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Shewanella spp. are Gram-negative rods widely disseminated in aquatic niches that can also be found in human-associated environments. In recent years, reports of infections caused by these bacteria have increased significantly. Mobilome and resistome analysis of a few species showed that they are versatile; however, comprehensive comparative studies in the genus are lacking. Here, we analyzed the genetic traits of 144 genomes from Shewanella spp. isolates focusing on the mobilome, resistome, and virulome to establish their evolutionary relationship and detect unique features based on their genome content and habitat. Shewanella spp. showed a great diversity of mobile genetic elements (MGEs), most of them associated with monophyletic lineages of clinical isolates. Furthermore, 79/144 genomes encoded at least one antimicrobial resistant gene with their highest occurrence in clinical-related lineages. CRISPR-Cas systems, which confer immunity against MGEs, were found in 41 genomes being I-E and I-F the more frequent ones. Virulome analysis showed that all Shewanella spp. encoded different virulence genes (motility, quorum sensing, biofilm, adherence, etc.) that may confer adaptive advantages for survival against hosts. Our data revealed that key accessory genes are frequently found in two major clinical-related groups, which encompass the opportunistic pathogens Shewanella algae and Shewanella xiamenensis together with several other species. This work highlights the evolutionary nature of Shewanella spp. genomes, capable of acquiring different key genetic traits that contribute to their adaptation to different niches and facilitate the emergence of more resistant and virulent isolates that impact directly on human and animal health.
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1. Introduction

In recent years, we have observed an increase in reports of infections caused by the pathogen Shewanella (Ng et al., 2022). Shewanella spp. are Gram-negative rods, widely disseminated in aquatic niches (mainly marine environments), sediments and soil, that can cause infections in humans. Most infections are attributed to a few Shewanella species that may cause skin and soft tissue infections, bacteriemia, hepatobiliary infections, otitis media, etc. (Sharma and Kalawat, 2010; Yousfi et al., 2017; Ng et al., 2022). Although most infection-related species were identified as Shewanella algae and Shewanella putrefaciens, in the last years the employment of molecular based-methods improved the identification of other pathogenic species, such as S. xiamenensis (Parmeciano Di Noto et al., 2016; Thorell et al., 2019; Huang et al., 2022). Furthermore, some Shewanella species can also cause infections in aquatic animals (e.g., S. algae) or coexist as symbionts or epibionts (e.g., Shewanella pealeana and Shewanella woodyi) (Hau and Gralnick, 2007; Janda and Abbott, 2014); while other species have shown to be important dissimilatory metal-reducing bacteria (Zhong et al., 2018). In order to thrive in each environment Shewanella spp. encode a plethora of genes that may contribute to their diversification and niche adaptation.

Previous studies with few isolates showed that this genus is capable of acquiring a wide variety of mobile elements, such as plasmids, prophages, group II (GII) introns, integrons, and integrative and conjugative elements (ICEs) (Pembroke and Piterina, 2006; Larouche and Roy, 2009; Quiroga and Centrón, 2009; Ramírez et al., 2010; Carattoli, 2013; Parmeciano Di Noto et al., 2016; Fang et al., 2018; Parmeciano Di Noto et al., 2019; Thorell et al., 2019; Huang et al., 2022). Recently, a comprehensive analysis of integron integrases reported that multiple horizontal genetic transfer (HGT) events were implicated in the emergence and spread of novel mobile integrons (Nuñez et al., 2022). Genome analyses have also led to the identification of a few resistance plasmids in Shewanella spp. isolates that participate in antimicrobial resistance (AMR) dissemination (Carattoli, 2013; Zago et al., 2020).

In the last decade Shewanella spp. have become more relevant due to its role as reservoir of AMR genes blaOXA–48 and qnrA, from which were most likely transferred to Enterobacteriaceae and other frequent human pathogens (Dabos et al., 2018; Tacão et al., 2018; Araújo et al., 2021). In addition, there has been an increase in reports on multidrug resistant (MDR) Shewanella spp. isolated from clinical samples (Ramírez et al., 2010; Di Noto et al., 2016; Almuzara et al., 2017). Few studies are limited and focused on the analysis of the accessory genome of Shewanella spp., particularly on the mobilome, resistome, and virulome of S. algae isolates (Deng et al., 2019; Wang et al., 2020; Huang et al., 2022), which encode beneficial genetic traits that contribute to its survival. Recently, Zhong et al. (2018) suggested that Shewanella spp. can acquire different mechanisms by HGT, in order to adapt to diverse environments.

In addition, the mobilome of S. algae and Shewanella baltica were further analyzed revealing the presence of strain-specific mobile genetic elements (MGEs) (Uhrynowski et al., 2019; Zago et al., 2020). Although these reports provided helpful information on the accessory genome of this genus, no studies have addressed an integrated analysis. Here, we performed an in-depth comparative study of the accessory genome focusing on the mobilome, resistome, and virulome. We found that infections caused by Shewanella spp. are not restricted to these two species, but virulence factors are distributed in two main lineages. Taken together, our results suggest that the genus Shewanella has the capability to evolve as a threat if correct identification and surveillance is not taken into consideration.



2. Materials and methods


2.1. Data retrieval and panmatrix analysis

Complete and draft genomes of Shewanella spp. available in Genbank until August 2019 were used in this work, resulting in 144 sequences (GCA and GCF accession numbers; Supplementary Table 1). Type-strains were included in this study and identified with a T in Figure 1 and Supplementary Figure 2. Orthologous genes were identified by the Get_homologues software (Contreras-Moreira and Vinuesa, 2013) using the OrthoMCL method. A minimum coverage of 75% and identity values of 40% were set as thresholds for blastp searches. GFF, FAA, and FNA files of all genomes used in this work are available at https://figshare.com/authors/QuirogaLab_IMPaM_UBA-CONICET_/14600396.
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FIGURE 1
Collapsed phylogenetic tree of Shewanella spp. Pairwise average nucleotide identity (ANI) was estimated for all genomes. Dotted horizontal lines (- - -) separate monophyletic groups; numbers above branches indicate bootstraps support; vertical gray and black lines show ANI values; letter T denotes type-strain isolates; black star (*) indicates species with marginal ANI values; horizontal triangles in branches depict collapsed lineages; letters A, B, and C indicate monophyletic and polyphyletic lineages; CG1 (clinical group 1) and CG2 (clinical group 2) represent monophyletic groups with 100% statistical node support containing clinical isolates; NCG (non-clinical group) encompasses remaining genomes. Alteromonadales genomes were used as outgroups.




2.2. Phylogenetic analysis

Amino acid sequences from orthologous genes were aligned using Clustal Omega v1.2.0 and concatenated using local developed scripts available at (https://github.com/LBC-Iriarte/Shewanella_genomics). The final dataset comprised 20,931 aligned positions. Model selection and phylogenetic analyses were done using IQ-Tree v1.6.12 (Nguyen et al., 2015), and support for the nodes was evaluated with the ultrafast bootstrap procedure.



2.3. Average nucleotide identity

Average nucleotide identity (ANI) with values equal or higher than 95% were assigned to the same species (Konstantinidis and Tiedje, 2005; Goris et al., 2007). The two-way ANI, reciprocal best hits-based comparison, was estimated using the ani.rb script (Supplementary Table 2).



2.4. Accessory genome analysis

We used the identification of the rep gene for plasmid detection as described previously (Cameranesi et al., 2017). The similarity search was done using tblastn, blastp, and psi-blast, selecting reference replicase genes of plasmids reported in Shewanella spp. genomes as query (Supplementary Table 3). Rep sequences were employed for multiple sequence alignment with ClustalW in MEGA X (Kumar et al., 2018) and tree construction as described above. Replicases from other genera and incompatibility groups were included in the analysis. In addition, blastn searches with complete plasmid sequences were also used as queries against our dataset.

Insertion sequences (ISs) were identified using VRprofile 2.0 (Li et al., 2018) and ISFinder (Siguier, 2006). Putative ISs were classified as: (i) “complete ISs” to those that have a full-length sequence, a score >1,000, identity >90%, and an H-value >0.9, (ii) “IS-like elements” to those with a score <1,000, identity between 90 and 80%, and H-value between 0.9 and 0.8, and (iii) “IS pseudogenes” to those with a score <1,000, identity <80%, and H-value <0.8. Only complete ISs and IS-like elements were included in our analyses (Li et al., 2018).

Mobile integrons were detected using blastp with integrase sequences IntI1 (ADW78905.1), IntI2 (ADH82153.1), IntI3 (AAO32355.1), IntI4 (AAD53319.1), and IntI5 (AAD55407.2) as queries. Candidates with an identity value above 95% were further considered. Classification of integrons was done based on the INTEGRALL database (Moura et al., 2009).

Group II introns were detected by blastp using a reference maturase sequence (AAL51020.1) as a query following previous published proceedings (Quiroga and Centrón, 2009). Candidate maturases having an identity value >45% and the characteristic YADD motif in their sequences were included in the study.

Genomic islands (GIs) were detected using Islandviewer 4 (Bertelli et al., 2017) and AlienHunter V.1.7-10 (Vernikos and Parkhill, 2006) softwares.

Identification of prophages was done using the program PHASTER (Arndt et al., 2016). Putative phages with score >70 were included in the analysis, and classified as intact or questionable elements.

Integrative and conjugative elements from the SXT/R391 family were identified by means of blastn, using the gene traV (accession number LGYY01000082.1) from S. xiamenensis Sh95 as query. Sequences with nucleotide identity >95% and coverage >95% were included in the analysis. The presence of full-length ICE structure was also verified by blastn. Artemis Comparison Tool (ACT) (Carver et al., 2005) was used for the analysis of all GIs and the identification of the respective genetic locus.

CRISPRCasFinder (Couvin et al., 2018) was used to detect CRISPR (clustered regularly interspaced short palindromic repeats) arrays and Cas proteins. Curation of CRISPR-Cas types was done following a previously implemented criteria (Makarova et al., 2020).

Antimicrobial resistance genes were detected using ResFinder 4.1 (Bortolaia et al., 2020) and the RGI (Resistance Gene Identifier) (Alcock et al., 2020) tool from CARD (The Comprehensive Antibiotic Resistance Database) with their respective default parameters.

Virulome was obtained by searching for virulence factor genes using the tool VFanalyzer from VFDB (Liu et al., 2022) with default parameters. Since there is no database for the genus Shewanella, we compared genomes against Pseudomonas and Vibrio spp. virulence factor databases, which can cause infection in humans and also thrive in aquatic niches.



2.5. GO term enrichment analysis

Functional annotation of Shewanella spp. genomes was carried out by eggNOG-mapper v2 using the Diamond search mode (Cantalapiedra et al., 2021). An e-value <0.001, protein sequence identity >30%, and a query coverage >70% were set as the threshold for homology searches. To perform the Gene-Set Enrichment Analysis (GSEA), we constructed a presence-absence matrix of all the Gene Ontology (GO) terms present in the genus. Then, the Fisher’s exact test was applied to identify significantly enriched functional terms (p–value <0.05) in the “clinical” groups (CGs) respective to the “non-clinical” group (NCG) (Supplementary Table 4). CGs were independently compared to each other and against the NCG (Supplementary Tables 5, 6). The Fisher test was performed using the “stats” package from the R core team. The GO term annotations of genes were handled using GOATOOLS (Klopfenstein et al., 2018; Supplementary Tables 7, 8). For each enrichment test the phi-coefficient of correlation was calculated. In order to support the functional annotation, blastp searches against the original genome database were done using genes annotated within significantly overrepresented functional terms as queries (Supplementary Table 8). The phylogenetic distribution study and sequence analysis of homologous genes in CGs and NCG were done. A blastp search was performed against PROSITE (Sigrist et al., 2012) and PFam v. 35.0 databases (Mistry et al., 2021) to assess the presence of conserved protein motifs. The workflow of this section is shown in Supplementary Figure 1. Script is available at https://github.com/LBC-Iriarte/Shewanella_genomics.




3. Results


3.1. Characterization of Shewanella lineages

Our dataset comprised 144 genomes from Shewanella spp. isolates recovered from different niches. Their evolutionary relationship was established based on a maximum likelihood phylogenetic tree analysis of 78 concatenated orthologous genes. Using ANI values (Supplementary Table 2) and known type-strains as reference, we identified several species distributed in polyphyletic and monophyletic groups, which were consistent with a previous report that recommended the revision of Shewanella’s taxonomy (Figure 1 and Supplementary Figure 2; Thorell et al., 2019). Species assignment revealed marginally significant ANI values (94% < ANI < 96%) for the cluster encompassing strains MR-7, MR-4, BC20, SA70, NCTC12093, JAB-1, ANA-3, and Shew256 (Supplementary Table 2, Figures 1, and Supplementary Figure 2, Cluster B, marked with a star [*]). This result suggests that a speciation process is most likely in progress, thus, the definition of species in this group based on whole genome sequence comparison may improve once including additional genomes. Revision of the species classification revealed that three strains previously identified as S. putrefaciens (SA70, NCTC12093, and 97) were not grouped in the corresponding lineage, thus we suggest renaming them as indicated in Table 1. Furthermore, we propose a re-assignation of strains Shewanella. sp. FDAARGOS 354, LC6, LC2, Shewanella oneidensis S2 and POL2, to S. xiamenensis; and, strains CG_18_big_fil_WC_8_21_14_2_50_42_11, CG_4_9_14 _0_8_um_filter_42_14, CG_4_10_14_0_8_um_filter_42_13, and CG_4_10_14_3_umfilter_42_91 to Shewanella vesiculosa (Table 1).


TABLE 1    Re-assignment of Shewanella spp. strains.
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Our analysis showed that infections caused by Shewanella species are not restricted to S. algae (Supplementary Figure 2). Accordingly, the group comprising Cluster B and lineages Shewanella decolorationis and S. xiamenensis contain isolates recovered from clinical samples responsible for causing skin and soft-tissue infections, biliary tract infections, peritonitis, and ocular infections (Supplementary Figure 2). Noteworthy, after revision and reassignment of species from our dataset based on the phylogenomics and ANI analyses, we observed that S. putrefaciens isolates were recovered from either environmental niches, animal-host, oil production or effluents, and none of them were responsible for human-associated infections. This suggests that S. putrefaciens strains have been misidentified and overestimated as an opportunistic pathogen. Further studies are necessary to confirm whether S. putrefaciens is truly responsible for causing infections in humans.



3.2. Mobilome analysis of Shewanella genomes


3.2.1. Circulating plasmids among Shewanella spp.

Shewanella harbors a wide variety of MGEs such as plasmids, IS, transposons, phages, ICE, among others (Figure 2). In order to identify plasmids in the analyzed genomes, we looked for previously identified Rep sequences (Supplementary Table 2). We observed that several species contained one or more plasmids in their genome (42/144; Supplementary Figure 2 and Supplementary Table 9). The estimated plasmid size ranged from a few kb (∼4.9 kb; NZ_CM009108.1) to up to ∼355 kp (NZ_CP043903.1), with 10 plasmids with a size above 100 kb.
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FIGURE 2
Mobile genetic elements detected in Shewanella spp. from different niches. Number of MGE types detected in each genome: GII introns (group II introns); IS families (insertion sequence families) listed in Supplementary Table 10; IntI: mobile class 1 integrons; ICE (integrative and conjugative elements); prophage regions with intact and questionable scores listed in Supplementary Table 11; plasmids listed in Supplementary Table 9.


Eleven genomes contained more than two plasmids (Supplementary Table 9). Cluster B and lineages S. decolorationis and S. xiamenensis showed the higher occurrence with up to two plasmids in each genome. Although previous studies reported up to four plasmids in S. baltica lineage (Brettar et al., 2001; Vogel et al., 2005; Caro-Quintero et al., 2012), we identified their respective replicases in only a few of them.

The replicase phylogenetic tree showed that identified plasmids belong to different incompatibility groups (Figure 3). Several replicases found in Shewanella plasmids were closely related to IncA/C, IncX, and IncP (Figure 3), commonly found in Pseudomonas spp. and Enterobacteriaceae isolated from clinical samples (Carattoli, 2013). Plasmids like pSx1 (IncP) and pSHE-CTX-M (IncA/C) may be capable of replicating in those bacteria. These incompatibility groups are known for harboring antimicrobial resistance genes (ARG), reflecting their participation in the AMR evolution and the potential ability of Shewanella to acquire new determinants.
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FIGURE 3
Phylogenetic tree of replicases found in Shewanella spp. genomes. The maximum likelihood tree was constructed using IQ-TREE v1.6.12 with 1,000 bootstraps. Numbers above branches indicate bootstrap support (%). Branches in red contain plasmids related to IncX incompatibility group, branches in blue contain plasmids related to the IncA/C group, branches in yellow contain plasmids related to IncP group, branches in green and purple comprise independent clusters of unknown replicases, and black branches depict known replicases.


The remaining replicases, which clustered together in two groups (Figure 3), are encoded in plasmids spread among different Shewanella lineages, i.e., plasmids pKC-Na-R1 from S. algae, pSBAL11701 from S. baltica, and pSX1_LC6 from S. xiamenensis. This phylogenetic patchy distribution was also observed in Shewanella plasmids related to IncA/C and IncX groups (Figure 3).

When we analyzed the incidence of plasmids based on their source, we observed that almost half of the human-related isolates (from clinical samples, other impacted areas, or hospital environments) contained at least one of these elements (10/23; 43.47%) (Figure 2 and Supplementary Tables 1, 9). Conversely, fewer plasmids were found in genomes from animal host-bacteria (8/33; 24.24%) and from aquatic or sediment niches (23/82; 28.05%).

Taken together, our results showed that there is a high versatility and variability of plasmids circulating in Shewanella species, which are widely spread among the different phylogenetic groups. Their close relationship with plasmids circulating in clinical isolates suggest a probable genetic exchange that may contribute to the evolution of Shewanella genomes and the acquisition of selected traits.



3.2.2. Insertion sequences encoded in Shewanella spp. genomes

We searched for known ISs in Shewanella spp. genomes using freely available data. We detected 19 IS families and 178 different ISs (Supplementary Table 10). The most frequent ISs found in Shewanella genomes belonged to families IS3 (ISSba4: n = 24; ISSba5: n = 20), IS4 (ISSba6: n = 25), IS110 (ISSod19: n = 23), and IS982 (ISSod20: n = 21) (Supplementary Figure 3A and Supplementary Table 10). The analysis of the occurrence of IS families (ISfam) among lineages showed a higher incidence in S. xiamenensis (n = 5–9 ISfam/genome), S. putrefaciens (n = 4–12 ISfam/genome), and S. baltica (n = 4–12 ISfam/genome; except for strain UBA8873 with only 2 IS families), and in Cluster B (n = 3–9 ISfam/genome) (Figure 4). Since these species are closely related, it is possible to assume that similar cellular factors contribute to IS activity and dissemination in their genomes.
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FIGURE 4
Insertion sequence families found in Shewanella spp. genomes. Genomes (n = 144) were sorted according to the phylogenetic tree. Vertical dotted lines separate the different lineages and clusters. Y-axis depicts the number of non-redundant ISs (n = 178) found in Shewanella spp. genomes. Colored bars represent each IS family (n = 19); each family can have >1 IS (Supplementary Table 10).


We found that four genomes contained more than 100 ISs (including identical copies), and most of them belonged to the S. baltica lineage (Supplementary Table 10). S. baltica OS117, S. oneidensis MR-1, and S. baltica OS155 had the highest number of ISs with 124, 121, and 120 elements, respectively (Supplementary Table 10). Sixteen genomes did not show complete IS or IS-like elements; since 14 of them were draft sequences, this may explain their absence. Moreover, we did not observe a difference in the number of ISfam/genome among the different niches (Supplementary Figure 3B). This suggests that there may not be an association between the source of an isolate and the spread of these elements (Supplementary Table 10). In addition, we did not find an association between plasmid presence and IS incidence.



3.2.3. Mobile integrons and group II introns found in Shewanella spp. genomes

A recent work showed the diversity of integron integrases in the genus (Nuñez et al., 2022). We focused the analysis on our dataset where we found the intI1 integrase gene in eight genomes (Supplementary Figure 2). Analysis of the genetic content of those class 1 integrons revealed different cassette arrays and MGE associations. Strain S. baltica CW2 had a complex class 1 integron in the chromosome. Strain KC-Na-R1 contained two integrons located in plasmid pKC-Na-R1: In469 (Zhu et al., 2020) and a class 1 integron which harbors a similar variable region reported in In622 (Supplementary Figure 4). The structure of the integron In622 was consistent with a complex class 1 integron, since it had a second variable region with the qnrA gene. Strain S. xiamenensis T17 harbored three class 1 integrons embedded in Tn6297 transposon in plasmid pSx1, which corresponded to In27-like, In1357, and a complex class 1 integron (In4-like) (Yousfi et al., 2017). Three other genomes contained a single integron carrying aadA2 gene cassette (strains LC2, LC6, and ALD9), whereas strain Shew256 had a gene cassette array consisting of arr3-dfrA27-aadA16 (Almuzara et al., 2017; Supplementary Figure 4). Furthermore, strain LC6 contained a class 1 integron within plasmid pSX1_LC6, which shared 99.98% with a contig that had the class 1 integron from strain LC2 (VFSJ01000026.1), suggesting that both isolates harbored a similar plasmid. Regarding the intI9-like gene, aside from the previously reported integron in S. xiamenensis Sh95 (Parmeciano Di Noto et al., 2016), no other genome encoded this genetic element.

With regards to the source of bacteria that host these class 1 integrons, we did not find any correlation. These integrons were found either in clinical samples (n = 1), hospital environments (n = 2), effluents (n = 3), aquatic animal hosts (n = 1), or aquatic niches (n = 1) (Figure 2). The limited distribution of integrons and their location in MGEs reflects their acquisition by HGT events; however, further analyses are necessary to identify the platforms involved in their dissemination.

Previous studies have shown the incidence of group II (GII) introns in Shewanella genomes (Quiroga and Centrón, 2009). Thus, we looked for this MGE using the typical maturase sequence with blastp. As result, we found that 42/144 (29.16%) genomes contained a GII intron (Supplementary Figure 2). These retroelements were distributed in all lineages, with a higher incidence in some of them, e.g., S. xiamenensis and S. baltica (Supplementary Figure 2). The occurrence of GII introns based on the niche shows that these elements were found in 31 samples from environmental or animal-associated niches (73.81%), 10 in human-related niches (23.81%), and 3 in bacteria of unknown origin. Noteworthy, a subclass of GII introns, identified as class C-attC, can invade the gene cassettes of integrons at the attC sites (Quiroga et al., 2008), which may contribute in their occurrence among human-associated Shewanella spp. isolates. Accordingly, class 1 integrons from strains CW2 and KC-Na-R1 contained these ribozymes inserted within their respective variable regions (Supplementary Figure 4).



3.2.4. Prophages, SXT/R391 ICEs, and other genomic islands present in Shewanella spp.

Detection of prophages showed that almost all genomes contained, either the complete element (n = 36), partial regions (n = 20), or phage-related proteins (n = 80) (Supplementary Table 11). While most genomes contained one or two copies of intact or partial prophages, we found all six intact prophages in S. oneidensis MR-1 previously reported (Rodionov et al., 2011). Complete and partial prophages were found in all lineages (Supplementary Figure 2), which indicates that there is no correlation between the distribution of these elements and specific Shewanella spp. Taking into account the source of each isolate, we assessed their incidence, ranging from 40 to 47%, which indicates a similar occurrence of prophages in Shewanella strains from different habitats.

On the other hand, we searched for ICEs from the SXT/R391 family since they have been previously reported in this genus (Pembroke and Piterina, 2006; Parmeciano Di Noto et al., 2016, 2019; Fang et al., 2018). We found that only 15 genomes contained these elements. These ICEs were found in clinical and environmental samples alike, showing no direct bias toward their source nor with any specific lineage (Figure 2 and Supplementary Figure 2). These platforms carried all necessary core genes (i.e., tra and set operons, and int/xis and bet/exo modules) for their activity and dissemination to other bacterial hosts (Parmeciano Di Noto et al., 2016). A significant diversity among the variable regions or hotspots of these ICE were found, except for strains S. xiamenensis LC6 and LC2, and S. vesiculosa CG18, CG4_9_14_0_8, CG4_10_14_0_8, and CG4_10_14_3. We noted that the last three strains form a monophyletic group with ANI values >99.95% (Supplementary Figure 2). The insertion of ICE SXT/R391 in Shewanella spp. occurred at the prfC gene, except for strain Sh95 which was found at the pabA locus as a result of encoding a unique int/xis module (Parmeciano Di Noto et al., 2016).

Last, we did an exploratory analysis of the remaining identified GIs focusing solely on complete genomes to avoid a misidentification due to partial sequences. Shewanella spp. genomes contained several islands with sizes larger than 10 kb and spanning up to 100 kb. On average, members of this genus have 14 GIs (ranging from 3 to 27; Supplementary Figure 2) comprising repair/recombination/partitioning genes (xerC, par, and radC), virulence genes (pil, flp, fli, flg, and hly), and TA systems (relE/parE, hicA/hicB, and doc/phD), suggesting that they may correspond to pathogenicity islands with a potential transferability. Further analyses are necessary to define their function.




3.3. CRISPR-Cas systems in Shewanella spp. genomes

Among the islands detected in our research we found several CRISPR-Cas systems, thus we expanded our analysis and search for these defense elements. We evaluated their occurrence in this genus and we were able to identify four types of CRISPR-Cas systems: I-E, I-F, III-B, and VI-A, in 41 genomes, each with their respective cas operon (Supplementary Figure 2 and Supplementary Table 12). The most frequent system (27/41; 65.85%) corresponded to the I-F type and, although its distribution was scattered in all lineages, most of them were found in S. algae and S. putrefaciens. Among I-F systems we found two variants: the variant I-F1 that carries all cas genes, and the smaller variant I-F2, which lacks cas8f gene (Makarova et al., 2020). Type I-E system was found in nine genomes (21.95%) in different lineages, whereas type III-B was only found in three S. xiamenensis strains, in S. putrefaciens 200 and in S. baltica OS625. A single type VI-A system was detected in this dataset (Shewanella japonica P1-14-1). While all genomes in our dataset contained one operon cas system with its respective arrays, S. putrefaciens 200 had two CRISPR-Cas systems: III-B and I-F2 types (Supplementary Table 12). On the other hand, we also observed a heterogeneous distribution of I-F, I-E, and III-B systems in all niches (Figure 5).
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FIGURE 5
CRISPR-Cas systems identified in Shewanella spp. genomes from different niches. CRISPR-Cas systems were depicted according to the source of each strain. Colored bars represent each subtype (I-E, I-F1, I-F2, III-B, and VI-A) (Supplementary Table 12).


Regarding the CRISPR arrays associated with each cas operon, we found that 34 (82.93%) systems contained a single array and most of them have a significant number of CRISPRs. Type I-F arrays contained up to 153 CRISPRs, type I-E from 1 to 143, and type III-B up to 37. No arrays were found associated with the type VI-A system. On average, type I-F systems had 51 CRISPRs with a median of 43. S. xiamenensis Sh95 (n = 153) contained the maximum number of CRISPRs in a type I-F1 system (Supplementary Figure 2). Type I-E systems had on average 40.55 CRISPRs (median of 40.5) and the genome with the largest number of arrays corresponded to Shewanella sp. CG12 big_fil_rev_8_21_14_0_65_47_15 (n = 143). Type III-B had on average 31 CRISPR arrays. It is possible to assume that CRISPR-Cas systems carrying arrays with >40 CRISPRs are active defense systems capable of adaptation upon further invasions. We also found arrays distant from the cas operon that can also contribute to the host defense machinery (data not shown). Overall, the incidence of complete CRISPR-Cas systems in this genus is 28.47%, where almost all bacteria harboring these defense mechanisms carry the cas genes with at least one array in the vicinity. In addition, we did not observe a definitive association with a specific niche nor species.



3.4. Resistome analysis of Shewanella spp.

Seventy-nine out of 144 genomes (54.86%) encoded at least one ARG susceptible to HGT (Figure 6 and Supplementary Table 13). Most bacteria carrying these genes were isolated from aquatic niches or sediments (n = 37); however, bacteria carrying resistance genes were also recovered from clinical samples (n = 8), human-related niches (n = 13; hospital and other environments), or different animal hosts (n = 16). Bacteria isolated from hospital environments showed the highest accumulation of ARGs, reaching up to 19 resistance determinants in S. xiamenensis T17 which was recovered from a nosocomial effluent in Algeria (Supplementary Tables 1, 13). Furthermore, 11 genomes encoded 3 or more different resistance mechanisms resulting in multidrug or extensively drug resistant bacteria (Supplementary Table 13, marked with an asterisk). Among them, eight bacteria were isolated from human-related sources, whereas two were recovered from marine animals and one from the sea ice near Alaska.


[image: image]

FIGURE 6
ARGs found in Shewanella spp. genomes from different niches. AMR genes were depicted according to the source of each strain. nr-ARG represents non-redundant ARM genes in genomes. Colored gradient depicts the range of genes encoded in each genome (Supplementary Table 13).


Incidence of ARGs was highest in S. algae, S. xiamenensis, and in Cluster B, where all members encoded at least one resistance mechanism (Supplementary Figure 2 and Supplementary Table 13). In this regard, it has been previously reported the association of blaOXA–48 and blaOXA–55 variants with S. xiamenensis and S. algae, respectively (Tacão et al., 2018; Ohama et al., 2021). Our global analysis was consistent with this report. All isolates from the monophyletic group spanning from Cluster B to S. xiamenensis lineage possessed variants of the carbapenem resistant gene blaOXA–48, whereas blaOXA–55-like genes were only found in S. algae. However, recent revision of the OXA classification (Naas et al., 2017) showed that there were 11 OXA-48 variants, whereas the OXA-55 variants corresponded to OXA-729. In addition, the recently reported beta-lactamase gene blaOXA–900 (Frenk et al., 2021) was detected in all genomes from the S. putrefaciens lineage showing a probable species-specific association similar to those reported for variants OXA-48-like and OXA-55-like.

Our analysis also confirmed the association between the lineage S. algae and the quinolone resistance determinant qnrA (Araújo et al., 2021). All S. algae genomes contained a variant confirming this lineage acts as a gene reservoir. Moreover, three other isolates, Shewanella sp. SA70, Shewanella sp. Shew256, and S. xiamenensis T17, encoded other qnr determinants. Strain SA70 contained a qnrA1 variant in a complex class 1 integron (In1080) and a qnrVC1 gene in its chromosome (Supplementary Table 13 and Supplementary Figure 4). On the other hand, variant qnrVC6 was detected in the clinical sample Shewanella sp. Shew256, and in S. xiamenensis T17 that was recovered from hospital settings. On the contrary, qnrVC variants were found embedded in MGEs in human related-MDR bacteria, which indicates that HGT may have been involved in their dissemination. We thus suggest that while some specific Shewanella spp. are reservoirs of resistance determinants, others may adapt and acquire homologous genes in order to survive in the environment.

Furthermore, plasmid-mediated colistin-resistant genes (mcr) were reported previously in this genus (Zhang et al., 2019a). Only five of them encoded the colistin resistant determinant mcr-4.3: 3 strains from the S. vesiculosa lineage, 1 strain from the Shewanella frigidimarina lineage and in the isolate Shewanella sp. SNU WT4. We did not find an association among these genes and a specific lineage or plasmid. Since these genes were not conserved in any lineage, further studies are necessary to determine the role of this bacterium as a possible mcr reservoir.

Other ARGs that confer resistance to aminoglycosides (aac and aph), sulfonamides (sul2), tetracyclines (tetA, tetD, and tetG), chloramphenicol (floR, cmx, and catB11), and other beta-lactams (blaSLB–1, blaSFB–1, blaCARB3, and blaCTX–M–15), were found in a few genomes (Supplementary Table 13). Noteworthy, the clinical isolate Shewanella bicestrii JAB-1 encoded 10 ARGs, most of them harbored in the plasmid pSHE-CTX-M where they were adjacent to or nearby different ISs (Jousset et al., 2018).



3.5. Virulome analysis of Shewanella spp.

To date, the virulome of the genus Shewanella has not been fully characterized. In order to identify their virulence genes, we recovered the data using Pseudomonas and Vibrio databases, which can thrive in aquatic niches and cause infection in humans. We obtained 360 putative genes encoding for fimbriae, hemolysins, flagella, secretion systems, autoinducers, toxins, adhesins, siderophores, capsule, among others (Supplementary Table 14 and Supplementary Figure 5), with an average of 106 candidate genes per genome. Most bacteria contained genes for chemotaxis/motility, LPS and capsule synthesis, type IV pilus, biofilm formation, quorum sensing, pyoverdine receptors, iron transporter, heme biosynthesis, EPS T2SS, phytotoxin, and hlyA toxin.

Whereas we did not observe an association between Shewanella spp. clinical isolates and a specific group of virulence factors analyzed, we noticed a correlation between the VAS T6SS and the S. algae lineage (Supplementary Figure 5). This system was present in almost all S. algae genomes and a few isolates from Cluster A, which were recovered from different sources (Supplementary Table 14). In addition, T3SS genes were detected in seven genomes from strains isolated either from aquatic niches, sediments, or marine animals, evidencing a lack of correlation of the secretion systems with the host source.

Furthermore, several genes showed a higher incidence in specific lineages, such as irgA (iron-regulated adhesin), lasB (elastase), and zmp1 (Zn-metalloprotease) homologs, which were detected mostly in S. algae and S. xiamenensis. We also observed that a few isolates from a variety of sources encoded the invasin IbeB, which participates in cell invasion. Taken together our analysis suggests that all Shewanella species encode different virulence traits that may help them to thrive and adapt to different environments and hosts. Notwithstanding, the T6SSs may be a key virulence system that contributes to S. algae virulence.



3.6. Functional enrichment test and paralogs genes associated with clinical lineages


3.6.1. Functional terms significantly over and under-represented within clinical groups

Strategies based on the detection of conserved virulence genes led to the identification of a few candidates that may explain the pathogenicity of Shewanella spp. Although this approach provided useful information, we also used an alternative strategy based on GSEA, which resulted in the recognition of functional GO terms and its associated genes that may be involved in their virulence (Supplementary Figure 1). We defined two lineages that contained all isolates that cause infection in humans: “clinical group 1” (CG1) and “clinical group 2” (CG2) (Supplementary Figure 2). Not all the isolates within those two groups were clinical nor human-related samples but both CGs were the more inclusive and statistically supported monophyletic groups containing clinical isolates (Figure 1 and Supplementary Figure 2). A total of 374 functional GO terms were found enriched in the CGs vs. NCG (non-clinical group, which encompasses the remaining lineages) (Supplementary Table 4). Independent comparison of each CG against NCG resulted in 331 and 273 terms enriched in the CG1 and CG2, respectively (Supplementary Tables 5, 6). CG1 and CG2 shared 189 GO terms, which could indicate a convergent evolution. Several GO terms were associated with virulence, which included genes associated with motility (ycdX, yeaJ, and cheA), iron metabolism (ftnA, hmuR, and tuf), processes associated with oxygen free radicals (katG), cobalamin biosynthesis (cobS), T6SS (vgrG1), T2SS (gpsK), and polyamines (speCEG and potE) (Supplementary Tables 7, 8). Some functional GO terms associated with AMR were also enriched in CGs. Linked to those terms we identify a few genes, such as, ampC (beta-lactams), emrE (aminoglycosides and aromatic compounds efflux pump), folM (trimethoprim-sulfamethoxazole), folX (trimethoprim-sulfamethoxazole), nagA (chloramphenicol), nfnB (nitrofuran and nitrofurantoin), and rfbC (antimicrobial peptides). These results show that this approach complements previous data and contributes to the search for virulence and ARGs.



3.6.2. Paralogous genes associated with the clinical niche

The GSEA analysis led us to identify the presence of two copies of katG in 44 genomes: 14 in CG1, 20 in CG2, and 10 in NCGs. Sequence analysis of both genes (katG_1 and katG_2) showed an average of 56% identity and 95% coverage at the amino acid level, with the highest conservation within the CGs. Since both genes had the same protein family profiles, we were able to infer that they carried on similar functions (Supplementary Figure 6A, in blue). The analysis of their distribution showed that katG_1 was encoded in almost all CG1 and CG2 genomes and in a few NCG genomes, whereas katG_2 showed a wider distribution in the genus (Supplementary Table 8 and Supplementary Figure 6B).

Manual inspection of enriched GO terms led us to identify four other highly diverged paralogs genes (amino acid identity ranging from 30 to 45%) that shared the same conserved functional domain. These genes corresponded to cysQ, hemB, kefB, and modA (Supplementary Figure 7). The phylogenetic distribution of these genes in CG1, CG2, and NCG showed that in all cases, one homologous gene of hemB, kefB, and modA was significantly more frequent in the CGs, while the other copy was widely distributed in the genus. On the other hand, the cysQ gene belonged to a functional GO term enriched in CG genomes, but the frequency of both paralogs was also high in NCG genomes (Supplementary Tables 7, 8).





4. Discussion

Shewanella genus has a versatile and diverse accessory genome that contributes to its adaptation and survival to different niches. This genus showed a wide variety of genes related to the mobilome, the virulome, and the resistome scattered heterogeneously throughout all lineages and habitats. In-depth analysis of these genetic traits in a large set of genomes from a wide variety of species proceeding from different niches revealed a few associations that may provide new insights into the pathogenicity and evolution of Shewanella.

Shewanella mobilome consists of various MGEs widely distributed along all lineages. The comparative analysis of lineages with more representation in each cluster, such as S. algae, S. xiamenensis, and S. baltica, reflected the MGE diversity within species and the plastic nature of the Shewanella genome. A previous work suggested that the rate at which HGT happens is up to two orders of magnitude higher than per-gene point mutations (Puigbò et al., 2014), which indicates that the gene content of microbes can vary in relatively short timescales. MGEs found in this genus were quite diverse, reflecting their continuous evolution, contributing with the adaptation and survival of the host to different environments. Among the MGEs detected, ISs showed the broadest diversity with the highest variety and copy number per element within the CG2 group, S. putrefaciens, and S. baltica (Supplementary Figure 2). It is well known that ISs can collaborate with the reshaping and rearranging of bacterial genomes, but it is less clear which factors govern their dissemination throughout a genome and how it impacts on the host physiology and evolution (Vandecraen et al., 2017). It is likely that the target site availability is a major contributor; however, interference with other ISs or host factors may be limiting features specific to each lineage (Siguier et al., 2014). A similar pattern was observed for GII introns, which have been previously found in some Shewanella spp. genomes (Quiroga and Centrón, 2009) although their distribution was not related to the source or the lineage. Incidence of ISs and GII introns was lower in CG1 and Cluster A, suggesting that a common ancestor to lineages encompassing species from Cluster B up to Cluster C may have acquired some of these MGEs (such as, ISSod19, ISSpu8, ISSod20, ISSba4, and ISSba5) and maintained them thereafter (Supplementary Table 10).

On the other hand, prophages were heterogeneously distributed in all lineages regardless of their source, where a single genome may contain up to six different prophages. We did not observe their conservation within specific lineages, which may be explained by the independent evolution of each genome leading to gain/loss of these MGEs. Conversely, ICEs from the SXT/R391 family showed a limited dissemination among Shewanella spp. These ICEs have been frequently found in the genus Vibrio, in some Enterobacterales (Proteus, Providencia, and Klebsiella) and in a few Shewanella spp. isolates, which reveals a narrow spectrum of hosts. Their modest distribution may be the result of several factors that affect the mating process, such as availability of surface receptors, environmental conditions that perturb mating-pair stabilization, the presence of exclusion mechanisms or defense systems in the recipient cell (Neil et al., 2021).

Furthermore, our work provides insightful data regarding plasmids circulating in Shewanella spp. We were able to identify replicases from broad host dissemination incompatibility groups (IncA/C, IncP, and IncX) frequently found in clinical isolates (Sekizuka et al., 2011; Carattoli et al., 2014; Jousset et al., 2018), as well as unique replicases in this genus, reflecting an unexpected diversity. In addition, several isolates from different lineages harbored more than one plasmid. The ability of these elements found in isolates from various sources (clinical or environmental) to replicate and coexist in different Shewanella spp. unfolds new scenarios involving HGT that could lead to a serious problem in the near future. Accordingly, recent reports showed that Shewanella spp. can have ARG-bearing plasmids, which share the same backbone as those found in common bacterial pathogens, such as Enterobacterales, from which they most likely were acquired (Sekizuka et al., 2011; Carattoli, 2013; Jousset et al., 2018).

Increase of ARGs in Shewanella spp. indicates that this genus is evolving steadily toward extensively drug resistance (XDR) phenotypes (Ohama et al., 2021). In this regard, several MDR and XDR isolates from our dataset were recovered from clinical samples or hospital environments. Notwithstanding, strain Shewanella sp. ALD9 had an MDR phenotype and it was isolated from a marine environment with limited human impact. The fact that this MDR isolate can be recovered from a niche where antibiotic pressure is probably slim, reflects that the ARG exchange can occur in their natural habitats and allows us to forecast its impact on the emergence of XDR Shewanella spp. in clinical settings that will lead to infections difficult to treat.

Evolution toward XDR in Gram-negative bacteria is commonly related to mobile integrons (Centrón and Roy, 2002; Hall, 2012). The link between class 1 integrons and ecosystems with high anthropic impact has been previously reported, as well as their contribution to the spread of ARGs (Chamosa et al., 2017). These integrons were also found in Shewanella spp. isolated from a bovine fecal sample (Barlow et al., 2004). Similarly, S. baltica CW2 carrying a class 1 integron was isolated from the gut of a lake trout (Castillo et al., 2018). The symbiotic relationship between some Shewanella species with marine animals provides an alternative environment where conditions may promote the acquisition of ARGs leading to an increase of the resistance level in non-human niches by single HGT events that may involve plasmids circulating in clinical isolates harboring mobile integrons.

Regarding the ARGs detected in this genus, we found the non-mobile colistin resistance gene mcr in a few Shewanella species. Zhang et al. (2019b) proposed that these genes may have emerged from bacteria found in aquatic niches. Since a few genes were found in only five Shewanella spp. isolates, it is unlikely that this bacterium is its native host. Furthermore, we observed quinolone and carbapenem resistance genes that were ubiquitous within specific pathogenic lineages. The association of blaOXA–48–like and blaOXA–729 (former blaOXA–55) genes with S. xiamenensis and S. algae, respectively, has been previously reported (Tacão et al., 2018; Ohama et al., 2021). Here we propose a possible third link between blaOXA–900 and the S. putrefaciens lineage. Interestingly all these species belonged to the respective pathogenic lineages CG2 and CG1, which suggest that either they may have been acquired before speciation or that these genes were transferred by MGEs capable of inserting at specific loci in the chromosome. Further studies focused on the genetic surroundings of each of these genes employing a larger number of genomes may provide new insights into their ubiquitous nature. On the other hand, we found qnrA variants in Shewanella spp. from CG1, which is consistent with previous reports (Araújo et al., 2021; Huang et al., 2022). The fact that some Shewanella spp. encoding ubiquitous ARGs exposes a troublesome scenario where an isolate may be able not only to acquire MGEs carrying several ARGs, but also to become resistant to a broader spectrum of antibiotics by introducing point mutation in key genes. In this regard, enrichment analysis also showed the overrepresentation of GO terms related to ARGs ampC, emrE, folM, folX, nagA, nfnB, and rfbC.

Although Shewanella spp. can acquire ARGs-bearing MGEs (Parmeciano Di Noto et al., 2016; Jousset et al., 2018), S. algae, the most frequently reported species that causes infections in humans, showed the least diversity and frequency of plasmids and very few ARGs, which is consistent with previous reports (Huang et al., 2022). Conversely, most MDR and XDR isolates were found in the monophyletic group CG2. This cluster along with lineages S. xiamenensis, S. baltica, and S. putrefaciens had a higher rate of plasmids and ISs in their genomes, showing remarkable plasticity. The unique behavior of each lineage may be due to intrinsic features of the host that prevent plasmid invasion or maintenance, such as entry exclusion, restriction/modification and CRISPR-Cas systems (Hall, 2012). The formers are capable of hindering the invasion of plasmids and other MGEs, such as phages or ICEs, into a new host (Koonin and Makarova, 2009). Nevertheless, we found that isolates carrying these systems can also harbor different MGEs. Although a negative correlation among these elements has been previously reported for other bacteria; the opposite association has also been observed (Gophna et al., 2015; O’Meara and Nunney, 2019), which suggests that there are other factors that may govern this interaction. Accordingly, the sole presence of a CRISPR-Cas system in a genome does not denote activity. The type I-E from Escherichia coli is known for being tightly regulated and it is possible to turn it on under controlled laboratory conditions (Pul et al., 2010). Activity of CRISPR-Cas systems in Shewanella spp. may also be inhibited during DNA invasion by MGEs, and particular environmental conditions might be necessary to activate them. In the appropriate conditions, these systems may be fully functional and capable of acquiring immunity against new MGEs, evidenced by the presence of arrays with >40 CRISPRs. On the other hand, CRISPR-Cas systems may have been acquired by HGT events, and therefore its acquisition may have occurred after the invasion of an MGE. Last, it is known that MGEs may encode proteins, known as anti-CRISPRs, that overcome CRISPR-Cas machinery and evade host immunity (Stanley and Maxwell, 2018). Of note, Westra and Levin (2020) analyzed the interaction between phages and plasmids and proposed that it is dependent not only on MGE abilities but also on the strong complexity of each ecosystem. Further studies are necessary to unravel the interplay between these defense systems and MGE dissemination in a unique bacterium such as Shewanella.

A major question that requires further analysis is the identification of virulence genes that may be involved in Shewanella spp. pathogenesis. Our work led to the identification of various virulence genes in many species using two different approaches, comparative sequence analysis and GSEA. The implementation of GSEA allowed us to identify additional functional GO terms enriched in lineages comprising clinical samples that may encode certain molecular functions or biological processes contributing to their virulence. Among the virulence determinants detected or overrepresented in CG genomes, we found several genes related to adherence and colonization of different hosts (wecE and ycdX), toxicity (e.g., toxA, cysC, plcN, and cylR), secretion (T2SS, T6SS, and T3SS), swarming and swimming motility (e.g., acf, che, fla, fle, fli, flg, ycdX, and yeaJ), iron metabolism (e.g., acs, pch, ccm, sit, ftnA, hmuR, and tuf), among others. Interestingly, the T6SSs were found in all S. algae strains while gene vgrG1 was enriched in CG1. Linares et al. (2016) suggested that these systems probably participate during Shewanella’s infection process. In order to confirm whether they are key pathogenicity factors in S. algae, further studies should be conducted. In addition, we found several other virulence genes encoded in this species, which were consistent with previous results (Wang et al., 2020; Zago et al., 2020). We also identified other potential candidate genes overrepresented in CG genomes, such as speCEG (spermidine synthesis), potE (putrescine transport) (Fang et al., 2017; Guerra et al., 2018), cobS (cobalamin biosynthesis) or genes related to oxidative stress response, specifically the peroxidase encoding gen katG. KatG has been previously reported as an important factor that may generate a stronger response during oxidative stress and increase survival during infection (Jiang et al., 2014). Many of these predicted virulence factors may have as main purpose to facilitate long-term interactions with other organisms or to collaborate with Shewanella’s survival and adaptation to different habitats (i.e., in aquatic niches or within a host). In this regard, metagenomic studies have shown the relevant abundance of members of the Shewanella genus in fish gut and invertebrates, which may vary under different conditions (Parris et al., 2016; Tepaamorndech et al., 2020; Jia et al., 2022; Johny et al., 2022). Moreover, these bacteria were also detected in the gastric and colorectal mucosal microbiomes of healthy and sick patients (Angelakis et al., 2016; Yang et al., 2022), showing an unexpected incidence. The true role of these factors during Shewanella’s colonization or infection processes in different hosts is still unknown.

The in-depth study of GSEA results also allowed us to identify an overrepresentation of certain paralogs genes in isolates from the CGs, suggesting that they may be involved in Shewanella spp. pathogenicity, i.e., katG, cysQ, hemB, kefB, and modA genes. katG paralogs are unevenly distributed between CGs and NCGs. Our results showed that an early duplication followed by a sequence divergence process may have occurred in the environment in both CGs. These genomes tend to maintain both paralogs, which might result in better fitted bacteria capable of thriving in clinical settings or during host infection/colonization. On the other hand, variants for genes cysQ, hemB, kefB, and modA showed lower identity values and they were mostly present in isolates from the CG. Each of these genes has the potential to contribute to Shewanella spp. virulence at different levels during a colonization or infection process, either adapting the environment to its own benefit or to increase its chances of survival against the host immune system. The differential retention of paralogs and its effects on the virulence of Shewanella spp. is something that deserves further investigation.

Shewanella spp. may cause infectious diseases in humans and in aquatic animals as well as to thrive as symbiont or in environmental niches. In the context of the One Health strategy, the exchange and evolution of genetic elements, such as MGEs or other GIs, seem to be contributing to the emergence of more virulent and resistant species and will affect their treatment with first line antibiotics in the near future. Our data allow us to evidence the ongoing transformation of the genus Shewanella into a worrisome pathogen with profound consequences for human and animal health. In this regard, we advocate that a more active role in the correct identification of this pathogen may reduce its potential hazard, thus improvements on the molecular identification of known and potential pathogenic lineages described in this study are necessary. In addition, since some virulent lineages, such as S. algae and S. xiamenensis, have ubiquitous resistance genes in their genomes, we propose their use as biomarkers.

Based on our results, we can attest that the evolution toward pathogenicity in this genus is a complex process that probably occurs idiosyncratically in each lineage. This process may involve long-term evolution of multiple genes, i.e., point mutations and duplications, in parallel with the continuous genetic exchange among bacteria. Further studies on Shewanella spp. virulence will provide an insight into the colonization and/or infection processes.



Data availability statement

The authors confirm all supporting data, code, and protocols have been provided within the article or through Supplementary material and they can be found in the following links https://github.com/LBC-Iriarte/Shewanella_genomics and https://figshare.com/authors/QuirogaLab_IMPaM_UBA-CONICET_/14600396. All genome sequences (144) are listed in Supplementary Table 1, and GFF, FAA, and FNA files of the genomes are available at https://figshare.com/authors/QuirogaLab_IMPaM_UBA-CONICET_/14600396.



Author contributions

AI and CQ: conceptualization, resources, and supervision. GC, GT, TA, AI, and CQ: data curation and visualization. GC, GT, TA, GP, MR, DC, AI, and CQ: formal analysis and writing—review and editing. CQ: funding acquisition. GC, GT, AI, and CQ: investigation, methodology, software, and writing—original draft. All authors contributed to the article and approved the submitted version.



Funding

GC was a member of the CPA from the National Scientific and Technical Research Council (CONICET). TA was the recipient of a scholarship from CONICET. CQ and DC were members of the CIC from CONICET. AI was a member of the SNI, Uruguay. This work was supported by grant ANPCyT 2018-03222 from the Ministry of Science, Technology and Innovation of Argentina.



Acknowledgments

We are grateful for the technical support provided by Mauricio Langleib.



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.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1124225/full#supplementary-material



References

Alcock, B. P., Raphenya, A. R., Lau, T. T. Y., Tsang, K. K., Bouchard, M., Edalatmand, A., et al. (2020). CARD 2020: Antibiotic resistome surveillance with the comprehensive antibiotic resistance database. Nucleic Acids Res. 48, D517–D525. doi: 10.1093/nar/gkz935

Almuzara, M., Montaña, S., Lazzaro, T., Uong, S., Parmeciano Di Noto, G., Traglia, G., et al. (2017). Genetic analysis of a PER-2-producing Shewanella sp. strain harbouring a variety of mobile genetic elements and antibiotic resistance determinants. J. Glob. Antimicrob. Resist. 11, 81–86. doi: 10.1016/j.jgar.2017.06.005

Angelakis, E., Yasir, M., Bachar, D., Azhar, E. I., Lagier, J.-C., Bibi, F., et al. (2016). Gut microbiome and dietary patterns in different Saudi populations and monkeys. Sci. Rep. 6:32191. doi: 10.1038/srep32191

Araújo, S., Azenha, S. R., Henriques, I., and Tacão, M. (2021). qnrA gene diversity in Shewanella spp. Microbiology. 167, doi: 10.1099/mic.0.001118

Arndt, D., Grant, J. R., Marcu, A., Sajed, T., Pon, A., Liang, Y., et al. (2016). PHASTER: A better, faster version of the PHAST phage search tool. Nucleic Acids Res. 44, W16–W21. doi: 10.1093/nar/gkw387

Barlow, R. S., Pemberton, J. M., Desmarchelier, P. M., and Gobius, K. S. (2004). Isolation and characterization of integron-containing bacteria without antibiotic selection. Antimicrob. Agents Chemother. 48, 838–842. doi: 10.1128/AAC.48.3.838-842.2004

Bertelli, C., Laird, M. R., Williams, K. P., Lau, B. Y., Hoad, G., Winsor, G. L., et al. (2017). IslandViewer 4: Expanded prediction of genomic islands for larger-scale datasets. Nucleic Acids Res. 45, W30–W35. doi: 10.1093/nar/gkx343

Bortolaia, V., Kaas, R. S., Ruppe, E., Roberts, M. C., Schwarz, S., Cattoir, V., et al. (2020). ResFinder 4.0 for predictions of phenotypes from genotypes. J. Antimicrob. Chemother. 75, 3491–3500. doi: 10.1093/jac/dkaa345

Brettar, I., Moore, E. R. B., and Höfle, M. G. (2001). Phylogeny and abundance of novel denitrifying bacteria isolated from the water column of the Central Baltic Sea. Microb. Ecol. 42, 295–305. doi: 10.1007/s00248-001-0011-2

Cameranesi, M. M., Limansky, A. S., Morán-Barrio, J., Repizo, G. D., and Viale, A. M. (2017). Three novel Acinetobacter baumannii plasmid replicase-homology groups inferred from the analysis of a multidrug-resistant clinical strain isolated in Argentina. J. Infect. Dis. Epidemiol. 3:046. doi: 10.23937/2474-3658/1510046

Cantalapiedra, C. P., Hernández-Plaza, A., Letunic, I., Bork, P., and Huerta-Cepas, J. (2021). eggNOG-mapper v2: Functional annotation, orthology assignments, and domain prediction at the metagenomic scale. Mol. Biol. Evol. 38, 5825–5829. doi: 10.1093/molbev/msab293

Carattoli, A. (2013). Plasmids and the spread of resistance. Int. J. Med. Microbiol. 303, 298–304. doi: 10.1016/j.ijmm.2013.02.001

Carattoli, A., Zankari, E., Garciá-Fernández, A., Larsen, M. V., Lund, O., Villa, L., et al. (2014). In silico detection and typing of plasmids using plasmidfinder and plasmid multilocus sequence typing. Antimicrob. Agents Chemother. 58, 3895–3903. doi: 10.1128/AAC.02412-14

Caro-Quintero, A., Auchtung, J., Deng, J., Brettar, I., Höfle, M., Tiedje, J. M., et al. (2012). Genome sequencing of five Shewanella baltica strains recovered from the oxic-anoxic interface of the Baltic sea. J. Bacteriol. 194, 1236–1236. doi: 10.1128/JB.06468-11

Carver, T. J., Rutherford, K. M., Berriman, M., Rajandream, M.-A., Barrell, B. G., and Parkhill, J. (2005). ACT: The Artemis comparison tool. Bioinformatics 21, 3422–3423. doi: 10.1093/bioinformatics/bti553

Castillo, D., Gram, L., and Dailey, F. E. (2018). Genome sequences of Shewanella baltica and Shewanella morhuae strains isolated from the gastrointestinal tract of freshwater fish. Genome Announc. 6, 1–2. doi: 10.1128/genomeA.00541-18

Centrìn, D., and Roy, P. H. (2002). Presence of a group II intron in a multiresistant Serratia marcescens strain that harbors three integrons and a novel gene fusion. Antimicrob. Agents Chemother. 46, 1402–1409. doi: 10.1128/AAC.46.5.1402-1409.2002

Chamosa, L. S., Álvarez, V. E., Nardelli, M., Quiroga, M. P., Cassini, M. H., and Centrón, D. (2017). Lateral antimicrobial resistance genetic transfer is active in the open environment. Sci. Rep. 7:513. doi: 10.1038/s41598-017-00600-2

Contreras-Moreira, B., and Vinuesa, P. (2013). GET_HOMOLOGUES, a versatile software package for scalable and robust microbial pangenome analysis. Appl. Environ. Microbiol. 79, 7696–7701. doi: 10.1128/AEM.02411-13

Couvin, D., Bernheim, A., Toffano-Nioche, C., Touchon, M., Michalik, J., Néron, B., et al. (2018). CRISPRCasFinder, an update of CRISRFinder, includes a portable version, enhanced performance and integrates search for Cas proteins. Nucleic Acids Res. 46, W246–W251. doi: 10.1093/nar/gky425

Dabos, L., Jousset, A. B., Bonnin, R. A., Fortineau, N., Zavala, A., Retailleau, P., et al. (2018). Genetic and biochemical characterization of OXA-535, a distantly related OXA-48-Like β-lactamase. Antimicrob. Agents Chemother. 62, e01198–18. doi: 10.1128/AAC.01198-18

Deng, J., Auchtung, J. M., Konstantinidis, K. T., Brettar, I., Höfle, M. G., and Tiedje, J. M. (2019). Genomic variations underlying speciation and niche specialization of Shewanella baltica. mSystems 4, e00560–19. doi: 10.1128/mSystems.00560-19

Fang, S.-B., Huang, C.-J., Huang, C.-H., Wang, K.-C., Chang, N.-W., Pan, H.-Y., et al. (2017). speG is required for intracellular replication of Salmonella in various human cells and affects its polyamine metabolism and global transcriptomes. Front. Microbiol. 8:2245. doi: 10.3389/fmicb.2017.02245

Fang, Y., Wang, Y., Li, Z., Liu, Z., Li, X., Diao, B., et al. (2018). Distribution and genetic characteristics of SXT/R391 integrative conjugative elements in Shewanella spp. from China. Front. Microbiol. 9:920. doi: 10.3389/fmicb.2018.00920

Frenk, S., Rakovitsky, N., Kon, H., Rov, R., Abramov, S., Lurie-Weinberger, M. N., et al. (2021). OXA-900, a novel OXA sub-family carbapenemase identified in Citrobacter freundii, evades detection by commercial molecular diagnostics tests. Microorganisms 9:1898. doi: 10.3390/microorganisms9091898

Gophna, U., Kristensen, D. M., Wolf, Y. I., Popa, O., Drevet, C., and Koonin, E. V. (2015). No evidence of inhibition of horizontal gene transfer by CRISPR–Cas on evolutionary timescales. ISME J. 9, 2021–2027. doi: 10.1038/ismej.2015.20

Goris, J., Konstantinidis, K. T., Klappenbach, J. A., Coenye, T., Vandamme, P., and Tiedje, J. M. (2007). DNA–DNA hybridization values and their relationship to whole-genome sequence similarities. Int. J. Syst. Evol. Microbiol. 57, 81–91. doi: 10.1099/ijs.0.64483-0

Guerra, P. R., Herrero-Fresno, A., Ladero, V., Redruello, B., dos Santos, T. P., Spiegelhauer, M. R., et al. (2018). Putrescine biosynthesis and export genes are essential for normal growth of avian pathogenic Escherichia coli. BMC Microbiol. 18:226. doi: 10.1186/s12866-018-1355-9

Hall, R. M. (2012). Integrons and gene cassettes: Hotspots of diversity in bacterial genomes. Ann. N. Y. Acad. Sci. 1267, 71–78. doi: 10.1111/j.1749-6632.2012.06588.x

Hau, H. H., and Gralnick, J. A. (2007). Ecology and biotechnology of the genus Shewanella. Annu. Rev. Microbiol. 61, 237–258. doi: 10.1146/annurev.micro.61.080706.093257

Huang, Z., Yu, K., Fu, S., Xiao, Y., Wei, Q., and Wang, D. (2022). Genomic analysis reveals high intra-species diversity of Shewanella algae. Microb. Genomics 8:000786. doi: 10.1099/mgen.0.000786

Janda, J. M., and Abbott, S. L. (2014). The genus Shewanella: From the briny depths below to human pathogen. Crit. Rev. Microbiol. 40, 293–312. doi: 10.3109/1040841X.2012.726209

Jia, X., Liu, Y., He, Y., Yu, H., Liu, Y., Shen, Y., et al. (2022). Exposure to microplastics induces lower survival, oxidative stress, disordered microbiota and altered metabolism in the intestines of grass carp (Ctenopharyngodon idella). Aquac. Fish. doi: 10.1016/j.aaf.2022.09.004 (in press).

Jiang, Y., Dong, Y., Luo, Q., Li, N., Wu, G., and Gao, H. (2014). Protection from oxidative stress relies mainly on derepression of OxyR-dependent KatB and Dps in Shewanella oneidensis. J. Bacteriol. 196, 445–458. doi: 10.1128/JB.01077-13

Johny, T. K., Puthusseri, R. M., and Bhat, S. G. (2022). Metagenomic landscape of taxonomy, metabolic potential and resistome of Sardinella longiceps gut microbiome. Arch. Microbiol. 204:87. doi: 10.1007/s00203-021-02675-y

Jousset, A. B., Dabos, L., Bonnin, R. A., Girlich, D., Potron, A., Cabanel, N., et al. (2018). CTX-M-15-producing Shewanella species clinical isolate expressing OXA-535, a chromosome-encoded OXA-48 variant, putative progenitor of the plasmid-encoded OXA-436. Antimicrob. Agents Chemother. 62, 1–11. doi: 10.1128/AAC.01879-17

Klopfenstein, D. V., Zhang, L., Pedersen, B. S., Ramírez, F., Warwick Vesztrocy, A., Naldi, A., et al. (2018). GOATOOLS: A python library for gene ontology analyses. Sci. Rep. 8:10872. doi: 10.1038/s41598-018-28948-z

Konstantinidis, K. T., and Tiedje, J. M. (2005). Genomic insights that advance the species definition for prokaryotes. Proc. Natl. Acad. Sci. U.S.A. 102, 2567–2572. doi: 10.1073/pnas.0409727102

Koonin, E. V., and Makarova, K. S. (2009). CRISPR-Cas: An adaptive immunity system in prokaryotes. F1000 Biol. Rep. 1:95. doi: 10.3410/B1-95

Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X: Molecular evolutionary genetics analysis across computing platforms. Mol. Biol. Evol. 35, 1547–1549. doi: 10.1093/molbev/msy096

Larouche, A., and Roy, P. H. (2009). Analysis by mutagenesis of a chromosomal integron integrase from Shewanella amazonensis SB2BT. J. Bacteriol. 191, 1933–1940. doi: 10.1128/JB.01537-08

Li, J., Tai, C., Deng, Z., Zhong, W., He, Y., and Ou, H.-Y. (2018). VRprofile: Gene-cluster-detection-based profiling of virulence and antibiotic resistance traits encoded within genome sequences of pathogenic bacteria. Brief. Bioinform. 19, 566–574. doi: 10.1093/bib/bbw141

Linares, D., Jean, N., Van Overtvelt, P., Ouidir, T., Hardouin, J., Blache, Y., et al. (2016). The marine bacteria Shewanella frigidimarina NCIMB400 upregulates the type VI secretion system during early biofilm formation. Environ. Microbiol. Rep. 8, 110–121. doi: 10.1111/1758-2229.12358

Liu, B., Zheng, D., Zhou, S., Chen, L., and Yang, J. (2022). VFDB 2022: A general classification scheme for bacterial virulence factors. Nucleic Acids Res. 50, D912–D917. doi: 10.1093/nar/gkab1107

Makarova, K. S., Wolf, Y. I., Iranzo, J., Shmakov, S. A., Alkhnbashi, O. S., Brouns, S. J. J., et al. (2020). Evolutionary classification of CRISPR–Cas systems: A burst of class 2 and derived variants. Nat. Rev. Microbiol. 18, 67–83. doi: 10.1038/s41579-019-0299-x

Mistry, J., Chuguransky, S., Williams, L., Qureshi, M., Salazar, G. A., Sonnhammer, E. L. L., et al. (2021). Pfam: The protein families database in 2021. Nucleic Acids Res. 49, D412–D419. doi: 10.1093/nar/gkaa913

Moura, A., Soares, M., Pereira, C., Leitao, N., Henriques, I., and Correia, A. (2009). INTEGRALL: A database and search engine for integrons, integrases and gene cassettes. Bioinformatics 25, 1096–1098. doi: 10.1093/bioinformatics/btp105

Naas, T., Oueslati, S., Bonnin, R. A., Dabos, M. L., Zavala, A., Dortet, L., et al. (2017). Beta-lactamase database (BLDB) – Structure and function. J. Enzyme Inhib. Med. Chem. 32, 917–919. doi: 10.1080/14756366.2017.1344235

Neil, K., Allard, N., and Rodrigue, S. (2021). Molecular mechanisms influencing bacterial conjugation in the intestinal microbiota. Front. Microbiol. 12:673260. doi: 10.3389/fmicb.2021.673260

Ng, W. W.-S., Shum, H.-P., To, K. K.-W., and Sridhar, S. (2022). Emerging infections due to Shewanella spp.: A case series of 128 cases over 10 years. Front. Med. 9:850938. doi: 10.3389/fmed.2022.850938

Nguyen, L.-T., Schmidt, H. A., von Haeseler, A., and Minh, B. Q. (2015). IQ-TREE: A fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies. Mol. Biol. Evol. 32, 268–274. doi: 10.1093/molbev/msu300

Nuñez, T. A., Cerbino, G. N., Rapisardi, M. F., Quiroga, C., and Centrón, D. (2022). Novel mobile integrons and strain-specific integrase genes within Shewanella spp. Unveil multiple lateral genetic transfer events within the genus. Microorganisms 10:1102. doi: 10.3390/MICROORGANISMS10061102

O’Meara, D., and Nunney, L. (2019). A phylogenetic test of the role of CRISPR-Cas in limiting plasmid acquisition and prophage integration in bacteria. Plasmid 104:102418. doi: 10.1016/j.plasmid.2019.102418

Ohama, Y., Aoki, K., Harada, S., Nagasawa, T., Sawabe, T., Nonaka, L., et al. (2021). Genetic environment surrounding bla OXA-55-like in clinical isolates of Shewanella algae clade and enhanced expression of bla OXA-55-like in a carbapenem-resistant isolate. mSphere 6:e0059321. doi: 10.1128/mSphere.00593-21

Parmeciano Di Noto, G., Iriarte, A., Ramírez, M. S., Centrón, D., and Quiroga, C. (2019). ICE SXT vs. ICESh95: Co-existence of integrative and conjugative elements and competition for a new host. Sci. Rep. 9:8045. doi: 10.1038/s41598-019-44312-1

Parmeciano Di Noto, G., Jara, E., Iriarte, A., Centrón, D., and Quiroga, C. (2016). Genome analysis of a clinical isolate of Shewanella sp. uncovered an active hybrid integrative and conjugative element carrying an integron platform inserted in a novel genomic locus. Microbiology 162, 1335–1345. doi: 10.1099/mic.0.000310

Parris, D. J., Brooker, R. M., Morgan, M. A., Dixson, D. L., and Stewart, F. J. (2016). Whole gut microbiome composition of damselfish and cardinalfish before and after reef settlement. PeerJ 4:e2412. doi: 10.7717/peerj.2412

Pembroke, J. T., and Piterina, A. V. (2006). A novel ICE in the genome of Shewanella putrefaciens W3-18-1: Comparison with the SXT/R391 ICE-like elements. FEMS Microbiol. Lett. 264, 80–88. doi: 10.1111/j.1574-6968.2006.00452.x

Puigbò, P., Lobkovsky, A. E., Kristensen, D. M., Wolf, Y. I., and Koonin, E. V. (2014). Genomes in turmoil: Quantification of genome dynamics in prokaryote supergenomes. BMC Biol. 12:66. doi: 10.1186/s12915-014-0066-4

Pul, Ü, Wurm, R., Arslan, Z., Geißen, R., Hofmann, N., and Wagner, R. (2010). Identification and characterization of E. coli CRISPR- cas promoters and their silencing by H-NS. Mol. Microbiol. 75, 1495–1512.

Quiroga, C., and Centrón, D. (2009). Using genomic data to determine the diversity and distribution of target site motifs recognized by class C-attC group II introns. J. Mol. Evol. 68, 539–549. doi: 10.1007/s00239-009-9228-3

Quiroga, C., Roy, P. H., and Centrón, D. (2008). The S.ma.I2 class C group II intron inserts at integron attC sites. Microbiology 154, 1341–1353. doi: 10.1099/mic.0.2007/016360-0

Ramírez, M. S., Merkier, A. K., Almuzara, M., Vay, C., and Centroìn, D. (2010). Reservoir of antimicrobial resistance determinants associated with horizontal gene transfer in clinical isolates of the genus Shewanella. Antimicrob. Agents Chemother. 54, 4516–4517. doi: 10.1128/AAC.00570-10

Rodionov, D. A., Novichkov, P. S., Stavrovskaya, E. D., Rodionova, I. A., Li, X., Kazanov, M. D., et al. (2011). Comparative genomic reconstruction of transcriptional networks controlling central metabolism in the Shewanella genus. BMC Genomics 12:S3. doi: 10.1186/1471-2164-12-S1-S3

Sekizuka, T., Matsui, M., Yamane, K., Takeuchi, F., Ohnishi, M., Hishinuma, A., et al. (2011). Complete sequencing of the blaNDM-1-positive IncA/C plasmid from Escherichia coli ST38 isolate suggests a possible origin from plant pathogens. PLoS One 6:e25334. doi: 10.1371/journal.pone.0025334

Sharma, K. K., and Kalawat, U. (2010). Emerging infections: Shewanella – A series of five cases. J. Lab. Physicians 2, 061–065. doi: 10.4103/0974-2727.72150

Sigrist, C. J. A., de Castro, E., Cerutti, L., Cuche, B. A., Hulo, N., Bridge, A., et al. (2012). New and continuing developments at PROSITE. Nucleic Acids Res. 41, D344–D347. doi: 10.1093/nar/gks1067

Siguier, P. (2006). ISfinder: The reference centre for bacterial insertion sequences. Nucleic Acids Res. 34, D32–D36. doi: 10.1093/nar/gkj014

Siguier, P., Gourbeyre, E., and Chandler, M. (2014). Bacterial insertion sequences: Their genomic impact and diversity. FEMS Microbiol. Rev. 38, 865–891. doi: 10.1111/1574-6976.12067

Stanley, S. Y., and Maxwell, K. L. (2018). Phage-encoded anti-CRISPR defenses. Annu. Rev. Genet. 52, 445–464. doi: 10.1146/annurev-genet-120417-031321

Tacão, M., Araújo, S., Vendas, M., Alves, A., and Henriques, I. (2018). Shewanella species as the origin of bla OXA-48 genes: Insights into gene diversity, associated phenotypes and possible transfer mechanisms. Int. J. Antimicrob. Agents 51, 340–348. doi: 10.1016/j.ijantimicag.2017.05.014

Tepaamorndech, S., Nookaew, I., Higdon, S. M., Santiyanont, P., Phromson, M., Chantarasakha, K., et al. (2020). Metagenomics in bioflocs and their effects on gut microbiome and immune responses in Pacific white shrimp. Fish Shellfish Immunol. 106, 733–741. doi: 10.1016/j.fsi.2020.08.042

Thorell, K., Meier-Kolthoff, J. P., Sjöling, Å, and Martín-Rodríguez, A. J. (2019). Whole-genome sequencing redefines Shewanella taxonomy. Front. Microbiol. 10:1861. doi: 10.3389/fmicb.2019.01861

Uhrynowski, W., Radlinska, M., and Drewniak, L. (2019). Genomic analysis of Shewanella sp. O23s—the natural host of the psheb plasmid carrying genes for arsenic resistance and dissimilatory reduction. Int. J. Mol. Sci. 20:1018. doi: 10.3390/ijms20051018

Vandecraen, J., Chandler, M., Aertsen, A., and Van Houdt, R. (2017). The impact of insertion sequences on bacterial genome plasticity and adaptability. Crit. Rev. Microbiol. 43, 709–730. doi: 10.1080/1040841X.2017.1303661

Vernikos, G. S., and Parkhill, J. (2006). Interpolated variable order motifs for identification of horizontally acquired DNA: Revisiting the Salmonella pathogenicity islands. Bioinformatics 22, 2196–2203. doi: 10.1093/bioinformatics/btl369

Vogel, B. F., Venkateswaran, K., Satomi, M., and Gram, L. (2005). Identification of Shewanella baltica as the most important H 2S-producing species during iced storage of Danish marine fish. Appl. Environ. Microbiol. 71, 6689–6697. doi: 10.1128/AEM.71.11.6689-6697.2005

Wang, J.-H., He, G.-C., Huang, Y.-T., and Liu, P.-Y. (2020). Comparative genomics reveals pathogenicity-related loci in Shewanella algae. Can. J. Infect. Dis. Med. Microbiol. 2020, 1–10. doi: 10.1155/2020/9205197

Westra, E. R., and Levin, B. R. (2020). It is unclear how important CRISPR-Cas systems are for protecting natural populations of bacteria against infections by mobile genetic elements. Proc. Natl. Acad. Sci. U.S.A. 117, 27777–27785. doi: 10.1073/pnas.1915966117

Yang, J., Xu, J., Ling, Z., Zhou, X., Si, Y., Liu, X., et al. (2022). Prognostic effects of the gastric mucosal microbiota in gastric cancer. Cancer Sci. doi: 10.1111/cas.15661

Yousfi, K., Bekal, S., Usongo, V., and Touati, A. (2017). Current trends of human infections and antibiotic resistance of the genus Shewanella. Eur. J. Clin. Microbiol. Infect. Dis. 36, 1353–1362. doi: 10.1007/s10096-017-2962-3

Zago, V., Veschetti, L., Patuzzo, C., Malerba, G., and Lleo, M. M. (2020). Resistome, mobilome and virulome analysis of Shewanella algae and vibrio spp. Strains isolated in Italian aquaculture centers. Microorganisms 8:572. doi: 10.3390/microorganisms8040572

Zhang, H., Hou, M., Xu, Y., Srinivas, S., Huang, M., Liu, L., et al. (2019a). Action and mechanism of the colistin resistance enzyme MCR-4. Commun. Biol. 2:36. doi: 10.1038/s42003-018-0278-1

Zhang, H., Wei, W., Huang, M., Umar, Z., and Feng, Y. (2019b). Definition of a family of Nonmobile Colistin Resistance (NMCR-1) determinants suggests aquatic reservoirs for MCR-4. Adv. Sci. 6:1900038. doi: 10.1002/advs.201900038

Zhong, C., Han, M., Yu, S., Yang, P., Li, H., and Ning, K. (2018). Pan-genome analyses of 24 Shewanella strains re-emphasize the diversification of their functions yet evolutionary dynamics of metal-reducing pathway. Biotechnol. Biofuels 11:193. doi: 10.1186/s13068-018-1201-1

Zhu, Y., Liu, W., Schwarz, S., Wang, C., Yang, Q., Luan, T., et al. (2020). Characterization of a blaNDM-1-carrying IncHI5 plasmid from Enterobacter cloacae complex of food-producing animal origin. J. Antimicrob. Chemother. 75, 1140–1145. doi: 10.1093/jac/dkaa010


OPS/xhtml/Nav.xhtml




Contents





		Cover



		Comparative genome analysis of the genus Shewanella unravels the association of key genetic traits with known and potential pathogenic lineages



		1. Introduction



		2. Materials and methods



		2.1. Data retrieval and panmatrix analysis



		2.2. Phylogenetic analysis



		2.3. Average nucleotide identity



		2.4. Accessory genome analysis



		2.5. GO term enrichment analysis







		3. Results



		3.1. Characterization of Shewanella lineages



		3.2. Mobilome analysis of Shewanella genomes



		3.2.1. Circulating plasmids among Shewanella spp.



		3.2.2. Insertion sequences encoded in Shewanella spp. genomes



		3.2.3. Mobile integrons and group II introns found in Shewanella spp. genomes



		3.2.4. Prophages, SXT/R391 ICEs, and other genomic islands present in Shewanella spp.







		3.3. CRISPR-Cas systems in Shewanella spp. genomes



		3.4. Resistome analysis of Shewanella spp.



		3.5. Virulome analysis of Shewanella spp.



		3.6. Functional enrichment test and paralogs genes associated with clinical lineages



		3.6.1. Functional terms significantly over and under-represented within clinical groups



		3.6.2. Paralogous genes associated with the clinical niche











		4. Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References

















OPS/images/fmicb-14-1124225-t001.jpg
Linage

Cluster B

Strain

Shewanella putrefaciens SA70

Species re-assignation

Shewanella sp. SA70

Shewanella putrefaciens NCTC12093

Shewanella sp. NCTC12093

S. xiamenensis

Shewanella sp. FDAARGOS 354

Shewanella xiamenensis FDAARGOS 354

Shewanella sp. LC6

Shewanella xiamenensis LC6

Shewanella sp. LC2

Shewanella xiamenensis LC2

Shewanella oneidensis S2_009_000_R2_72

Shewanella xiamenensis S2_009_000_R2_72

Shewanella sp. ZOR0012

Shewanella xiamenensis ZOR0012

Shewanella sp. POL2

Shewanella xiamenensis POL2

Shewanella putrefaciens 97

Shewanella sp. 97

S. vesiculosa

Shewanella sp. CG18 big fil WC 8 211425042 11

Shewanella vesiculosa CG18 big fil WC 8 21 14 2 50 42 11

Shewanella sp. CG 49 14 0 8 um filter 42 14

Shewanella vesiculosa CG 4 9 14 0 8 um filter 42 14

Shewanella sp. CG 4 10 14 0 8 um filter 42 13

Shewanella vesiculosa CG 4 10 14 0 8 um filter 42 13

Shewanella sp. CG 4 10 14 3 um filter 42 91

Shewanella vesiculosa CG 4 10 14 3 um filter 42 91






OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Comparative genome analysis
of the genus Shewanella
unravels the association of key
genetic traits with known
and potential pathogenic
lineages












OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology






OPS/images/fmicb-14-1124225-g001.jpg
65

Shewanella_sp._ SNU_WT4_GCA_006494715.1

100}

9 0Shewanella_indica_BrY_GCA_001870495.1

0 Shewanella_indica_ ECSMB14102_GCF_000813075.1

Shewanella_indica_KJW27_GCF_002836975.1" -CG1

0 Shewanella_sp. UBA12176_GCA 003517635.1
Shewanella_chilikensis_JC5 GCF_002836945.17
Shewanella_carassii_08MAS2251_GCF_002777975.1 ¢ <

_ 100 =
Shewanella_khirikhana_TH2012_GCA_003957745.1 T
99

Shewanella_coralli_ A687_GCF_003353085.1

Shewanella_amazonensis_SB2B_GCA_000015245.1 T

S. algae

Shewanella_fodinae_74A_GCA_004342405.1

Shewanella_marina_JCM_15074_GCF_000614975.1T

Shewanella_sp. OPT22 GCA 004168585.1

100

92

Shewanella_piezotolerans. WP3_GCA_000014885.1T
1p0Shewanella_sp. GutDb-MelDb_GCA_002836075.1
100shewanella_sp._Choline-02u-19_GCA_002836205.1
Shewanella_sp. Bg11-22_ GCA_002836615.1
Shewanella_sp. GutCb_GCA 002836135.1
Shewanella_pealeana_ATCC_700345 GCA_000018285.1 T
Shewanella_halifaxensis HAW-EB4 GCA_000019185.1T
Shewanella_fidelis ATCC_BAA-318_GCF_000518605.1T
Shewanella_fidelis_6JANF4-E-4_GCF_003112715.1
Shewanella_loihica_PV-4_GCA_000016065.1T
Shewanella_sp._cp20_ GCA _000832025.1
00 Shewanella_marisflavi_EP1_GCA_002215585.1
Shewanella_marisflavi ECSMB14101_GCA_006494755.1
Shewanella_colwelliana_ CSBO3KR_GCA_001735525.1
Shewanella_colwelliana_ ATCC_ 39565 GCF_000518705.1 L
Shewanella_algidipiscicola_LMG_23746_GCF_003605125.1"
Shewanella_algidipiscicola_H1_GCF_900380485.1
Shewanella_waksmanii ATCC_BAA-643_GCF_000518805.1T

100

100

Shewanella_sediminis HAW-EB3_GCA_000018025.1T
Shewanella_canadensis_ HAW-EB2_GCA_003966225.1 4
Shewanella_atlantica HAW-EB5_GCA_003966265.17
Shewanella_woodyi ATCC 51908 GCA_000019525.1 L
Shewanella_woodyi Alg231 23 GCF_900079515.1
Shewanella_hanedai_JCM _20706_GCA _007197645.1T
Shewanella_violacea DSS12_GCA_000091325.1T
Shewanella_benthica_KT99 _GCA_000172075.1
Shewanella_benthica_ DB21MT-2_GCA_900476435.1
Shewanella_sp._YLB-06_GCA_007197555.1
Shewanella_psychrophila_WP2_GCA_002005305.1 ¥
Shewanella_sp._YLB-08_GCA_007004545.1
Shewanella_sp. UCD-KL12_GCF_001957125.1 .
100 Shewanella_sp. MR-7_GCA _000014665.1 n
Shewanella_sp. MR-4_GCA _000014685.1
Shewanella_sp._ BC20_GCA _003129585.1
199 Shewanella_sp. SA70_GCA_002157365.1
Shewanella_sp._ NCTC12093_GCA_900636665.1 B
Shewanella_bicestrii JAB-1_GCA_002216875.1 L CG2
Shewanella_sp._ ANA-3_GCA 000203935.1
Shewanella_sp. Shew256_GCF_002196695.1 _
0 Shewanella_decolorationis_S12_GCA_000485795.17
Shewanella_decolorationis_sesselensis GCF_004354305.1
Shewanella_oneidensis MR-1_GCA_000146165.27
S. xiamenensis ]
. putrefaciens
S. baltica
Shewanella_sp. Pdp11_GCA_002838165.1
Shewanella_sp. WE21_GCA _002966515.1
Shewanella_sp._UBA8824_GCA_003486485.1
Shewanella_sp. 97 _GCA_003315425.1
- S. morhuae
Shewanella_sp._HN-41_GCA _000217915.2
Shewanella_sp._CG12_big_fil_rev_8 21_14_0_65 47_15_GCA_002783505.1
100 S. japonica -]
Shewanella_sp._10N.286.51.B7_GCA_002873615.1
1p0Shewanella_sp._10N.286.48.A6_GCA_002873135.1
Shewanella_sp._10N.286.52.B9_GCA_002873635.1 —
Shewanella_sp._10N.286.48.B5_GCA_002874355.1
Shewanella_sp._10N.286.52.C2_GCA_002874545.1
Shewanella_sp. UCD-KL21_GCF_001957135.1 =
Shewanella maritima D4-2 GCF_004295345.1

Shewanella_denitrificans_0S217_GCA_000013765.1 T

S. frigidimarina
Shewanella_sp._ ALD9 GCA_002836315.1

00f 'S, vesiculosa

Shewanella_livingstonensis_LMG_19866_GCA _003855395.1 T

Shewanella_sp. Actino-trap-3_ GCA 002836275.1

Shewanella psychromarinicola M2 GCF_003855155.1
Shewanella polaris SM1901 GCF_006385555.1T
Shewanella_sp._ MEBIC00475_GCF_005234075.1
Ferrimonas_balearica_DSM_9799 GCA_000148645.1

10(

100

0.2

Psychromonas_ingrahamii_37_GCA_000015285.1
Pseudoalteromonas_haloplanktis_ TAC125_GCA_000026085.1





OPS/images/fmicb-14-1124225-g002.jpg
MGEs in Shewanella genomes
(n=144)

aquatic niches/
sediments

animal-host

u Gll Introns
m |S families
-~ Class 1 Integrons

clinical samples

mICEs
hospital u Proph-age regions
environment ® Plasmids

other impacted
niches

)

no. genomes






OPS/images/fmicb-14-1124225-g003.jpg
AAA91589.1 Rep IncT [Proteus vulgaris plasmid Rts1]
AGE11245.1 Rep IncT [Citrobacter freundii plasmid pT-OXA-181]
100 § SPD97357.1 Rep IncY [Escherichia coli 557 plasmid RCS32TR557_p]
WP_001076427.1 RepA IncY [Escherichia coli strain pMCR-1-P3 plasmid pMCR-1-P3]
off AFP49036.1 Rep IncHI1 [Citrobacter freundii plasmid pNDM-CIT]
WP_001282731.1 Rep IncHIA [Salmonella enterica subsp. enterica serovar Typhi]
WP_000594611 Rep IncHI2 [Citrobacter freundii strain 112298 plasmid p112298-catA]
55 — AFB82793.1 Rep IncH [Klebsiella pneumoniae plasmid pNDM-MAR]

e CAE51815.1 RepHIA IncHI2 [Serratia marcescens plasmid R478]

[2

ABD64829.1 Rep IncU [Aeromonas hydrophila plasmid pRA3]

ADB84865.1 RepA IncB/O [Escherichia coli plasmid p3521]
100

AFM72616.1 Rep IncFll [Enterobacter cloacae plasmid pNE1280]
96 AKA86539.1 RepA IncM [Salmonella enterica subsp. enterica serovar Paratyphi B strain R69 plasmid R69]
i AKA86626.1 RepA IncL [Serratia marcescens strain R471 plasmid R471]
M
100 |

BAB91568.1 RepZ Incl [Salmonella enterica subsp. enterica serovar Typhimurium plasmid R64]

QFX79152.1 Rep IncW [Alcaligenes faecalis plasmid pAN70-1]

100 AEK64821.1 Rep IncN2 [Escherichia coli plasmid p271A]
o 98 | [ AF059807.1 Rep IncN2 [Klebsiella pneumoniae plasmid pTR3]
I 100 [

WP_012196453.1 Rep IncW [Escherichia coli plasmid R388]

ABNG61688.1 Rep [Shewanella baltica 0S155 plasmid pSbal04]
WP_088587034.1 Rep [Shewanella xiamenensis FDAARGOS_354 plasmid]

8.

WP_011074341.1 Rep [Shewanella oneidensis MR-1 plasmid megaplasmid]
KPN78942.1 Rep [Shewanella xiamenesis Sh95]
94 EDP98976.1 Rep [Shewanella benthica KT99]

WP_123778894.1 Rep [Shewanella frigidimarina strain KCTC 23109]

99 RPA22461.1 Rep [Shewanella psychromarinicola R106]

WP_011711564.1 Rep [Shewanella sp. ANA-3 plasmid]

100 ] OUM10464.1 Rep [Shewanella sp. SA70 p1]
1§0QQK62289.1 Rep [Shewanella xiamenensis LC6 plasmid pSX1_LCé]
TPE48611.1 Rep [Shewanella xiamenensis LC2 p1]

100 WP_148258318.1 Rep [Shewanella baltica 0S117 plasmid pSBAL11701]

100 AYV11415 Rep [Shewanella algae KC-Na-R1 plasmid pKC-Na-R1]

OUM11888.1 Rep [Shewanella sp. SAT70 p2]

WP_014620996.1 Rep [Shewanella baltica 0S117 pSBAL11702]
ASK71597.1 Rep [Shewanella bicestrii JAB-1 plasmid pSHE-2]
99¢ PHY60416.1 Rep [Shewanella xiamenensis AS58]
WP_023266976.1 Rep [Shewanella decolorationis $12 p1]
8 WP_011620830.1 Rep [Shewanella sp. MR-7 plasmid]

7 KI038402.1 Rep [Shewanella sp. cp20]

93 ALI93255.1 Rep [Shewanella xiamenensis BC01 plasmid pSXM33]

WP_102038040.1 Rep [Shewanella sp. GutCb plasmid1]

100 r WP_021018487.1 Rep IncP-2 [Pseudomonas aeruginosa PA96 plasmid pOZ176]

74 L WP_004883059.1 Rep [Shewanella xiamenensis T17 pSx1]

E

WP_011077915.1 Rep IncP-7 [Pseudomonas resinovorans plasmid pCAR1]
WP_023265670.1 Rep [Shewanella decolorationis S12 p2]
100 AID58674.1 Rep IncN [Escherichia coli strain YD626E plasmid pYD626E]

99 WP_001749982.1 RepA IncN [Fremyella diplosiphon plasmid12]

AGO03693.1 RepB IncR [Klebsiella pneumoniae plasmid pKP1780]

BAA97915.1 Rep IncFl [Escherichia coli K-12 plasmid F]
PJB90998.1 Rep [Shewanella vesiculosa CG_4 9 14 0_8_um_filter_42_14]
PIX70666.1 Rep [Shewanella vesiculosa CG_4_10_14_3_um_filter_42_91]

P PIP29340.1 Rep [Shewanella vesiculosa CG18_big_fil_ WC_8 21_14_2_50_42_11]

PIY66853.1 Rep [Shewanella vesiculosa CG_4_10_14_0_8 um_filter_42_13]

100 e PKI04909.1 Rep [Shewanella frigidimarina 11B5 plasmid1]

100 [ WP_001348704.1 Rep IncX [Klebsiella pneumoniae strain CRE plasmid pAN65-3]

l WP_015060054.1 Rep IncX3 [Klebsiella pneumoniae plasmid pKPC-NY79]

AEZ49613.1 Rep IncA/C [Providencia stuartii plasmid pMR0211]

% ASK71507.1 Rep [Shewanella bicestrii JAB-1 plasmid pSHE-CTX-M]
69 AXQ16842.1 Rep [Shewanella algae strain CCU101 plasmid]

é F AHG97068.1 RepA IncC [Klebsiella pneumoniae plasmid pRMH760]
BAKG69496.1 Rep IncA/C [Escherichia coli plasmid pNDM-1_Dok01]

98 * WP_001553110.1 Rep IncA [Aeromonas hydrophila plasmid pRA1]

QQK62571.1 Rep [Shewanella xiamenensis LC6 plasmid pSX2_LC6]

58 8

P PKH29744.1 Rep [Shewanella sp. ALD9 plasmid]

TPE64066.1 Rep [Shewanella xiamenensis LC2 p2]

WP_011475347.1 Rep IncP-9 [Pseudomonas putida plasmid NAH7]

100 BAP34665.1 Rep IncP [Acidovorax avenae subsp. avenae plasmid pAAA83]

|
I—- AAA26447.1 RepB IncQ [Escherichia coli plasmid RSF1010]

WP_015060053.1 Rep RCR [Klebsiella pneumoniae plasmid pKP3-A]

gef AEI25499.1 Rep incFll [Klebsiella p iae plasmid pSLMT]
100 |_[

WP_013213997 Rep IncFll [Klebsiella pneumoniae plasmid pKP048

AAA98134.1 Rep IncZ [Klebsiella pneumoniae plasmid plE545]





OPS/images/fmicb-14-1124225-g004.jpg
CG2

CG1

idimarina

igi

. vesiculosa

S

eammessm—" SLU00D19IN
e T06TNS
e —— 7N
essssmm——" 90TH
= £-desn-oundy

e PItYT OWT
Emes—— 21 WN E$TOT ¥ 9D

S. fri

S —— 00V HINIDN
N eEupreisnzanszsuanss

e I A 4

S. morhuae

Cluster C

- I-vI-1d

S A91 |4 F1q 219D
- Ip-NH

<>

summmmsE
e SOZT-YVE IV
9ELOTIDION

SR s LD

e ————

—— PZ88YVEN

TZam
e — 1TAPd

S. baltica

— 37T

LELOTDION
Zmo

SELOT JLON

E———  [-ST-EM

|
S. putrefaciens

. Xiamenensis

S.

~

U e m— 2104

m—— 7L 7Y 000 600 ZS

BSSY

o
a1

PSE SODYVYVad

— s S6US
s —oms 1008

mEmEEEAEAEssSEEESEIEEEEESEEEssEESSEEE
o — — T YW

N SISUD|ISSas

— TS

Cluster B
N

P

HERANERAREEARANEESNSEESSEEEEEEEE
NS 9SZMBYS

——cm—— E-YNY

T-avr

Cluster A

—— £09-VVE DLV
TH
= OPLET DN
Peemm S9S6E JOLV
e YNE0SSD
TOTPIaNSI3

= GT-NZ0-3ulow

\

S. indica/
S. chilik

ensis

PLOST DI
 ee— e NP
TSZTTSVINBO

—— S0
E——— 9LT2IVEN
- LZNDE
Z0TrIanSIa
- A

algae

)

TO-NWN
m HET-0T
eE——— TOTNDD
= Z6EYS
——— )Y
——— 8€LOTILON

I M P0’SD

smmm ZTOZHL
E—— 85785

ISl mIS3 mIS4 mIS5 WIS6 WIS21 mIS30 mWIS66 MIS91 WIS110 mIS200/IS605 MIS256 MIS481 mM1S630 w1S982 w[S1380 mISAsl mISL3 WTn3





OPS/images/fmicb-14-1124225-g005.jpg
CRISPR-Cas systems in Shewanella genomes
(n=41

Rosedbeohadl
sediments
animat-host |

hospital
environment

other rpacted I
niches

0 2 4 6 8 10 12 14 16 18

no. genomes





OPS/images/email.jpg





OPS/images/fmicb-14-1124225-g006.jpg
40

no. nr-ARGs

aquatic niches/ animal-host
sediments

ARGs in Shewanella genomes

clinical
samples

(n=79)

hospital
environment

o1-2
a3-5
mo6-10
m11-15
m>16

]

other impacted ND

niches





OPS/images/cross.jpg
@ Check for updates.





