulation of virulence-gene 
expression. Curr. Opin. Microbiol. 9, 229–236 (2006). 

7. Vogel, J. & Papenfort, K. Small non-coding RNAs and the bacterial outer membrane. Curr. Opin. 
Microbiol. 9, 605–611 (2006). 

8. Chen, S., Zhang, A., Blyn, L. B. & Storz, G. MicC , a Second Small-RNA Regulator of Omp Protein 
Expression in Escherichia coli. 186, 6689–6697 (2004). 

9. Richards, G. R. & Vanderpool, C. K. Molecular call and response: The physiology of bacterial small 
RNAs. Biochim. Biophys. Acta - Gene Regul. Mech. 1809, 525–531 (2011). 

10. Massé, E. & Gottesman, S. A small RNA regulates the expression of genes involved in iron 
metabolism in Escherichia coli. Proc. Natl. Acad. Sci. U. S. A. 99, 4620–5 (2002). 



22 
 

11. Møller, T., Franch, T., Udesen, C., Gerdes, K. & Valentin-hansen, P. Spot 42 RNA mediates 
discoordinate expression of the E . coli galactose operon. 1696–1706 (2002). 
doi:10.1101/gad.231702.than 

12. Gottesman, S. et al. Small RNA regulators and the bacterial response to stress. Cold Spring Harb. 
Symp. Quant. Biol. 71, 1–11 (2006). 

13. Altuvia, S., Weinstein-Fischer, D., Zhang, a, Postow, L. & Storz, G. A small, stable RNA induced by 
oxidative stress: role as a pleiotropic regulator and antimutator. Cell 90, 43–53 (1997). 

14. Guillier, M. & Gottesman, S. Remodelling of the Escherichia coli outer membrane by two small 
regulatory RNAs. Mol. Microbiol. 59, 231–47 (2006). 

15. Bejerano-Sagie, M. & Xavier, K. B. The role of small RNAs in quorum sensing. Curr. Opin. 
Microbiol. 10, 189–198 (2007). 

16. Lenz, D. H., Miller, M. B., Zhu, J., Kulkarni, R. V & Bassler, B. L. CsrA and three redundant small 
RNAs regulate quorum sensing in Vibrio cholerae. Mol. Microbiol. 58, 1186–202 (2005). 

17. Schmidtke, C. et al. Small RNA sX13: A Multifaceted Regulator of Virulence in the Plant Pathogen 
Xanthomonas. PLoS Pathog. 9, e1003626 (2013). 

18. Wang, J. X., Lee, E. R., Morales, D. R., Lim, J. & Ronald, R. Riboswitches that Sense S-
adenosylhomocysteine and Activate Genes Involved in Coenzyme Recycling. Mol. Cell 29, 691–
702 (2009). 

19. Grundy, F. J. & Henkin, T. M. From ribosome to riboswitch: control of gene expression in bacteria 
by RNA structural rearrangements. Crit. Rev. Biochem. Mol. Biol. 41, 329–38 (2006). 

20. Suzuki, K., Babitzke, P., Kushner, S. R. & Romeo, T. Identification of a novel regulatory protein ( 
CsrD ) that targets the global regulatory RNAs CsrB and CsrC for degradation by RNase E. 2605–
2617 (2006). doi:10.1101/gad.1461606.repressed 

21. Brantl, S. Regulatory mechanisms employed by cis-encoded antisense RNAs. Curr. Opin. Microbiol. 
10, 102–9 (2007). 

22. Lenz, D. H. et al. The small RNA chaperone Hfq and multiple small RNAs control quorum sensing in 
Vibrio harveyi and Vibrio cholerae. Cell 118, 69–82 (2004). 

23. Morita, T. & Aiba, H. RNase E action at a distance: degradation of target mRNAs mediated by an 
Hfq-binding small RNA in bacteria. Genes Dev. 25, 294–298 (2011). 

24. Findeiß, S. Expanding the repertoire of bacterial ( non- ) coding RNAs. (2011). 

25. Wang, H. & Benham, C. J. Superhelical destabilization in regulatory regions of stress response 
genes. PLoS Comput. Biol. 4, e17 (2008). 



23 
 

26. Chen, S. et al. A bioinformatics based approach to discover small RNA genes in the Escherichia coli 
genome. Biosystems. 65, 157–77 (2002). 

27. Rivas, E. & Eddy, S. R. Noncoding RNA gene detection using comparative sequence analysis. BMC 
Bioinformatics 2, 8 (2001). 

28. Gruber, A. R., Findeiß, S., Washietl, S., Hofacker, I. L. & Stadler, P. F. RNAz 2.0: improved 
noncoding RNA detection. Pac. Symp. Biocomput. 79, 69–79 (2010). 

29. Herbig, A. & Nieselt, K. nocoRNAc: characterization of non-coding RNAs in prokaryotes. BMC 
Bioinformatics 12, 40 (2011). 

30. Salari, R. et al. smyRNA: a novel Ab initio ncRNA gene finder. PLoS One 4, e5433 (2009). 

31. Sharma, C. M. & Vogel, J. Experimental approaches for the discovery and characterization of 
regulatory small RNA. Curr. Opin. Microbiol. 12, 536–546 (2009). 

32. Liu, J. M. et al. Experimental discovery of sRNAs in Vibrio cholerae by direct cloning, 5S/tRNA 
depletion and parallel sequencing. Nucleic Acids Res. 37, e46 (2009). 

33. Schmidtke, C. et al. Genome-wide transcriptome analysis of the plant pathogen Xanthomonas 
identifies sRNAs with putative virulence functions. Nucleic Acids Res. 40, 2020–31 (2012). 

34. Kumar, R. et al. Identification of novel non-coding small RNAs from Streptococcus pneumoniae 
TIGR4 using high-resolution genome tiling arrays. BMC Genomics 11, 350 (2010). 

35. Chao, Y., Papenfort, K., Reinhardt, R., Sharma, C. M. & Vogel, J. An atlas of Hfq-bound transcripts 
reveals 3’ UTRs as a genomic reservoir of regulatory small RNAs. EMBO J. 31, 4005–19 (2012). 

36. Sonnleitner, E. et al. Detection of small RNAs in Pseudomonas aeruginosa by RNomics and 
structure-based bioinformatic tools. Microbiology 154, 3175–87 (2008). 

37. Swiercz, J. P. et al. Small non-coding RNAs in Streptomyces coelicolor. Nucleic Acids Res. 36, 
7240–51 (2008). 

38. Mizuno, T., Chou, M. Y. & Inouye, M. A unique mechanism regulating gene expression: 
translational inhibition by a complementary RNA transcript (micRNA). Proc. Natl. Acad. Sci. U. S. 
A. 81, 1966–70 (1984). 

39. Pellin, D., Miotto, P., Ambrosi, A., Cirillo, D. M. & Di Serio, C. A genome-wide identification 
analysis of small regulatory RNAs in Mycobacterium tuberculosis by RNA-Seq and conservation 
analysis. PLoS One 7, e32723 (2012). 

40. Gomez-Lozano, M., Marvig, R. L., Molin, S. & Long, K. S. Genome-wide identification of novel 
small RNAs in Pseudomonas aeruginosa. Env. Microbiol 14, 2006–2016 (2012). 



24 
 

41. Raghavan, R., Groisman, E. a & Ochman, H. Genome-wide detection of novel regulatory RNAs in 
E. coli. Genome Res. 21, 1487–97 (2011). 

42. An, S. et al. High-resolution transcriptional analysis of the regulatory influence of cell-to-cell 
signalling reveals novel genes that contribute to Xanthomonas phytopathogenesis. 88, 1058–1069 
(2013). 

43. Jiang, R. et al. Identification of four novel small non-coding RNAs from Xanthomonas campestris 
pathovar campestris. (2010). 

44. Liang, H. et al. Identification and functional characterization of small non-coding RNAs in 
Xanthomonas oryzae pathovar oryzae. BMC Genomics 12, 87 (2011). 

45. Büttner, D. & Bonas, U. Regulation and secretion of Xanthomonas virulence factors. FEMS 
Microbiol. Rev. 34, 107–33 (2010). 

46. Wengelnik K, Van den Ackerveken G, B. U. HrpG, a key hrp Regulatory Protein of Xanthomonas 
campestris pv. vesicatoria Is Homologous to Two-Component Response Regulators. (1996). 

47. Wengelnik, K. A. I. & Bonas, U. HrpXv , an AraC-type regulator , activates expression of five of the 
six loci in the hrp cluster of Xanthomonas campestris pv . These include : HrpXv , an AraC-Type 
Regulator , Activates Expression of Five of the Six Loci in the hrp Cluster of Xanthomonas. (1996). 

48. Barber, C. E. et al. A novel regulatory system required for pathogenicity of Xanthomonas 
campestris is mediated by a small diffusible signal molecule. Mol. Microbiol. 24, 555–66 (1997). 

49. Ryan, R. P. & Dow, J. M. Communication with a growing family: diffusible signal factor (DSF) 
signaling in bacteria. Trends Microbiol. 19, 145–52 (2011). 

50. Slater, H., Alvarez-Morales, a, Barber, C. E., Daniels, M. J. & Dow, J. M. A two-component system 
involving an HD-GYP domain protein links cell-cell signalling to pathogenicity gene expression in 
Xanthomonas campestris. Mol. Microbiol. 38, 986–1003 (2000). 

51. Mansfield, J. et al. Top 10 plant pathogenic bacteria in molecular plant pathology. Mol. Plant 
Pathol. 13, 614–29 (2012). 

52. Lozano, C. Cassava bacterial blight: a manageable disease. (1986). 

53. Wengelnik, K., Rossier, O. & Bonas, U. Mutations in the Regulatory Gene hrpG of Xanthomonas 
campestris pv . vesicatoria Result in Constitutive Expression of All hrp Genes Mutations in the 
Regulatory Gene hrpG of Xanthomonas campestris pv . vesicatoria Result in Constitutive 
Expression of All h. (1999). 

54. Restrepo, S., Duque, M. C. & Verdier, V. Characterization of pathotypes among isolates of 
Xanthomonas axonopodis pv. manihotis in Colombia. Plant Pathol. 49, 680–687 (2000). 



25 
 

55. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 9, 357–9 
(2012). 

56. Arrieta-Ortiz, M. L. et al. Genomic survey of pathogenicity determinants and VNTR markers in the 
cassava bacterial pathogen Xanthomonas axonopodis pv. Manihotis strain CIO151. PLoS One 8, 
e79704 (2013). 

57. Kim, D. et al. TopHat2: accurate alignment of transcriptomes in the presence of insertions, 
deletions and gene fusions. Genome Biol. 14, R36 (2013). 

58. Baren, J. Van, Salzberg, S. L., Wold, B. J. & Pachter, L. NIH Public Access. 28, 511–515 (2011). 

59. Thorvaldsdóttir, H., Robinson, J. T. & Mesirov, J. P. Integrative Genomics Viewer (IGV): high-
performance genomics data visualization and exploration. Brief. Bioinform. 14, 178–92 (2013). 

60. Burge, S. W. et al. Rfam 11.0: 10 years of RNA families. Nucleic Acids Res. 41, D226–32 (2013). 

61. Li, L., Huang, D., Cheung, M. K., Nong, W. & Huang, Q. BSRD : a repository for bacterial small 
regulatory RNA. 41, 233–238 (2013). 

62. Kingsford, C. L., Ayanbule, K. & Salzberg, S. L. Rapid, accurate, computational discovery of Rho-
independent transcription terminators illuminates their relationship to DNA uptake. Genome Biol. 
8, R22 (2007). 

63. Benham, C. & Bi, C. The Analysis of Stress-Induced Duplex Destabilization in Long Genomic DNA 
Sequences. 11, 519–543 (2004). 

64. Bonnet, E., Wuyts, J., Rouzé, P. & Van de Peer, Y. Evidence that microRNA precursors, unlike other 
non-coding RNAs, have lower folding free energies than random sequences. Bioinformatics 20, 
2911–7 (2004). 

65. Gruber, A. R., Lorenz, R., Bernhart, S. H., Neuböck, R. & Hofacker, I. L. The Vienna RNA websuite. 
Nucleic Acids Res. 36, W70–4 (2008). 

66. Conesa, A. et al. Blast2GO: a universal tool for annotation, visualization and analysis in functional 
genomics research. Bioinformatics 21, 3674–6 (2005). 

67. Khoo, J.-S., Chai, S.-F., Mohamed, R., Nathan, S. & Firdaus-Raih, M. Computational discovery and 
RT-PCR validation of novel Burkholderia conserved and Burkholderia pseudomallei unique sRNAs. 
BMC Genomics 13 Suppl 7, S13 (2012). 

68. Restrepo, M. Characterization of gene cluster rpf/DSF of Xanthomonas axonopodis pv. manihotis 
involved in quorum-sensing. Lab. Micol. y Fitopatol. Dep. Ciencias Biológicas, Univ. Los Andes, 
Bogotá D.C., Colomb. (2012). 



26 
 

69. Guo, Y., Figueiredo, F., Jones, J. & Wang, N. HrpG and HrpX play global roles in coordinating 
different virulence traits of Xanthomonas axonopodis pv. citri. Mol. Plant. Microbe. Interact. 24, 
649–661 (2011). 

70. Liu, W. et al. Transcriptome profiling of Xanthomonas campestris pv. campestris grown in minimal 
medium MMX and rich medium NYG. Res. Microbiol. 164, 466–79 (2013). 

71. Li, L. et al. BSRD: a repository for bacterial small regulatory RNA. Nucleic Acids Res. 41, D233–8 
(2013). 

72. Rodriguez-R, L. M. et al. Genomes-based phylogeny of the genus Xanthomonas. BMC Microbiol. 
12, 43 (2012). 

73. Sharma, V. & Patil, P. B. Resolving the phylogenetic and taxonomic relationship of Xanthomonas 
and Stenotrophomonas strains using complete rpoB gene sequence. PLoS Curr. 3, RRN1239 
(2011). 

74. Bobrovskyy, M. & Vanderpool, C. K. Regulation of Bacterial Metabolism by Small RNAs Using 
Diverse Mechanisms. 209–234 (2013). doi:10.1146/annurev-genet-111212-133445 

75. Schlüter, J. et al. A genome-wide survey of sRNAs in the symbiotic Sinorhizobium meliloti. (2010). 

76. Li, S., Dong, X. & Su, Z. Directional RNA-seq reveals highly complex condition-dependent 
transcriptomes in E . coli K12 through accurate full-length transcripts assembling. BMC Genomics 
14, 1 (2013). 

77. Backofen, R. & Hess, W. R. Computational prediction of sRNAs and their targets in bacteria. 33–42 
(2010). 

78. Levine, E. & Hwa, T. Small RNAs establish gene expression thresholds. Curr. Opin. Microbiol. 11, 
574–9 (2008). 

79. He, Y.-W., Boon, C., Zhou, L. & Zhang, L.-H. Co-regulation of Xanthomonas campestris virulence by 
quorum sensing and a novel two-component regulatory system RavS/RavR. Mol. Microbiol. 71, 
1464–76 (2009). 

80. Lautier, T. & Nasser, W. The DNA nucleoid-associated protein Fis co-ordinates the expression of 
the main virulence genes in the phytopathogenic bacterium Erwinia chrysanthemi. Mol. 
Microbiol. 66, 1474–90 (2007). 

81. Uziel, O., Borovok, I., Schreiber, R., Cohen, G. & Aharonowitz, Y. Transcriptional Regulation of the 
Staphylococcus aureus Thioredoxin and Thioredoxin Reductase Genes in Response to Oxygen and 
Disulfide Stress. 186, 326–334 (2004). 

82. Filenko, N. et al. The NsrR regulon of Escherichia coli K-12 includes genes encoding the hybrid 
cluster protein and the periplasmic, respiratory nitrite reductase. J. Bacteriol. 189, 4410–7 (2007). 



27 
 

83. Kirchberg, J., Büttner, D., Thiemer, B. & Sawers, R. G. Aconitase B is required for optimal growth 
of Xanthomonas campestris pv. vesicatoria in pepper plants. PLoS One 7, e34941 (2012). 

84. Torres, M. A., Jones, J. D. G. & Dangl, J. L. Reactive Oxygen Species Signaling in Response to 
Pathogens 1. 141, 373–378 (2006). 

85. Lopez, C. et al. Gene expression profile in response to Xanthomonas axonopodis pv. manihotis 
infection in cassava using a cDNA microarray. Plant Mol. Biol. 57, 393–410 (2005). 

86. Tu GF, Reid GE, Zhang JG, Moritz RL, S. R. C-terminal extension of truncated recombinant proteins 
in Escherichia coli with a 10Sa RNA decapeptide. J. biogical Chem. 270, 9322–9326 (1995). 

87. Lee, S. Y., Bailey, S. C. & Apirion, D. Small stable RNAs from Escherichia coli: evidence for the 
existence of new molecules and for a new ribonucleoprotein particle containing 6S RNA. J. 
Bacteriol. 133, 1015–23 (1978).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



28 
 

Tables and Figures 

 

 

 

 

 

 

Table 1. Strains, plasmids and recipient strains used in this study. 

Plasmid 

transformed 

Recipient 

strains 
Name strain/treatment Convention 

pBBR1-MCS5 (EV) Xam CIO151 Xam CIO151 pBBR1-MCS5 (EV) Xam CIO151 EV 

pBBR1-

MCS5::hrpG* 
Xam CIO151  Xam CIO151 pBBR1-MCS5::hrpGE44K 

Xam CIO151 

hrpG* 

pBBR1-MCS5 (EV) 
Xam CIO151 

ΔrpfCHG¥  
Xam CIO151 ΔrpfCHG pBBR1-MCS5 (EV) 

Xam CIO151 

ΔrpfCHG-EV 

¥ Deficient in DSF perception and signal transduction 68 
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Table 2. Primers designed on Trans-encode sRNA sequences, used for RT-PCR assays. 

  Fw Rv Product size (pb)* 

sRNAXam24 ACGATAGGCGTCTTCATTGG CATGCCCATCCAGATTTTGT 79 

sRNAXam32 TGTACTCGTGGTCAGCCAAG GGCCACTCTATGAGCTGGAG 150 

sRNAXam33 AACGCCACGATTTCATCTGT AAAGCCGAGCAACAAAAGAG 125 

sRNAXam45 GGTCATACGGGTCTCCATTG GCGCTTCATCTTTTGAGGAT 125 

*Corresponds to a fraction of the sRNA. 
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Table 3. I. Classification of each sRNA according to Trans-encoded or Cis-encoded antisense 

position. II. sRNAs found in each one of strains according to expression data shared between the 

two biological replicates. Genomic annotation according to Arrieta-Ortiz and collaborators 

(2013).  

 

 
Type Exp. Possible target 
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H
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1
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rp

G
* 

Genomic 
annotation 

Description  

sRNAXam1           xanmn_chr02_0139 aX21 

sRNAXam2           xanmn_chr02_0206 conserved hypothetical protein 

sRNAXam3           xanmn_chr03_0514 S-adenosyl-L-homocysteine hydrolase 

sRNAXam4           accA 
acetyl-CoA carboxylase carboxyltransferase 
subunit alpha 

sRNAXam5           frr ribosome-recycling factor 

sRNAXam6               

sRNAXam7           xanmn_chr04_0174 
putative rhomboid family, membrane 
protein 

sRNAXam8           xanmn_chr06_0070 
putative Poly(R)-hydroxyalkanoic acid 
synthase, PhaE subunit 

sRNAXam9           xanmn_chr10_0267 conserved hypothetical protein 

sRNAXam10           xanmn_chr10_0381 ABC transporter ATP-binding protein ATPase 

sRNAXam11           xanmn_chr11_0160 Probable inorganic pyrophosphatase 

sRNAXam12           trxA Thioredoxin 

sRNAXam13           xanmn_unk09_0008 putative secreted protein 

sRNAXam14           xanmn_chr03_0704 
Mechanosensitive ion channel MscS, 
membrane protein 

sRNAXam15           xanmn_chr04_0244 Hypothetical protein 

sRNAXam16           xanmn_chr06_0355 
Conserved hypothetical Stress-induced 
protein, motif KGG of YciG 

sRNAXam17           xanmn_chr13_0142 YciF stress protein 

sRNAXam18           xanmn_pla04_0040 conserved hypothetical protein 

sRNAXam19           xanmn_chr05_0082 
Enolase (component of the RNA 
degradosome) 

sRNAXam20           xanmn_chr04_0305 
NUDIX hydrolase family protein, DNA 
mismatch repair protein 
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sRNAXam21           xanmn_chr03_0710 
Peptidyl-prolyl cis-trans isomerase, 
cyclophilin-type  

sRNAXam22           xanmn_chr03_0803 
metal-binding, possibly nucleic acid-binding 
protein 

sRNAXam23           pyrH uridylate kinase 

sRNAXam24               

sRNAXam25           trxB1 thioredoxin-disulfide reductase 

sRNAXam26           pheT Phenylalanyl-tRNA synthetase beta chain 

sRNAXam27           xanmn_chr13_0053 Probable ATP synthase epsilon subunit 

sRNAXam28           xanmn_chr14_0074 conserved hypothetical protein 

sRNAXam29           xanmn_pla04_0007 hypothetical protein 

sRNAXam30 
          xanmn_unk05_0004 

Putative uncharacterized protein ATPase   
involved  in chromosome partitioning 

sRNAXam31           xanmn_unk10_0019 hypothetical protein 

sRNAXam32               

sRNAXam33               

sRNAXam34 

          xanmn_chr03_0166 

Signal transduction response regulator, 
Oxygen sensor diguanylate cyclase/c-di-GMP 
phosphodiesterase GGDEF domain/EAL 
domain 

sRNAXam35 
          xanmn_chr03_0195 

DNA-binding protein Fis,  transcriptional 
regulator 

sRNAXam36 
          xanmn_chr03_0822 

putative secreted protein.  Alpha-2- 
macroglobulin MG1 domain 

sRNAXam37           xanmn_chr09_0049 Putative secreted protein/Cupredoxin 

sRNAXam38           pilT Type IV pilus retraction protein PilT 

sRNAXam39           xanmn_chr01_0061 putative membrane protein 

sRNAXam40           xanmn_chr02_0217 putative membrane protein 

sRNAXam41 
          xanmn_chr03_0290 

Putative HTH-type transcriptional regulator 
Rrf2 

sRNAXam42           xanmn_chr03_0355 lipoprotein putative 

sRNAXam43 
          xanmn_chr04_0040 

Signal transduction histidine kinase, aerobic 
respiration control ArcB 

sRNAXam44 
          xanmn_chr04_0179 

Peptidyl-dipeptidase Peptidase M3A/M3B, 
thimet/oligopeptidase F 

sRNAXam45               

sRNAXam46           xanmn_chr05_0154 Addiction module antitoxin, Axe family 

sRNAXam47 
          rpfG 

regulatory protein involved in DSF signal 
transduction 

sRNAXam48           xanmn_chr10_0088 putative secreted protein 

sRNAXam49           leuD Aconitase/3-isopropylmalate dehydratase 

sRNAXam50           ompW OmpW family outer membrane protein 

sRNAXam51           leuA 2-isopropylmalate synthase 
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Table 4. sRNAs that were reported before in other bacteria. 

sRNAXam Name 
sRNA 

previously 
reported 

Bacteria with the 
highest similarity 

Conserved 
level 

Function Reference 

sRNAXam2 SRNAXcc-8 X. campestris pv. 
campestris 

 unknown 42 

sRNAXam3 SAH  Xanthomonas 
axonopodis pv. 
citri str. 306 

several 
Xanthomonas 

involved 
recycling 
SAM 
coenzymes 

18 

sRNAXam6 SsrA X. axonopodis pv. 
citri 

widely 
conserved 

tmRNA, 
involved in 
proteolysis 

86,87 

sRNAXam27 SmelC730 
 

Sinorhizobium 
meliloti 

 unknown 75 

sRNAXam31 C4 Stenotrophomona
s maltophilia 

widely 
conserved 

  

sRNAXam40 SRNAXcc-9 X. campestris pv. 
campestris 

 unknown 42 
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Figure 1. Bioinformatic pipeline implemented. I. Primary expression analysis. Treatment of raw 

sequences, cleaning, mapping and assembly analyses. II. Expression analysis. III. Selection of 

sRNAs. IV. Characterization of sRNAs and identification of possible targets of Cis-encode 

antisense sRNAs. 
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A.                                                                                     

 

B. 
 

 
    
C. 

 

D. 

 
 Figure 2. Assessment of the growth of strains used in this study in vitro and in planta. A-B In 

vitro growth curves were monitored by plate count (A) and absorbance at 600nm (B). NYG 

medium was employed and measures were taken every four hours per 24 hours. A. Plate count. 

Xam CIO151 hrpG*presents a lower growth than the other strains. B. The optical density of each 

culture was monitored. C. Evaluation of the lesion area percentage. For the aggressiveness 

assay, the area of an infected tissue 15 days post-inoculation was measured. Xam CIO151 EV 

and Xam CIO151 ΔrpfCHG-EV presented a lower aggressiveness than the wild type strain. All 

raw data present normal distribution according to Kolmogorov-Smirnov Test and statistically 

significant differences among the medias of the strains were not observed according to ANOVA 

and HSD Tukey Test. D. In planta growth curves were made to evaluate the virulence of each 

strain. CFU ml-1 were recovered from infected tissue from cassava susceptible cultivar MCOL-

2215 at cero, five and ten days post-inoculation. At 5 days all the strains presented a lower 

virulence compared to the wild type strain. All data present normal distribution according to 

Kolmogorov-Smirnov Test and statistically significant differences among the medias of the 

strains were not observed according to ANOVA Test. 
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Figure 3. The sRNAs found were classified according to their genomic context as: A. Trans-

encoded sRNAs. N= 5/51 B. Cis-encoded antisense sRNAs. N= 46/51. In orange: sRNA, in blue: 

candidate target gene and in green: another gene.  

 

 

 

 

 

 

 

 



36 
 

 

 

 

 

 

 

 

 

Figure 4. A total of 51 sRNAs were identified in the conditions assessed. Venn diagram 

illustrating the sRNAs found in the three strains analyzed, taking into account the regions 

present in both biological replicates for each strain. N=51.  
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Figure 5. The expression of three Trans-encoded sRNAs was confirmed through RT-PCR. The 

expected size for the PCR product of each one is: sRNAXam32 150 pb, sRNAXam33 125pb and 

sRNAXam45 125pb.  
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A.                                                                                  B.  

 

C. 

 

Figure 6. Characterization of sRNAs detected in this study. A. Size-frequency distribution of 

sRNAs detected in this study (N= 51,    = 213.3 nt). B. GC content frequency distribution of the 

sRNAs detected in this study (N=51,     61.1 %). C. Pie chart showing the presence or absence of 

two regulatory regions: stress-induced DNA duplex destabilization (SIDD) associated with 

promoter regions and Rho-independent terminators. The undefined portions corresponds to a 

subset of sRNAs that presented regulator without biological sense, for example a promoter in 

sense and a Rho –independent terminator in sense. 

21% 

57% 

6% 

12% 
4% Without promoter or Rho-indep.

Terminator
Promoter region present

Rho-indep. Terminator present

Promoter region and Rho-indep.
Terminator present
Undefined
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A. 
 

 
B.  

 

 

Figure 7. Secondary structure analysis.  A. The X axis shows minimum free energy (MFE) 

predicted frequency for each sRNA. The Y axis shows the probability of finding the 

corresponding MFE by chance between random MFE from sequence generated from the same 

sRNA. Blue line shows the MFE average (-82.4 kcal/mol). Green line shows the threshold 

selected for the probability (p<0,05). B. Secondary structure diagram for five sRNAs selected 

according to MFE and threshold probability. 
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 ∑
sRNAXam31 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
sRNAXam32 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

I sRNAXam34 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
sRNAXam24 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 2
sRNAXam18 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3
sRNAXam29 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6
sRNAXam17 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12

II sRNAXam26 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12
sRNAXam30 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 12
sRNAXam33 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 14
sRNAXam4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 15
sRNAXam5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 15

III sRNAXam40 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 1 0 0 0 0 0 0 0 15
sRNAXam15 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 16
sRNAXam37 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 16
sRNAXam41 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 16
sRNAXam27 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 0 0 0 0 0 0 1 0 1 1 1 0 17
sRNAXam36 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 1 1 0 0 0 0 0 18
sRNAXam42 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 0 0 0 0 18
sRNAXam49 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 0 0 1 0 0 0 0 19
sRNAXam45 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 20
sRNAXam46 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 0 0 0 21
sRNAXam48 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 21
sRNAXam13 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 22

IV sRNAXam20 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 22
sRNAXam25 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 22
sRNAXam39 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 22
sRNAXam2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 23

sRNAXam16 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 23
sRNAXam28 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 23
sRNAXam43 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 23
sRNAXam47 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 0 0 23
sRNAXam8 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 25

sRNAXam50 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 25
sRNAXam1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 26
sRNAXam3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 26
sRNAXam6 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 26
sRNAXam7 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 26

V sRNAXam9 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 26
sRNAXam10 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 26
sRNAXam12 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 26
sRNAXam14 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 26
sRNAXam19 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 26
sRNAXam21 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 26
sRNAXam23 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 26
sRNAXam35 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 26
sRNAXam44 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 26
sRNAXam51 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 26
sRNAXam11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 27

VI sRNAXam22 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 27
sRNAXam38 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 27

∑ 51 47 47 46 46 46 45 45 45 45 45 44 39 40 36 35 32 32 32 32 32 32 28 22 21 21 3
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Figure 8. Degree of conservation of the sRNAs detected in this study. Several Xanthomonas 

strains possess homologous regions to the sRNAs found in Xam. Homologs were defined taking 

into account identity (>60%), coverage (>70%) and e-value (<10-6). In blue: sRNAs previously 

reported in the databases; these were analyzed taking into account e-value (<10-6) and identity 

(>60%). In orange: sRNA reported in the databases which were analyzed with lower stringency, 

taking into account e-value (10-2 < e-value < 10-5) and identity (>60%). I – VI. Grouping according 

to conservation level of sRNAs between study strains. Order of strain from left to right is 

according of the number of sRNAs shared. On top, phylogenetic tree of the genus Xanthomonas 

based on the proposed by Rodríguez and collaborators 72, dotted line and not connected 

meaning species did not included in that one study.   
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Figure 9. Classification of biological processes where possible targets of Cis-encoded sRNAs 

found are involved according to GO Terms. Cutoff=2.0 

 

 

 

 

 


