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Abstract

:

Typhoid fever is a major global health problem and is the result of systemic infections caused by the human-adapted bacterial pathogen Salmonella enterica serovar Typhi (S. Typhi). The pathology underlying S. Typhi infections significantly differ from infections caused by broad host range serovars of the same species, which are a common cause of gastroenteritis. Accordingly, identifying S. Typhi genetic factors that impart functionality absent from broad host range serovars offers insights into its unique biology. Here, we used an in-silico approach to explore the function of an uncharacterized 14-gene S. Typhi genomic islet. Our results indicated that this islet was specific to the S. enterica species, where it was encoded by the Typhi and Paratyphi A serovars, but was generally absent from non-typhoidal serovars. Evidence was gathered using comparative genomics and sequence analysis tools, and indicated that this islet was comprised of Type VI secretion system (T6SS) and contact-dependent growth inhibition (CDI) genes, the majority of which appeared to encode orphan immunity proteins that protected against the activities of effectors and toxins absent from the S. Typhi genome. We herein propose that this islet represents an immune system that protects S. Typhi against competing bacteria within the human gut.
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1. Introduction


Typhoid fever is a major health problem in the developing world and is a life-threatening disease that results from systemic infections by the bacterial pathogen Salmonella enterica serovar Typhi (S. Typhi). Salmonella infections are first established in the intestinal tract, typically following consumption of contaminated food or water. Upon initial infection of the gastrointestinal tract, S. Typhi infections are generally subclinical, as S. Typhi does not stimulate significant levels of intestinal inflammation [1,2]. Maintaining a small immunological footprint at this stage is thought to be important for S. Typhi’s subsequent systemic spread via the lymphatic system and bloodstream, triggering the onset of typhoid fever, a disease characterized by a high and prolonged fever and a range of variable symptoms and complications, some of which are life-threatening [1,2]. A small percentage of those infected with S. Typhi incur long-term, typically asymptomatic infections that can last decades; these “carriers” can intermittently shed large numbers of S. Typhi and are thought to be critical for disease transmission [3,4,5]. S. Typhi is a human-restricted pathogen and its virulence and disease properties are similar to other human-restricted S. enterica serovars, most notably Paratyphi A [6,7,8]. Paratyphi B and Paratyphi C are also human-adapted serovars reported to cause a typhoid-like disease, but these lineages are scarce, and little is known about their virulence mechanisms [9,10]. These typhoidal serovars are distinct in many important ways compared to the other ~2500 known S. enterica serovars, many of which can also infect humans. Broad host range non-typhoidal S. enterica serovars such as Typhimurium and Enteritidis are also an important global health issue and are amongst the most common causes of food poisoning worldwide [11]. However, the pathogenesis of these serovars bears little resemblance to that of the typhoidal serovars. Unlike S. Typhi, non-typhoidal serovars such as Typhimurium cause short-term infections that generally remain confined to the intestinal tract, where they replicate high numbers and generate significant intestinal inflammation that results in diarrhea, stomach pain, nausea, and other symptomology associated with these infections [12,13]. Deciphering the molecular mechanisms that confer the typhoidal serovars with their unique virulence properties is a fundamental and longstanding goal in the study of Salmonella pathogenesis.



Over the past ~20 years there has been an increasing appreciation for the important role that competition with the resident gut microbiota plays in enteric infections. In order to establish a foothold in the intestines, Salmonella must effectively compete with the dense population of resident microbes for space and essential nutrients [14,15]. S. Typhimurium has been shown to utilize multiple strategies to compete with resident microbiota, including both direct methods and indirect methods that operate by manipulating host immune defenses [16]. A key mechanism by which S. Typhimurium overcomes colonization resistance is through eliciting intestinal inflammation, as inflammatory conditions are generally restrictive to commensal bacteria, but provide S. Typhimurium with access to key nutrients that support its growth [17,18,19,20,21,22]. It has also been demonstrated that S. Typhimurium can directly antagonize the growth of commensal bacteria via its Type VI Secretion System (T6SS), which animal models of infection indicate is important for its ability to colonize the gut [23,24]. T6SS are large, multi-component, proteinaceous molecular machines that inject specific proteins, dubbed effectors, directly into neighbouring cells [25,26,27]. Effectors targeting eukaryotic cells have been identified, but most T6SS function as weapons for interbacterial competition by delivering toxic effectors into adjacent bacteria [28]. In order to avoid self-intoxication, effectors are encoded adjacent to immunity proteins that subvert their toxic effects [25]. S. Typhi has also been shown to encode a functional T6SS, yet it does not stimulate significant levels of intestinal inflammation, indicating that the mechanisms by which it competes with the microbial flora differ from those of non-typhoidal serovars [29]. Although there is evidence that microbiome composition influences the outcome of S. Typhi infection [30], little is currently known about S. Typhi’s interactions with the human microbiota. Improving our understanding of this topic would provide insights into an important but poorly understood aspect of S. Typhi pathogenesis and could be used to guide the development of probiotic preventative measures to combat typhoid fever.



The complete genome sequences of S. Typhi and S. Typhimurium were unveiled nearly 20 years ago, providing the genetic blueprints for S. Typhi’s phenotypic differences [31,32]. Analysis of S. Typhi genomic loci that are absent from S. Typhimurium has been a fruitful avenue for identifying new and important biology. A prime example of this is the typhoid toxin islet, originally identified as an intriguing S. Typhi locus comprised of homologs of the pertussis toxin and cytolethal distending toxin subunits [32]. This locus has subsequently been demonstrated to encode a unique A-B type exotoxin dubbed typhoid toxin, an important S. Typhi virulence factor that appears to mediate certain disease properties of typhoid fever [33,34,35]. More recently, a comparative genomic approach identified a gene homologous to the typhoid toxin delivery subunit whose phylogenetic distribution tracks with that of the typhoid toxin locus; this finding fueled the discovery that S. Typhi produces two different versions of typhoid toxin that have distinct functionality [36]. Here, we exploit expanding genomic databases and bioinformatic toolsets to shed light on the function of an uncharacterized S. Typhi genomic islet that is generally absent from non-typhoidal serovars. Our results indicate that this islet is comprised of genes related to T6SS and contact-dependent growth inhibition (CDI) systems, the majority of which appear to encode immunity genes for effectors/toxins that are absent from the S. Typhi genome. These results indicate that typhoidal salmonellae have evolved distinct mechanisms to mediate interbacterial competition.




2. Results


2.1. Identification and Phylogenetic Distribution of an Uncharacterized Genomic Islet Predominantly Encoded by Typhoidal Salmonellae


Comparison of the first sequenced S. Typhi and S. Typhimurium genomes revealed that the Typhi serovar encodes ~600 genes that are absent from the Typhimurium genome [32]. However, a significant proportion of these genes are associated with putative prophage and ~150 such genes are confined to Salmonella Pathogenicity Island 7 (SPI-7), an established S. Typhi virulence locus which includes the genes necessary to produce the Vi capsular polysaccharide [37]. Beyond these elements, there are few large, multi-gene S. Typhi loci absent from the S. Typhimurium genome. Accordingly, we were intrigued by an ~8.5 Kbp S. Typhi genomic islet containing 14 putative genes of unknown function that is absent from the S. Typhimurium genome (Figure 1A). This islet is inserted between the yegQ gene and a gene of unknown function that encodes a putative ~700 amino acid protein (t0737 in the S. Typhi Ty2 genome, STM2135 in the S. Typhimurium LT2 genome); this is henceforth referred to as the yegQ locus. The islet is comprised of genes t0721-t0736 in the S. Typhi Ty2 genome (sty2349-sty2364 in the S. Typhi CT18 genome) and was previously identified as a genomic element conserved in the Typhi and Paratyphi A serovars but rare in other salmonellae [7], and was noted in a largescale analysis of horizontally-acquired Salmonella genes as a locus with an unusually high A+T content that is specific to the Typhi/Paratyphi A lineage [38]. Outside of these observations, to the best of our knowledge, this islet remains completely uncharacterized. We reasoned that the recent expansion of DNA sequence databases and bioinformatic toolsets could provide an avenue to identify a putative function for this islet, which in turn could offer valuable insights into the unique virulence and ecology of typhoidal salmonellae.



We first performed an analysis of the phylogenetic distribution of the S. Typhi Ty2 genomic islet by searching the NCBI nonredundant nucleotide (nt) DNA sequence database for organisms that encode similar DNA elements. Thresholding for sequences that align over >50% of the islet, this search unveiled a total of 170 hits, each of which represented a S. enterica strain that encodes a similar or identical islet at the yegQ locus (Table S1). Importantly, a full-length islet that is at least 99.9% identical to that of the Ty2 strain is encoded by each of the 127 sequenced S. Typhi strains represented in the nt database, indicating that this islet is extremely well conserved in the Typhi lineage (Figure 1B, Table S1). Each representative strain of the Paratyphi A and Agona serovars was also found to encode an islet that is >96% identical to the Typhi islet, indicating that it is a core component of the genomes of these serovars as well. Outside of these three serovars, this islet is only found in 21 of 964 sequenced S. enterica strains in this database (two of which appear to be Typhi strains that have not been serotyped) and several of these encode truncated versions of the islet (Figure 1B, Table S1). These data indicate that the genomic islet under investigation here is a conserved feature of the Typhi and Paratyphi A serovars but is generally absent from the genomes of nontyphoidal salmonellae.



Our search also identified many other bacterial strains that have DNA sequences with significant similarity to the Typhi islet, but that fell below the 50% query coverage threshold applied above. Outside of the Salmonella genus, these hits were limited to strains that encode a homolog of an individual gene encoded by this islet (described further below). However, numerous S. enterica strains represented in the nr database were found to harbor sequences with clear homology (~95% identity) to >1 kb segment at both ends of the islet. Further investigation revealed that these strains encode a related genomic islet at the yegQ locus that overlaps with the Typhi islet at either end (spanning the regions encoding t0721-t0724 on one end and t0735-t0736 on the other), but that has a distinct intervening segment encoding 10 putative genes absent from the Typhi islet (Figure 1A). Although this second islet has a broad but sporadic distribution within the enterica subspecies, a surprisingly high proportion of these islets are truncated or contain numerous pseudogenes. To serve as a representative strain, we identified S. Paratyphi C (strain RKS4594) as encoding an apparently intact version of this second islet variant [10]. Overall, we found that ~15% of all S. enterica strains represented in the nt database encode a version of the Paratyphi C islet (Figure 1B). Taken together, our phylogenetic analysis indicates that at the yegQ locus: (i) the majority of salmonellae lack an islet, (ii) the Typhi and Paratyphi A serovars share a conserved islet rarely found in non-typhoidal serovars, and (iii) a related islet that shares several genes is sporadically distributed in an assortment of non-typhoidal strains of the enterica subspecies.




2.2. Conserved Domain Analysis Indicates the Uncharacterized Genomic Islet May be Involved in Interbacterial Antagonism


To explore the function of the S. Typhi genomic islet, we first took an in-silico approach to seek out potential biological activities of its putative ORFs. Since the Typhi and Paratyphi C islets share several genes, we reasoned that they likely have a related biological function and thus expanded our analysis to include the genes specific to the Paratyphi C islet. We first performed literature searches focused on each gene within these islets but were unable to identify any published data that provided functional insights. We next analyzed each of the 24 putative proteins (5 shared proteins, 9 Typhi islet-specific proteins, 10 Paratyphi C islet-specific proteins) by searching for conserved domains using the NCBI Conserved Domain Database (Table 1) [39]. For the majority of proteins analyzed, including 12 of the 14 putative proteins encoded by the Typhi islet, no conserved domains were identified. Conserved domains were detected in seven of the putative proteins, one of which (Paratyphi C islet protein SPC1581) was found to possess a transposase-associated domain and three others (t0736/SPC1582, SPC1576, SPC1578) provided no functional insights since the domain(s) identified are of unknown function or are found in proteins with diverse, unrelated functions (Table 1). Interestingly, the conserved domains identified for the remaining three proteins all have functions associated with interbacterial antagonism. Specifically, the Paratyphi C islet-specific genes SPC1575 and SPC1577 have a domain architecture consistent with a role in T6SS function, including an N-terminal Rhs repeat domain (SPC1575) observed for many T6SS effectors and a PAAR domain (SPC1577) associated with the expelled tip of the T6SS spike that pierces the bacterial envelope to enable effector delivery (Table 1) [25,28]. Additionally, domain analysis indicated that the Typhi islet gene t0728 encodes a protein related to a CDI system immunity protein produced by E. coli O157:H7, strain EC869 (Table 1) [40]. Analogous to T6SS, CDI systems are protein toxin delivery systems used to intoxicate neighboring bacterial cells as a mechanism of interbacterial competition. CDI systems are encoded by three-gene loci comprised of: (i) CdiA, a large protein consisting of a conserved, filamentous N-terminal region that protrudes from the producing bacterium and a variable C-terminal toxin domain that is cleaved and delivered into target cells in a receptor-dependent manner, (ii) CdiB, an outer membrane protein required for CdiA export, and (iii) CdiI, an immunity protein that neutralizes the activity of the CdiA toxin to protect against self-intoxication [41]. Interestingly, other than t0728, S. Typhi does not appear to encode other CDI genes, indicating that t0728 likely represents an orphan immunity gene (cdiI gene) with the capacity to protect S. Typhi against competing bacteria that encode EC869-like CDI toxins. Taken together, these results suggest that the genomic islet under investigation has a function related to interbacterial antagonism.




2.3. Homologs of S. Typhi Genomic Islet Genes are Found in T6SS/CDI Gene Clusters in Diverse Bacteria


Genes involved in T6SS and CDI systems are generally organized into discrete, multi-gene loci, many of which are found on horizontally-acquired genomic islands or associated with mobile genetic elements [26,41]. Accordingly, we hypothesized that if the S. Typhi genomic islet is comprised of genes with a function related to these systems, we might be able to identify homologs encoded within T6SS or CDI gene clusters. We therefore searched for homologs of each of the putative S. Typhi islet ORFs outside of the Salmonella genus, mapped the genomic context of the identified homologs and then used conserved domain analysis to identify the function of neighboring genes (Figure 2, Tables S2 and S3). Searches for t0722, t0723, and t0727 did not identify any homologs outside of the Salmonella genus (Figure 2A) and searches for the putative ORFs on either end of the islet, t0721 and t0736, revealed that homologs can be found at the yegQ locus (in the absence of a genomic islet) in other γ-proteobacteria (Figure S1). Notably, the Typhi islet has a very low A+T content of 34% suggesting a foreign evolutionary source, but the A+T content of t0721 and t0736 is ~50% and does not differ substantially from the Salmonella genomic average. Together, these data suggest that while t0721 and t0736 were likely co-acquired by S. Typhi with the remaining islet genes, they likely have a distinct evolutionary source and function. Consistent with the domain analysis above, t0728 homologs could be found downstream of putative cdiA genes, further supporting the hypothesis that t0728 represents an orphan CDI immunity gene (Figure 2B, Table S3). Importantly, homologs of each of the remaining eight S. Typhi islet ORFs were found in T6SS gene clusters encoded by assorted proteobacterial strains (Figure 2B). For the majority of S. Typhi islet genes, we were able to identify homologs in T6SS loci that had different synteny, indicating that homologs are found in multiple distinct T6SS gene clusters. Surprisingly, we did not identify any instances where homologs of two different Typhi islet genes were found within the same locus or even within the same genome, suggesting that the Typhi islet is comprised of T6SS-related genes that are functionally-independent. Collectively, these data imply that the S. Typhi genomic islet under investigation here represents a mosaic of ancillary T6SS and CDI genes.




2.4. Comparative Genomics and Hidden Markov Model (HMM) Homology Searches Indicate that the S. Typhi Genomic Islet is Primarily Comprised of Orphan Immunity Proteins


Analysis of many diverse T6SS loci has unveiled conserved features of their genomic organization. For example, T6SS effector proteins are often encoded immediately downstream of hcp or vgrG genes, presumably because their association with these proteins can be essential for their delivery [25,42,43]. Similarly, an extraordinarily well-conserved feature of T6SS effector proteins is that they are paired in a bicistronic fashion with a cognate immunity protein that resides immediately downstream [28,44]; this conserved synteny is also observed with the CDI system [41]. In the above analysis, we noted many instances where homologs of Typhi islet genes were found two genes downstream of a vgrG or hcp gene, with an intervening gene that is not a conserved structural component of the T6SS. Given the conserved synteny described above, this indicated to us that many Typhi islet homologs reside downstream of T6SS effectors, suggesting they are immunity proteins. To investigate this hypothesis, we used conserved domain analysis and HMM homology searches to explore the function of the gene residing immediately upstream of the Typhi islet homologs identified in Figure 2 (Table S4, Table 2). For genes residing immediately upstream of t0729, t0730, t0732, and t0733 homologs, our analysis identified conserved enzymatic domains associated with established T6SS effector proteins [44,45,46,47,48,49,50,51,52]. Additionally, genes residing immediately upstream of t0731 and t0735 homologs contain conserved PAAR and VgrG domains respectively with a C-terminal extension of unknown function. This arrangement is characteristic of ‘evolved PAAR’ and ‘evolved VgrG’, well-known classes of T6SS effector proteins in which a C-terminal effector domain is fused to an expelled component of the T6SS spike as an effector delivery mechanism [53,54]. In a separate instance, we identified a gene residing upstream of a t0735 homolog identified by HMM searches as related to E. coli MepA, which exhibits a peptidoglycan endopeptidase activity shared by established T6SS effectors [55]. Finally, a t0734 homolog was found to reside downstream of a protein with a conserved L,D-transpeptidase domain, suggesting it is a peptidoglycan-active protein. Although this activity in itself is not generally bacteriolytic, a recent report identifies a novel class of peptidoglycan amidase T6SS effectors with L,D-carboxypeptidase activity that exhibits significant similarity to L,D-transpeptidases [56]. Coupled with its location immediately downstream of hcp, this suggests that this putative L,D-transpeptidase-domain protein is also likely to encode an effector protein. In all, our analyses identified a putative antibacterial T6SS effector gene or CDI toxin gene immediately upstream of a homolog of eight of the ORFs in the Typhi islet (Figure 2, Table 2).



To further explore the possibility that many Typhi islet genes encode T6SS immunity proteins, we performed HMM homology searches for these proteins against the Protein Data Bank (PDB) database using the HHPred HMM-HMM comparison tool (Table S5). Consistent with our domain and genome localization analyses, this search identified significant homology between t0728 and the EC869 CdiI protein [40], further supporting our proposition that this represents an orphan CDI immunity protein. HHPred analysis also identified significant homology between t0730 and S. Typhimurium Tai4, a T6SS immunity protein that protects against the activity of the Tae4 peptidoglycan amidase effector protein (Table 2 and Table S5) [47,48,49]. This is consistent with our finding that a t0730 homolog is encoded downstream of a putative Tae4 in certain Citrobacter strains (Figure 2, Table S4). Finally, our search identified significant homology between t0732 and XAC2610, a characterized Xanthomonas immunity protein that protects against a peptidoglycan-degrading effector protein delivered by a Type IV Secretion System (Table 2 and Table S5) [57]. This is congruent with our identification of t0732 homologs that reside downstream of putative peptidoglycan-degrading T6SS effectors. Collectively, these analyses provide evidence that the eight gene array spanning t0728-t0735 is comprised of orphan immunity proteins to protect against the activities of T6SS effectors or CDI toxins absent from the S. Typhi genome. On the basis of the results present here, we propose that the S. Typhi genomic islet at the yegQ locus be renamed SAIDI-1 (Salmonella acquired interbacterial defense islet 1).





3. Discussion


Since the first Salmonella genomes were published, genetic factors that differentiate typhoidal and non-typhoidal salmonellae have been the subject of intense scrutiny. Despite being quickly recognized as a locus associated specifically with typhoidal salmonellae [7,38], SAIDI-1 long evaded functional prediction or characterization. In the present study, we provide evidence that this islet is primarily comprised of an array of immunity proteins that confer protection against the activities of foreign CDI or T6SS effector proteins. Given this function, it is not surprising that SAIDI-1 evaded characterization, as immunity proteins generally lack readily identifiable sequence elements and domain architectures [26,28]. Our ability to identify a putative function for this islet relied extensively on recent experimental findings expanded genomic databases and bioinformatic resources not available when SAIDI-1 was first identified. This study therefore highlights the merit of revisiting longstanding genomic questions armed with a contemporary bioinformatic toolset.



Our analysis found evidence that 8 of the 14 annotated ORFs in the S. Typhi SAIDI-1 are immunity proteins. It is noteworthy that many of the effectors against which these orphan immunity proteins offer protection are active against the bacterial cell wall, with only t0728 protecting against an effector/toxin with a different target (genomic DNA). Consistent with this, only t0728 was predicted to have a cytoplasmic localization using the LocTree3 subcellular localization prediction tool [58], with an extra-cytoplasmic localization predicted for the remaining putative immunity proteins. Of the six annotated ORFs in SAIDI-1 for which a putative function was not identified, A+T content analysis and comparative genomics suggest that the genes on either end of this islet, t0721 and t0736, may have been inherited by S. Typhi (perhaps via homologous recombination) as a consequence of their localization at the yegQ locus in other lineages, and that their function and evolutionary source is likely distinct from the other SAIDI-1 genes. Three other putative ORFs (t0722, t0723, and t0727) appear to be confined to the S. enterica species. We speculate they may not represent bona fide and intact ORFs. Homology searches using the t0727 protein sequence identified putative Salmonella proteins with a C-terminal region that is >90% identical to the N-terminal ~50 amino acids of t0727 (e.g., NCBI accession EBE1550624) that contain putative Rhs repeat domains (TIGR03696, E value 6.8 × 10−33). Similarly, the DNA sequence of t0726, a pseudogene that resides upstream of t0727, is homologous to a putative protein encoded by a number of sequenced isolates of the salamae subspecies of S. enterica (e.g., AXC83657 from strain SA20011914) that also contain Rhs repeat conserved domains (TIGR03696, E value 1.3 × 10−31). In light of their genomic context, this suggests that t0726 and t0727 likely represent degraded remnants of T6SS effector proteins. t0722 and t0723 both encode very small putative proteins (65 and 32 amino acids respectively) and given our inability to identify homologs outside this Salmonella islet, it is possible that these too represent remnants of degraded proteins. Finally, although t0724 homologs are encoded within T6SS loci in other bacterial species, our analysis did not shed any light on its specific function. We therefore propose that the 8-gene putative immunity protein array spanning t0728 through t0735 is likely the evolutionary driving force underlying the maintenance and conservation of SAIDI-1 in typhoidal salmonellae. Interestingly, this segment of the islet is also the segment that is absent from the Paratyphi C islet, with the exception of t0735, which is present in both islets. We therefore propose that the function (or at least the specific activities) of SAIDI-1 is distinct from the related Paratyphi C islet described here.



Orphan T6SS and CDI immunity proteins have been identified in diverse bacterial lineages and have been shown to play important roles in mediating competition with closely-related bacteria that inhabit the same ecosystem [59,60,61,62,63]. Importantly, this includes residents of the mammalian gut, where “acquired interbacterial defence” (AID) clusters, comprised of arrays of orphan T6SS immunity genes, are widespread amongst diverse Bacteroides species and play a key role in shaping interactions between related species or strains [60,63]. Humans are thought to be the principal environmental reservoir for S. Typhi and its evolution is thought to have been largely directed by its association with this host. We therefore propose that, analogous to the characterized Bacteriodes AIDs, the function of SAIDI-1 is to provide defense against antagonistic mechanisms of closely-related bacteria in the human gut. This hypothesis is supported by the nature of the strains we identified that encode homologs of SAIDI-1 genes, the majority of which are enteric proteobacteria. The present study therefore suggests that the AID immune systems recently identified in commensal bacteria are also employed by a human pathogen to defend against interbacterial antagonism in the human gut.



Presently, it is not clear why SAIDI-1 is predominantly found in human-adapted, typhoidal lineages of Salmonella. One possible explanation is that the specific effectors/toxins against which SAIDI-1 offers protection are commonly encountered within the human gut but are encountered less frequently in other Salmonella host species. In this scenario, SAIDI-1 would provide a selective advantage for typhoidal serovars, but the evolutionary costs of maintaining SAIDI-1 would outweigh the benefits for other serovars, the majority of which are generalists that infect a wide range of hosts. Another intriguing possibility is that SAIDI-1 is important for the unique transmission of typhoidal serovars. Humans are the only known environmental reservoir for these pathogens, and persistently-infected, asymptomatic carriers are thought to be crucial for their transmission [3,4,5]. Carriers intermittently shed high numbers of S. Typhi in “showers” that are thought to be initiated when S. Typhi re-enters the intestinal tract from the gallbladder (its presumed site of chronic carriage in most cases) via bile ducts and is subsequently excreted in feces [5]. Although the large numbers of S. Typhi excreted during transmission indicate that S. Typhi undergoes extensive replication, it is unknown when and where this growth occurs. The circumstances and location(s) of this replication therefore might offer unique competitive challenges from commensal bacteria for which SAIDI-1 might confer a selective advantage. In any scenario, identifying the ecologically-relevant organisms that produce the effectors against which SAIDI-1 confers protection would provide a potential mechanism to identify species/strains within human microbiota that are important competitors for S. Typhi.



In summary, we have identified a putative interbacterial defense system encoded on a genomic islet found predominantly in the genomes of typhoidal salmonellae, which we have named SAIDI-1. We provide evidence that numerous genes encoded within this islet are orphan immunity proteins that counteract the activities of T6SS effectors and CDI system toxins encoded by other enteric proteobacteria. We propose that SAIDI-1 represents an immune system that protects S. Typhi against the attacks of commensal bacteria that compete with S. Typhi within the human gut.




4. Materials and Methods


4.1. Phylogenetic Distribution Analyses


To analyze the distribution of the S. Typhi genomic islet at the yegQ locus, the complete S. Typhi strain Ty2 islet sequence, defined as the inserted sequence in this genome relative to the S. Typhimurium strain LT2 genome, was used as a query for BLASTn searches against the NCBI nonredundant nucleotide (nt) database. This database includes complete genomic sequences for thousands of bacterial strains including more than a thousand S. enterica strains from dozens of different serovars. Strains containing a Typhi islet were defined as sharing >70% sequence identity over >50% of the query sequence. All islets that met these criteria had >93% sequence identity, >68% query coverage, and an E value of 0. To determine whether these islets were encoded at the yegQ locus, a second analogous BLASTn search was performed that included ~1 kbp flanks of the core genome on either end of the islet, seeking sequences that did not continuously align over the islet boundaries.



A second class of islet was identified as a series of hits from our original searches that represented Salmonella genomic sequences with high (>90%) sequence identity to the Typhi islet, but that only aligned over ~40% of the sequence. Representative sequences from these genomes were analyzed and compared and their genomic locus was determined, revealing that they represented a second islet variant at the yegQ locus. BLASTn searches analogous to those described above for the Typhi islet revealed that each of these sequences represented a related islet (“Paratyphi C” islet) encoded at the yegQ locus. These analyses revealed that there is considerably more variation in the Paratyphi C-type islets, generally in the form of truncation and degradation (pseudogenes) within the segment of the islet that is distinct from the Typhi islet. When analyzing the distribution of the Paratyphi C islets, degraded islets were categorized as Paratyphi C islets if they significantly aligned over >40% of the Paratyphi C RKS4594 islet, including at least 500 bp of the region absent from the Typhi version of the islet. The putative ORFs encoded by the Paratyphi C islet were identified by a combination of prior annotation and ORF analysis [64].




4.2. HMM Homology Searches and Conserved Domain Analyses


Conserved domain searches were done using the NCBI conserved domain database (CDD), which analyzes input protein sequences seeking statistically significant hits to NCBI curated protein domains as well as those from the SMART, Pfam, COGs, TIGRFAMs, and PRK databases [39]. Hits with an E value <0.01 were considered to be significant. In instances where multiple related domains were identified (typically similar entries from different source databases), domains with the most specific connection to T6SS biology are presented. HMM homology searches were conducted using the HHpred HMM-HMM comparison tool, part of the MPI Bioinformatics Toolkit [65,66]. Searches were done using local alignment mode against the Protein Data Bank (PDB) database (filtered for sequences with <70% identity) seeking homology to structurally-characterized proteins [67]. Identified hits with an E value <0.01 were considered to be significant.




4.3. Genomic Context Analysis for S. Typhi Genomic Islet Homologs


To identify homologs of the putative proteins encoded by the Typhi genomic islet, tBLASTn searches of the nt database were performed (BLOSUM 62, word size 3) filtering for sequences from bacteria (taxid:2) and excluding sequences from the Salmonella genus (taxid:690). Only genomes encoding protein sequences with a query coverage >70% and E value <0.0001 were considered. The genome contexts of homologs that met these criteria were then analyzed individually by identifying putative ORFs encoded within an apparent operon (continuous series of genes encoded on the same strand as the identified homolog with <1 kbp spaces between each gene). ORFs were then analyzed using conserved domain analysis (described above) to infer a putative function. For the nine genes shown in Figure 2, this analysis revealed that the majority of homologs were encoded within operons in which multiple ORFs have putative functions associated with T6SS (or CDI systems, for t0728). Two representative examples were selected for each of these nine genes for Figure 2 by prioritizing: (i) clear T6SS-related functionality of neighboring genes, (ii) distinct synteny in the two examples, indicating that they represent different T6SS gene clusters, and (iii) maximal evolutionary distance between the two selected examples. Putative T6SS effectors were identified in these gene clusters using HMM homology searches and conserved domain analyses, coupled with literature searches seeking experimental evidence connecting the identified enzymatic domains/homologs to characterized T6SS effector proteins.
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Figure 1. The structure and distribution of genomic islets at the yegQ locus of S. enterica. In a minority of S. enterica strains, a multi-gene islet is inserted upstream of the yegQ gene; there are two predominant versions of this islet, which we have dubbed the “Typhi islet” and the “Paratyphi C islet”. (A) Gene diagrams showing the architectures of the Typhi and Paratyphi C islets and their insertion sites relative to lineages such as the Typhimurium serovar that lack an islet at this locus. Arrows with purple outlines denote a conserved gene of unknown function that is upstream of the islet insertion site. The Typhi islet is comprised of 14 genes of unknown function (gene identifiers t0721-t0736 in the Ty2 genome) shown using blue arrows. The Paratyphi C islet includes homologs of five of these genes (t0721, t0722, t0724 on one flank, t0735-6 on the other), but does not encode the eight intervening genes and instead encodes ten distinct genes (orange arrows) in their place. t0723, which encodes a putative 32 amino acid protein in S. Typhi, is a pseudogene in the S. Paratyphi C islet; pseudogenes are shown using grey arrows. (B) Distributions of the Typhi and Paratyphi C islets amongst sequenced S. enterica strains in the NCBI nr database. The percentage of strains of the serovars shown that encode each version of the islet are plotted and the raw numbers (strains with that islet/total strains) are provided above each bar. 
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Figure 2. Homologs of most S. Typhi genomic islet genes are commonly found within T6SS loci. Homologs of the putative proteins encoded by the S. Typhi genomic islet at the yegQ locus were identified using tBLASTn. The genomic locus of the identified homologs was then analyzed, revealing that homologs from most S. Typhi islet genes are found in T6SS gene clusters. (A) Gene diagram depicting the S. Typhi genomic islet under investigation, showing the genes that have homologs encoded within T6SS loci (red asterisk) and contact-dependent inhibition (CDI) system loci (purple asterisk). BLAST searches did not identify homologous proteins for t0722, t0723 and t0727 outside of the Salmonella genus. (B) Gene diagrams showing the local genomic context of homologs of Typhi islet genes that are encoded within T6SS gene clusters. Homologs from a representative strain from two distinct lineages/genome contexts are shown; for t0730, homologs were only identified in a single T6SS gene cluster that was limited to the Citrobacter genus. Data supporting the identification of homologs can be found in Table S2, data supporting T6SS and CDI gene annotations can be found in Table S3 and data supporting the putative T6SS effector annotations can be found in Table S4. Gene sizes not to scale in (B). 
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Table 1. Conserved domains identified in putative ORFs within the Typhi and Paratyphi C genomic islets.
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	Gene
	Domains
	E Value $
	Comment





	t0736/SPC1582

(Both islets)
	Tetratricopeptide repeat (TPR) domain (pfam13424)
	7.65 × 10−4
	TPR domains are protein interaction modules found in a broad array of functionally-diverse proteins



	t0728

(Typhi islet only)
	CDI inhibitor, EC869-like domain (cd13445)
	6.1 × 10−69
	A conserved domain of immunity proteins that protect against the activity of contact-dependent growth inhibition (CDI) system toxins related to E. coli EC869



	SPC1575

(Paratyphi C islet only)
	Rhs-repeat core domain (TIGR03696)

RhsA domain (COG3209)

OCRE domain (cd16074)
	5.1 × 10−31

2.7 × 10−22

9.8 × 10−3
	Rhs repeats are found in toxic bacterial proteins, including certain insecticidal toxins and T6SS-delivered effector proteins

OCRE domains have no defined function



	SPC1576

(Paratyphi C islet only)
	Tetratricopeptide repeat (TPR) domain (cl34042)
	1.6 × 10−3
	TPR domains are protein interaction modules found in a broad array of functionally-diverse proteins



	SPC1577

(Paratyphi C islet only)
	PAAR-like domain (cd14738)
	6.7 × 10−4
	A conserved domain found in the proline-alanine-alanine-arginine (PAAR) repeat superfamily. The domain forms the sharp conical extension of the T6SS VgrG spike



	SPC1578

(Paratyphi C islet only)
	PRK09687 domain

HEAT repeat domain (COG1413)

HEAT repeat domain

(pfam13646)
	7.2 × 10−145

3.8 × 10−15

3.0 × 10−8
	PRK09687 is a conserved domain of unknown function

HEAT repeats are found in a broad array of functionally-diverse proteins



	SPC1581

(Paratyphi C islet only)
	InsA C-terminal domain (cl37596)

InsA domain (COG3677)
	8.4 × 10−17

4.3 × 10−6
	InsA domains are associated with IS1-family transposases







$E value: The number of hits to the NCBI conserved domain database with scores equal to or better than the given hit that would be expected to occur by random chance. Values < 0.01 were considered to be significant.
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Table 2. Putative orphan immunity proteins identified in the S. Typhi genomic islet.






Table 2. Putative orphan immunity proteins identified in the S. Typhi genomic islet.





	Gene
	Homolog DS of CDI/T6SS Toxin $
	Homology to Immunity Protein #
	Putative Function *





	t0728
	Yes
	Yes
	Immunity protein for an EC869-like CDI toxin, which is a Zn2+-dependent DNase that degrades genomic DNA.



	t0729
	Yes
	Not detected
	Immunity protein for a peptidoglycan-degrading T6SS effector protein



	t0730
	Yes
	Yes
	Immunity protein for a Tae4-like peptidoglycan-degrading T6SS effector



	t0731
	Yes
	Not detected
	Immunity protein for a T6SS effector of unknown function



	t0732
	Yes
	Yes
	Immunity protein for a peptidoglycan-degrading T6SS effector protein



	t0733
	Yes
	Not detected
	Immunity protein for a peptidoglycan-degrading T6SS effector protein



	t0734
	Yes
	Not detected
	Immunity protein for a peptidoglycan-degrading T6SS effector protein



	t0735
	Yes
	Not detected
	Immunity protein for a peptidoglycan-degrading T6SS effector protein







$: Homolog identified for this gene that is encoded immediately downstream of a putative T6SS antibacterial effector protein or a CDI toxin (Figure 2, Tables S2–S4); #: Gene encodes a putative protein with significant homology to an experimentally-validated immunity protein (Table S5); *: Functional predictions based on described functions of identified immunity protein homologs (Table S5) and/or the predicted activities of putative upstream effector proteins (Table S4).














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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