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Acinetobacter baumannii is of major clinical importance as the bacterial pathogen often causes hospital acquired infections, further complicated by the high prevalence of antibiotic resistant strains. Aside from natural tolerance to certain antibiotic classes, resistance is often acquired by the exchange of genetic information via conjugation but also by the high natural competence exhibited by A. baumannii. In addition, bacteriophages are able to introduce resistance genes but also toxins and virulence factors via phage mediated transduction. In this work, we analyzed the complete genomes of 177 A. baumannii strains for the occurrence of prophages, and analyzed their taxonomy, size and positions of insertion. Among all the prophages that were detected, Siphoviridae and Myoviridae were the two most commonly found families, while the average genome size was determined to be approximately 4 Mbp. Our data shows the wide variation in the number of prophages in A. baumannii genomes and the prevalence of certain prophages within strains that are most “successful” or potentially beneficial to the host. Our study also revealed that only two specific sites of insertion within the genome of the host bacterium are being used, with few exceptions only. Lastly, we analyzed the existence of genes that are encoded in the prophages, which may confer antimicrobial resistance (AMR). Several phages carry AMR genes, including OXA-23 and NDM-1, illustrating the importance of lysogenic phages in the acquisition of resistance genes.
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INTRODUCTION

The opportunistic pathogen Acinetobacter baumannii is the causative agent for bloodstream infections, meningitis and urinary tract infections, and is responsible for 2–10% of all Gram-negative hospital-acquired infections (Joly-Guillou, 2005). Such infections include ventilator-associated pneumonia and bacteremia with a mortality rate of 35–52% (Dijkshoorn et al., 2007; Kempf et al., 2013; Antunes et al., 2014). As a multitude of strains cause nosocomial infections, A. baumannii has become an important pathogen in hospital care and is of global concern. Many clinical isolates have acquired genes coding for virulence factors, such as toxins or efflux pumps, through various genetic uptake mechanisms (Morris et al., 2019). While A. baumannii easily acquires genetic material by conjugation, natural transformation is also widespread as many strains are highly naturally competent (Hu et al., 2019). Such mechanisms ultimately give rise to an increasing number of strains that display high levels of antimicrobial resistance (AMR), against which antibiotics show little or no effect. Genetic information for AMR genes is often embedded in genetic elements such as transposons or plasmids (Partridge et al., 2018; Rozwandowicz et al., 2018). In addition, bacteriophages (or phages) are able to transfer non-viral genetic information through a process called transduction, which can include genes coding for toxins or antimicrobial resistance (Wagner and Waldor, 2002; Derbise et al., 2007; Wachino et al., 2019). Therefore, phages play an important role in the development of AMR.

Regardless of their morphology or infection mechanism, phages can be divided into two types based on their life cycle: Lytic phages and lysogenic phages (sometimes also called temperate). Both eventually kill the host cell by lysis, employing various enzymes that create holes in the membrane and disintegrate the bacterial cell envelope, to allow the release of phage progeny. Few exceptions exist, such as the filamentous phages that are assembled in the membrane and secreted from the host while the bacterium continues to grow and divide (Loh et al., 2017, 2019; Kuhn and Leptihn, 2019). Nonetheless, phages that destroy the host by lysis upon completion of their life cycle, either start their viral replication immediately after entry (lytic phages) or integrate their genome into that of the host first (lysogenic). Lysogenic phages can remain “dormant” without replicating their genome or initiating phage coat protein synthesis. This way, lysogenic phages are being inherited by daughter cells, and might only replicate to form phage particles after many generations. The trigger for phage replication and synthesis is usually a stress signal produced by the host, such as a SOS response after DNA damage (Howard-Varona et al., 2017). However, if the host resides under favorable conditions, lysogenic phages continue their passive co-existence as so-called prophages embedded inside the DNA of the host.

Prophages are a major source of new genes for bacteria, occupying up to 20% of bacterial chromosomes and therefore may provide new functions to its host (Brüssow et al., 2004; Brüssow, 2007; Cortez et al., 2009; Fortier and Sekulovic, 2013; Wang and Wood, 2016). These functions include virulence factors and drug resistance mechanisms which include extracellular toxins and effector proteins involved in adhesion factors, enzymes, super antigens and invasion (Tinsley and Khan, 2006; Wang and Wood, 2016; Argov et al., 2017; Fortier, 2017). In some cases, the acquisition of virulence genes allows non-virulent bacteria to become a virulent pathogen. The most prominent example is that of the CTXΦ cholera toxin, encoded by a filamentous phage, making Vibrio cholerae the clinical pathogen that poses a substantial socio-economic burden on developing countries with poor hygiene due to frequent cholera outbreaks (Davis and Waldor, 2003). Another example is the Shiga toxin-encoding prophages found in highly virulent Escherichia coli strains, causing food-borne infections across the world (Gamage et al., 2004; Tozzoli et al., 2014). As part of the bacteriophage life cycle, prophages of lytic phages are a double edged sword; while they provide the advantage of increasing chances of survival in challenging environments, they could also lead to the killing of the host through the release of progeny at the end of the phage life cycle. As our relationship with microorganisms is a complex and vital one, from the important role of gut microbiota to the increase in mortality due to virulent microorganisms, understanding bacterial genomes is crucial. Yet in order to obtain detailed insight, we also need to be able to identify viral genes and to comprehend the impact of these genes on its host. As part of the bacterial genome, prophages are subjected to the general effects of mutation, recombination and deletion events. For some phages it has been clearly established that prophage genes have an influence on the host, such as motility or biofilm formation, both important aspects with regards to virulence. However for many other prophages, it is less well understood. Previous work on A. baumannii prophages have identified putative virulence factors and antibiotic resistance genes in host genomes deposited on GenBank (Costa et al., 2018; López-Leal et al., 2020). The work presented here analyses clinical A. baumannii strain genomes in search of possible prophages. We describe the identification of active prophages, analyzed their taxonomy, size and detail the regions in the bacterial genomes where these prophages have been found. Our data reveal a wide variation in the number of prophages in A. baumannii genomes and the prevalence of certain prophages within strains. From an evolutionary perspective, these might represent the “most successful” phages, or the ones that bring a benefit to the host. Our data analysis also allowed us to identify two major sites of insertion within the genome of the host bacterium, with most phage genomes inserting in these two regions, while only a few exceptions are being observed. In addition, our study indicates two distinct genome size distributions of prophages, as we observe a bimodal distribution when analyzing all prophage genomes. Furthermore, we describe genes coding for virulence factors, in particular for antimicrobial resistance in the prophages.



MATERIALS AND METHODS

A. baumannii genomes: Complete genome sequences of A. baumannii only were selected for this study. Detailed information of each A. baumannii strain used in this study is disclosed in supplementary material (Supplementary Table S1). For the characterization of genome lengths of A. baumannii, the following values were obtained: mean, median, mode, the smallest and the largest genome. The distribution of genome lengths was plotted using the geom_density function provided in the ggplot2 package in R (Wickham, 2016).

Alignment of A. baumannii genomes: All strains were aligned so that their starting position is identical, with the gene dnaA defined as the start. BLAST Scoring Parameters provided by NCBI (Gertz et al., 2005; available at https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to blast the locations of dnaA and the adjustment of genome sequences was achieved by SnapGene software (from Insightful Science; available at snapgene.com).

Identification of Prophage Genes: The tool used to identify prophages in A. baumannii genomes was Prophage Hunter (Song et al., 2019; available at https://pro-hunter.bgi.com/). Here, we obtained data on the start, end, length, score, category, and the name of the closest phage. Phaster (Arndt et al., 2016; available at http://phaster.ca/) was used to further confirm some conflicting results. According to the algorithm created by the authors of Prophage Hunter, an “active” prophage is defined by a score close to 1, while the probability decreases the lower the score gets. This means that an active prophage region received a scoring of higher that 0.8 while 0.5–0.8 is defined as “ambiguous,” and a score lower than 0.5 as “inactive.”

Prophage number analysis: Calculations of the mean, median, and mode on the prophage number (total, only active, and only ambiguous) were performed after removing the overlaps of the same prophage in the same strain. The 10 strains with the fewest and with the largest numbers of total, only active, and only ambiguous prophages were selected to show the 2 extremes, while the density plot achieved through geom_density function provided by ggplot2 package in R were conducted to describe the general distribution. The boxplot produced by R reflected the relationship between total, only active, and only ambiguous prophage number and A. baumannii genome length.

Phylogenetic analysis of host strains: Prokka v1.13 (Seemann, 2014) was used to generate the gff files for the genome sequences of 177 A. baumannii strains. The core genome alignment was constructed with Roary v3.12.0 (Page et al., 2015). A maximum-likelihood phylogenetic tree was created using FastTree v2.1.10 (Price et al., 2010). The tree was annotated and visualized with ggtree.

Prophage classification and phylogeny analysis: Prophage classification presented was provided by the program Prophage Hunter which was based on the NCBI’s database. Different orders and families were taken into consideration. The prophage number in different families and their proportions were revealed by histograms and pie charts generated in Microsoft Excel, respectively. Different bacterial hosts were referred to in the calculation of the number of prophages and the number of phage species they had. Based on the species of prophages, 10 most common ones for total, only active, and only ambiguous were selected, with a heatmap which was completed through geom_tile provided by ggplot2 package in R showing their number with the activity value in different strains. The phylogeny of phages was mapped according to their sequences. The alignment of the phage sequences were performed using Multiple Alignment using Fast Fourier Transform (MAFFT) (Katoh and Standley, 2013) with default options. Maximum-likelihood phylogenetic trees were created using FastTree v2.1.10. The tree was annotated and visualized using ggtree.

Prophage location analysis: The positions of all prophages were first showed in a stacked bar chart in Microsoft Excel. Considering the overlaps of different prophages in the same strain, all the prophage starts and ends were mapped in a density plot created by ggplot2 geom_density and aes functions in R. The stacked bar charts of different prophage species were used to estimate their preference of insertion which were then summarized in tables.

Prophage length analysis: The use of ggplot2 geom_density function in R facilitated the creation of density plots of prophage length. With the help of aes function, the mapping of prophage categories (active and ambiguous) and families were achieved in the density plots.

Identification of virulence factors and antibiotic resistance genes: No program is currently available that allows the search of virulence genes which are embedded in prophage sequences within bacterial genomes. Thus, we identified prophages first followed by manually correlating genomic positions of virulence genes with those that were also identified to belong to prophage genes.

Mapping of prophage-encoded antimicrobial resistance genes (ARG): To search for the specific virulence genes we identified (above), we first downloaded all available 4,128 A. baumannii Illumina sequencing reads from the Sequence Read Archive (SRA) with the cut-off date for deposited sequences on 2019/11/17. The raw Illumina sequencing reads were mapped against the ARG prophage sequences employing BWA-MEM v0.7.17 (80% coverage cutoff) (Li, 2013).



RESULTS


In silico Discovery of Prophages in 177 A. baumannii Genomes Identifies 1,156 Prophage Sequences

Our first aim was to analyze how frequently prophages occur in the genomes of A. baumannii strains. We randomly chose 177 genome sequences of A. baumannii strains, many of them clinical isolates. For the subsequent analyses, we aligned all sequences so that their starting positions are identical. To this end, we defined the gene dnaA as the start, which codes for a replication initiation factor that facilitates DNA replication in bacteria. From the sequence alignments, we observed a large variation in genome sizes. The average length of the genomes was 3,981,579 bp with a median value of 4,001,318 bp; the smallest genome had a length of 3,072,399 bp (22.9% shorter than average), and the largest genome displayed a size of 4,389,990 bp (10.25% larger than average) (Figure 1A).
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FIGURE 1. Length of A. baumannii genomes and its correlation with number of prophages present. (A) Density graph of 177 genome sequences of A. baumannii strains, indicating the distribution of the lengths of genome sequences analyzed. (B–D) Correlation between A. baumannii genome length and number of (B) all prophages, (C) active prophages, and (D) ambiguous prophages identified in genomes.


Next, we used the online platform Prophage Hunter (Song et al., 2019) to identify active and ambiguous prophage genomes. The algorithm provides an output value for each prophage identified, which allows the researcher to establish whether a sequence contains an “active” or an ambiguous prophage. While “active” prophages exhibit the complete genomic sequence of a prophage, and are therefore likely to allow the production of phage particles, ambiguous prophage sequences are truncated, mutated or otherwise incomplete, and unlikely to be able to form infectious phages. Among the 177 A. baumannii genomes analyzed, we identified 1,156 prophages, with 459 of them being defined as “ambiguous” while the remaining 697 sequences were labeled as “active” according to the program (Supplementary Table S2). To determine the prevalence of prophages in the A. baumannii genomes, we analyzed the number of prophages per genome. Using a heatmap to illustrate our results, we found that while some prophages are rarely found, others are quite common in the genomes of A. baumannii isolates (Figure 2). One phage that was only found once, for example, is a prophage with high sequence similarity to the Yersinia Podovirus fHe-Yen3-01, while the Acinetobacter phage Bphi-B1251, a Siphovirus, has been found in 79.1% (140 in 177) of all analyzed A. baumannii genomes. Such high prevalence observed by prophages such as Bphi-B1251 could indicate high infectivity and wide host range of the active phage particle. Table 1 shows 10 strains with the fewest and with the largest numbers of prophages identified (Table 1). We found that the average prophage number in an A. baumannii genome is 6.53, with some bacterial genomes containing only one (n = 2) prophage sequence, such as in case of the A. baumannii strains DS002 and VB1190. In contrast to these, other strains have been found to contain as many as 10 prophage sequences, such as in strain 9201 (n = 1), that were labeled “active” by Prophage Hunter; additionally this strain contains two prophage sequences that were defined as ambiguous. The highest prophage number was found in the strain AF-401 which contains 15 prophages, however, only 8 were defined as active. Our results show that prophage sequences are relatively common and that most A. baumannii strains show a median of seven and a mode of eight prophages per genome. Additional genome analysis of the clinical isolates illustrates a possible relationship between prophages and host strains (Supplementary Figure S1). Prophages, such as Bacillus phage PfEFR 4 and Enterobacteria phage CUS 3 were observed more frequently in strains whose genomes are in the same clade or are closely related, indicating a narrow host range.
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FIGURE 2. The prevalence of prophages analyzed. Heat map of prophages found in all A. baumannii strains analyzed. Prophages (y-axis) are plotted against each A. baumannii strain (x-axis). Red squares indicate the presence of the indicated prophage. Blue squares indicate the lack thereof. Please refer to the PDF of the figure and use the zoom function to identify names of strains and phages.



TABLE 1. A. baumannii stains with the highest and the fewest number of prophages identified.

[image: Table 1]We next correlated host genome length with number of prophages identified to determine if there is a relationship between the two variables. Perhaps unsurprisingly, the length of A. baumannii genomes increased as more prophages are identified, disregarding whether the prophage genomes are “active” or “ambiguous” (Figure 1B). However, when prophages are classified, the correlation between host genome length and number of prophage genomes identified were less distinct (Figures 1C,D).



Siphoviridae and Myoviridae Are the Two Most Commonly Found Classes of Prophages in A. baumannii Genomes

We analyzed the relationship of all prophages we identified and created a phylogenetic tree (Supplementary Figure S2). Phage phylogeny is very complex. While bacteria share many common genes, microbial viruses are less related to each other creating large phylogenetic distances. The phylogenetic analysis shows that in some instances the phylogenetic clustering does not necessarily result in grouping of the phages according to their classes. This is, however, not surprising as phages often display diversity by “mosaicity of their genomes” (Dion et al., 2020). After identifying all prophage sequences in the genomes of the 177 A. baumannii isolates, we set out to analyze the most prevalent classes of phages present. Our analysis of all prophage sequences (n = 1,156) revealed that the majority of them, ∼57% (n = 660) of the prophages, belong to the Siphoviridae group (Figure 3A). The Siphoviridae is a class of head-and-tail phages, with the best known representative being phage lambda, that exhibit long, non-contractile but comparably flexible tail structures (Nobrega et al., 2018). The second most commonly found prophages are Myoviridae, with a percentage of ∼33% (n = 385) (Figure 3A). With the best-known Myovirus, the E. coli phage T4, these phages have a stiff, contractible tail that allows the active penetration of the bacterial host envelope (Hu et al., 2015). Together, these two phage classes make up 90% of all prophage genomes. The third most common class, albeit only 4.7% (n = 55) of all prophage genomes, belongs to Podoviridae. The best known Podovirus is probably T7, which has a short, stubby tail and internal core proteins that get ejected for the formation of a DNA-translocating channel across the bacterial cell envelope (Guo et al., 2014; Lupo et al., 2015; Leptihn et al., 2016). Prophages that could not be conclusively classified to a viral group accounted for 3.3% (n = 38). Siphoviridae, Myoviridae and Podoviridae all belong to the order Caudovirales, phages that exhibit a head-and-tail structure. Within the two phage classes we found several phages that were most successful, i.e., most common. Examples are the A. baumannii phages Bphi-B1251 and YMC11/11/R3177, which both belong to the Siphoviridae (Table 2A). The most common Myovirus was Ab105-1phi. Not only are these the most common prophages found, they are also the most common active prophages identified (Table 2B). In addition, the distribution of the classes was similar if only active prophages were analyzed. Here, 62% (432/697) belonged to the Siphoviridae and 32% (223/697) to the Myoviridae (Figure 3B).
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FIGURE 3. The families of prophages found. Pie charts of prophages identified showing the percentage make up of each family. (A) Classification for all prophages. (B) Classification of active prophages only.



TABLE 2. The most common prophages identified in A. baumannii stains.
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The Genomic Position of Prophages Shows Two Main Locations for Genome Integration

To determine where all prophages -regardless of their class- are found in the bacterial genome, or if they are possibly distributed at random within the host DNA, we visualized the position of the prophages in all 177 genomes (Figure 4A). We then plotted all prophage positions found in all genomes against the position in the bacterial host genome sequence. Surprisingly, we observed a bimodal distribution, with two clear peaks in the position of prophages (Figure 4B), indicating that there are two main sites of attachment for prophages and their genomic insertion. While this reflects the situation for all prophages, we then analyzed the position of several individual prophages within the bacterial genome. First, we assessed one of the most commonly found phages YMC11/11/R3177. The position of this phage reflects the overall distribution of all phages in the analyzed genomes, with two main areas of insertion. However, in some cases the position is outside the main area of insertion, possibly due to recombination of the bacterial genome (Figure 5A). The second phage we analyzed was phage vB_AbauS_TRS1. Here, the distribution of the phage within the bacterial genome seems to be more random as compared to the overall distribution (Figure 5B). In case of the Aeromonas phage PX29, insertion seems to be very “strict,” i.e., only observed in one location within the genome (Figure 5C). The observations made when analyzing the prophage positions show that the insertion of phages could be described as “directed,” and less random, indicating that attachment sites, if they are required, are found more commonly in certain positions of the bacterial genome.
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FIGURE 4. The location of prophages found in each A. baumannii genome. (A) Stacked bar chart of each bacterial strain (y-axis). Yellow segments indicate prophage sequences identified on the genome (in blue). (B) Density graph compiled from the stacked bar chart. Please refer to the PDF of the figure and use the zoom function to identify names of strains and phages.
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FIGURE 5. Location of prophage genome insertion differs between phages. (A) Comparison of phage location for Acinetobacter phage YMC11/11/R3177. (B) Comparison of insertion locations for Acinetobacter phage vB_Abas_TRS1. (C) Comparison of prophage insertion sites for Aeromonas phage PX29. Boxes in orange indicate active prophages identified. Gray boxes indicate ambiguous prophage sequences. Please refer to the PDF of the figure and use the zoom function to identify names of strains and phages.




The Sequence Length of Prophages Reveals Distinct Groups

Using the data provided by the program Prophage Hunter, we were interested in evaluating the size distribution of prophage genomes. Therefore, we plotted sizes against the frequency of prophages present in the bacterial genomes and calculated average prophage genome sizes. In the case of ambiguous prophages, a main population at 15 kb became visible followed by a minor peak of substantial size at approximately 60 kb, leaving the average and median length of ambiguous prophage genomes at 29.2 and 25.8 kb, respectively (Figure 6A and Table 3). In contrast to this, two main peaks were observed when analyzing only active prophages. Here, one peak is observed at around 17 kb while the other at around 36 kb was observed (Figure 6A). The average genome length of active prophages is 34 kb (Table 3). As these peaks include all phage categories, we re- analyzed the genomic length of the active prophages according to their classes: Siphoviridae, Myoviridae and Podoviridae, which together constitutes almost 95% of all prophages (see Figure 3A). When analyzing the length of all Siphoviridae sequences, we observed two main populations, one sharp peak at around 20 kb and one broad peak with a shoulder containing larger sequences from 18 to 56 kb (Figure 6B). The average prophage length of Siphoviridae is 36.7 kb (Table 3). Myoviridae sequences similarly exhibited two sharp peaks (17 and 36 kb), with a third minor one of around 60 kb (Figure 6C). The average prophage genome size of active Myoviridae is 32.4 kb (Table 3). The Podoviridae showed several minor peaks with a large sharp peak at about 12 kb and the average prophage genome length is calculated to be 17.4 kb (Figure 6D and Table 3). The results of these analyses show that there are distinct distributions of bacteriophage genome sizes. Two clearly separated groups of prophages can be observed just based on size, in the case of Myoviridae. In the case of Siphoviridae, we saw a less defined area with possibly multiple species within the broad distribution.
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FIGURE 6. Active prophages categorized by prophage lengths. (A) Comparison of prophage lengths between active and ambiguous prophages. (B–D) Distribution of prophage length for active Siphoviridae (B), Myoviridae (C), and Podoviridae (D).



TABLE 3. Prophage genome lengths for active and ambiguous prophages, among the three major families in the order of Caudovirales.
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Prophage Encoded Antibiotic Resistance Genes

As prophages are able to encode genes that might allow its host to become more virulent and therefore more evolutionary successful, we aimed to analyze prophage-encoded virulence factors. However, in contrast to e.g., E. coli, a databank for A. baumannii virulence factors currently does not exist. We therefore searched for prophage sequences that contain genes that contribute to antibiotic resistance. Table 4 lists the start and end of the genes that are encoded within a respective prophage. Among others, we found AMR genes for OXA-23 and NDM-1. OXA-23 is the most widespread carbapenem resistance gene globally (Hamidian and Nigro, 2019). NDM-1 encodes a carbapenemase, a beta-lactamase enzyme with a broad substrate specificity capable of hydrolyzing penicillins, carbapenems, cephalosporins, and monobactams. Other beta-lactamase genes were blaADC–5, blaOXA–67, blaOXA–115, and blaTEM–12. In addition, we were able to identify genes coding for N-Acetyltransferases(aac(3)-I, aac(3)-Id, aacA16), Aminoglycoside phosphotransferases (aph(3′)-Ia, aph(3′)-VI, aph(6)-Id, aph(3″)-Ib), both groups mediating aminoglycoside resistance. Other genes that contribute to antibiotic resistance were sulfonamide resistance gene (sul2), and the macrolide-resistance conferring genes msr(E), encoding an efflux pump, and mph(E), coding for a macrolide-inactivating phosphotransferase.


TABLE 4. Antimicrobial resistance genes found in prophages embedded in A. baumannii stains.

[image: Table 4]Interestingly, one A. baumannii strain, ACN21, contains a prophage which encodes three antibiotic resistance genes [aph(3’)-VI, blaNDM–1, bleMBL]. The phage is most closely related to Vibrio phage pVa-4, a Myovirus that infects V. alginolyticus (Kim et al., 2019). In contrast to its relative, phage pVa-4 is a lytic phage was grouped to be part of the phiKZ-like phages (Phikzviruses), which are considered as “jumbo” phages. A second A. baumannii strain, AR_0078, contains a prophage sequence that shares a high degree of similarity to the Bacillus phage PfEFR-4, a Siphovirus with a prolate head, in contrast to its E. coli relative lambda (Geng et al., 2017). The prophage encodes three antimicrobial resistance genes that confer macrolide-resistance, msr(E), encoding an efflux pump, and mph(E), coding for a macrolide-inactivating phosphotransferase. The third gene encodes the Aminoglycoside phosphotransferases [aph(3’)-Ia], inactivating aminoglycoside antibiotics.

A. baumannii strain DU202 contains a prophage sequence that is related to the lytic E. coli myovirus PBCO 4 (Kim et al., 2013). Within the genome sequence, two antimicrobial resistance genes are encoded: aac(3)-Id codes for an N-Acetyltransferase mediating aminoglycoside resistance and OXA-23, which is encodes the most widespread resistance mechanism toward the β-lactamase inhibitor sulbactam. The gene was also embedded in the prophage sequences of two phages in the A. baumannii strain XH859; here, the A. baumannii phage Bphi-B1251 was found to be the most closely related phage, a lytic Podovirus, that was previously shown to be able to infect and lyse an OXA-23- harboring A. baumannii isolate from a septic patient (Jeon et al., 2012).

To determine how prevalent the prophage encoded antimicrobial resistance genes are in other genomes, we mapped all available 4,128 A. baumannii Illumina sequence reads that were accessible by 2019/11/17 on the Sequence Read Archive (SRA) to the AMR prophage sequences using an 80% cutoff for the coverage. We identified 174 A. baumannii genomes that contain prophage sequences, or about 4.2% of all available reads, not including the genomes we used for the initial analysis. Supplementary Figure S3 illustrates the prevalence of the prophage-encoded AMR genes (ARGs) and their respective prophages. Fairly “successful,” i.e., widely distributed, were two prophages: ABUH793 and AR_0056. ABUH793 is a close relative of the Clostridium phage phiCT453B, containing the resistance gene blaOXA–115. The second prophage sequence that was found often in A. baumannii genomes in comparison to other prophages encoding ARGs, was AR_0056, a relative of the Moraxella phage Mcat6, encoding the ARG sul2. While the prophage does not necessarily render the host antibiotic resistant as genetic regulators might be missing, prophages containing ARGs can present an evolutionary advantage for the host (Wendling et al., 2020).

Our finding demonstrates the importance of phages in the acquisition of antimicrobial resistance; the above described genes may confer the ability to grow in the presence of antibiotics when the bacterial host is infected by a phage that encodes not only the information for its own replication but also genes that inactivate or remove antibiotic compounds.




DISCUSSION

Our search for prophages in the genomes of A. baumannii strains revealed several interesting findings. One surprising observation was the positions of the prophages within the genome of the bacterial host. When analyzing the prophage positions one might expect that the insertion of phages would be less directed, and more random. However, we found that the majority of phages inserted into two locations as seen by a bimodal density plot with a sharp separation between the two peaks. Prophage genome integration can either be a site-specific recombination event at so-called att sites or occurs in a non-directed manner by transposition into random sites (Ramisetty and Sudhakari, 2019). Our data could indicate that the two areas in the genome contain most of the attachment sites for the majority of phages. A previously published analysis of Salmonella and E. coli genomes found a large number of distinctive phage integration loci; in the case of Salmonella, 24 loci were shared among 102 Salmonella phages, amounting to four phages statistically sharing one integration site. In case of E. coli, 58 distinctive integration loci were identified for 369 phages, with statistically 6.6 phages per site (Bobay et al., 2013). It might be reasonable to assume that A. baumannii contains similar numbers of attachment sites, although we have not analyzed potential sites in the genomes we investigated. However, regardless of whether a phage inserts via one of the various attachment sites or randomly via transposition, only two “hot spots” were observed in our study. In addition to the explanation that attachment sites might be more frequent in these two sections of the bacterial genome, prophage insertion into segments crucial for e.g., over-all gene regulation, or into household genes, would be an evolutionary disadvantage and might therefore be less commonly found.

Bacteriophages are classified into 12 families (ICTV, 2019). Pioneering work in taxonomy divided tailed phages into three classes based on the morphology of the phages; Myoviridae have long contractile tails, Siphoviridae have long non contractile tails, and Podoviridae have short tails. Recently, the International Committee on Taxonomy of Viruses (ICTV) expanded the order Caudovirales, describing tailed bacteriophages to include six additional families, i.e.,: Ackermannviridae, Autographiviridae, Chaseviridae, Demerecviridae, Drexlerviridae, and Herelleviridae, taking additional characteristics into consideration such as genome sequence, gene content, protein homology and the host (Adriaenssens et al., 2020). When analyzing the families of prophages in this population of A. baumannii strains, we observed a prevalence of Siphoviridae which constituted 57% of all identified prophages. Together with the next family of phages, Myoviridae, which consists 1/3 of all prophages, the two groups make up 90% of all prophages identified. Among the remaining 10%, the largest group belongs to Podoviridae. These ratios are very similar to the ones that have been reported in other studies, and also the ratio of the most commonly found phages in nature (Costa et al., 2018).

Interestingly, the ratio between ambiguous to active prophages in case of the ones that have been identified as Siphoviridae, 0.654, markedly differs from the ratio calculated for the prophages that belong to Myoviridae, 0.579. It is unlikely that Siphoviridae prophage sequences are less prone to mutations, as they should be occurring at random. However, a mechanism that would specifically “protect” Siphoviridae prophages might be the case if daughter cells, where mutations in the prophages occur, would have an evolutionary disadvantage. This would imply that prophages influence the host behavior positively, which has previously been shown in some cases (Bondy-Denomy and Davidson, 2014; Nanda et al., 2015; Loh et al., 2019). Could the most likely scenario be that the genomes of Myoviridae are possibly larger than those of the Siphoviridae, making them more prone to random mutations and deletions? However, the size comparisons of the genomic sequences of the prophages that we identified, does not support this possible explanation: The Siphoviridae sequences display distribution with one clear peak at around 20 kb followed by a fairly broad peak with a plateau and a shoulder toward larger genome sizes, ranging from 28 to 65 kb (Figure 6B). In contrast to this, the genomic size distributions of Myoviridae showed two peaks, one around 20 kb, the second around 42 kb (Figure 6C). The size estimations are corroborated by the findings of a previous study which estimated the genome sizes of Siphoviridae to be approximately 50 kb in average, with a broad distribution between 24 and 101 kb, while Myoviridae display smaller genomes or around 34 kb (Costa et al., 2018).

One question we could pose is why there is no broad distribution of prophage sizes, and why do we observe “peaks”? Can we conclude from this data that certain genome sizes are advantageous from an evolutionary standpoint? The arch-Myovirus might have had a certain size that proved to be sufficient for the successful persistence during the course of evolution. Only smaller increases or decreases of the genome allowed evolutionary success, and no gradual increase or decrease in genome size occurred. However, an evolutionary leap or jump might have happened at some point, which might have led to a major increase of genomic size, creating a new, second type of a Myovirus class which is represented in the second, larger peak. Starting from this size, again only smaller changes, decreases or increases with regards to the genomic size, may have occurred, preserving the sharp separation of each peak. It would be interesting to investigate if the smaller Myovirus display a prolate head as does T4. The increase volume of this geometry allows the packing of a larger genome, which might explain the possible separation in two sizes. To test this hypothesis, smaller Myoviruses should have non-prolate heads. Viral classification is a complex topic. Possibly the genome sizes might help to contribute to classifying of microbial viruses in the future.

While Prophage Hunter extracts prophage genomes from bacterial genomes, the platform is a web-based tool that also distinguishes between “active” and “ambiguous” prophage genomes (Song et al., 2019). The developers of Prophage Hunter have used experimental data and conducted induction experiments with mitomycin C, to validate the program’s output, showing its ability to hunt for “active,” inducible prophages. Yet, conclusions should not be hastily drawn to assume that all “active” prophages can definitively excise from the host genome to commence the bacteriophage lytic life cycle; false positives may still exist. In this regard, induction experiments should be conducted to confirm that “active” prophages can indeed produce active particles.

Prophages are an important source for acquiring new genetic information, including antibiotic resistance genes, for their bacterial host. Phage-mediated transfer of genes from donor to recipient cells, also called transduction, has been shown to be instrumental in the spread of AMR genes both in vitro and in vivo (Haaber et al., 2016). In our study, we also investigated AMR genes that are embedded in prophage sequences. Previous studies on prophage diversity in A. baumannii had found AMR genes (also called: ARGs) in many prophages that were analyzed (Costa et al., 2018; López-Leal et al., 2020). Yet despite this, it remains to be shown whether prophages confer antimicrobial resistance to its host A. baumannii. Our observation illustrates that phages might represent important contributors in the process of AMR acquisition. However, it remains to be said that we found less than 5% of a publicly available, deposited sequence reads to contain the prophage-encoded ARGs we initially identified, arguing that phage transduction is possibly not the prevalent mode of AMR acquisition but is second to other mechanisms such as plasmid uptake via conjugation. Interestingly, despite viruses in general showing highly condensed genomes trying to pack essential information in small volumes, bacterial viruses seem to have co-evolved with their hosts and carry genes that are not directly required for the virus but are beneficial to the host and thus also to the prophage.



CONCLUSION

Our study attempts to take an inventory of prophages in the important nosocomial pathogen A. baumannii. We have analyzed the phylogeny of the prophages, their position in the host genome and characterized their lengths, identifying “successful,” i.e., widely distributed phages, and the dominant families, Myoviridae and Siphoviridae.

Several prophage sequences contained genes coding for antimicrobial resistance genes. By mapping these genes in all deposited illumina A. baummannii sequence reads, we found that less than 5% of all available host sequences contain such prophage-embedded genes, indicating that transduction may not be the major contributor to the emergence of antimicrobial resistance.
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Metagenomic next-generation sequencing (mNGS) has become a widely used technology that can accurately detect individual pathogens. This prospective study was performed between February 2019 and September 2019 in one of the largest clinical neurosurgery centers in China. The study aimed to evaluate the performance of mNGS on cerebrospinal fluid (CSF) from neurosurgical patients for the diagnosis of external ventricular and lumbar drainage (EVD/LD)-associated ventriculitis and meningitis (VM). We collected CSF specimens from neurosurgical patients with EVD/LD for more than 24 h to perform conventional microbiological studies and mNGS analyses in a pairwise manner. We also investigated the usefulness of mNGS of CSF for the diagnosis of EVD/LD-associated VM. In total, 102 patients were enrolled in this study and divided into three groups, including confirmed VM (cVM) (39), suspected VM (sVM) (49), and non-VM (nVM) (14) groups. Of all the patients, mNGS detected 21 Gram-positive bacteria, 20 Gram-negative bacteria, and five fungi. The three primary bacteria detected were Staphylococcus epidermidis (9), Acinetobacter baumannii (5), and Staphylococcus aureus (3). The mNGS-positive coincidence rate of confirmed EVD/LD-associated VM was 61.54% (24/39), and the negative coincidence rate of the nVM group was 100% (14/14). Of 15 VM pathogens not identified by mNGS in the cVM group, eight were negative with mNGS and seven were inconsistent with the conventional microbiological identification results. In addition, mNGS identified pathogens in 22 cases that were negative using conventional methods; of them, 10 patients received a favorable clinical treatment; thus, showing the benefit of mNGS-guided therapy.

Keywords: metagenomic next-generation sequencing (mNGS), diagnosis, EVD, LD, ventriculitis and meningitis


INTRODUCTION

External ventricular drains (EVDs) and, in some specific cases, lumbar drains (LDs) are essential to drain cerebrospinal fluid (CSF) and control intracranial pressure after neurosurgery (Brain Trauma Foundation et al., 2007; Carney et al., 2017). One of the risks surrounding the placement and maintenance of catheters is the infection of cerebrospinal fluid (CSF), with infection rates ranging from 2 to 45% (Lozier et al., 2008; Scheithauer et al., 2010; van de Beek et al., 2010; Dorresteijn et al., 2019). EVD/LD-associated ventriculitis and meningitis (VM) are correlated with high rates of morbidity and mortality, significantly prolonged lengths of hospitalization (LOS), elevated hospital costs, and negatively affected prognosis (Citerio et al., 2015; Hussein et al., 2019). However, the diagnosis and pathogen identification of VM samples can be difficult (Ross et al., 1988), causing delays in treatment, and the administration of inadequate/inappropriate antimicrobial therapies (Phan et al., 2016).

Metagenomic next-generation sequencing (mNGS) is a high-throughput sequencing technology that could overcome the limitations of conventional diagnostic tests and allow for hypothesis-free, culture-independent pathogen detection directly from biological specimens (Simner et al., 2018). mNGS provides a comprehensive method that accurately identifies all potential pathogens, including viruses, bacteria, fungi, and parasites in a single test (Simner et al., 2018). This approach is valuable in distinguishing pathogens that cause infections with non-specific and overlapping clinical manifestations (Miller et al., 2019). Recent advances in mNGS have facilitated the development of rapid and user-friendly data analysis tools, and the creation of accurate and comprehensive databases. Combined with its low cost, mNGS has become a first-line laboratory method in response to emerging infectious diseases and outbreaks. mNGS has also become increasingly popular in routine clinical practice for the rapid identification of pathogens in CNS infections from CSF (Guan et al., 2016; Fan et al., 2018; Wilson et al., 2019; Xing et al., 2019). However, most published studies use non-standardized methods and lack standards for verifications. In addition, inadequate CSF samples and the lack of relevant studies on EVD/LD patients also hinder the broad application of mNGS in the diagnosis of VM.

What remains to be explored is whether the diagnosis of EVD/LD-associated VM using mNGS is as effective and efficient as conventional microbiological methodologies for pathogen detection and identification. Here, we compare diagnostic methods in 102 neurosurgical patients with EVD/LD and assess the performance of mNGS in identifying CSF pathogens and predicting VM. We also evaluate whether mNGS can provide therapeutic guidance for EVD/LD-associated VM, using Acinetobacter baumannii and Stenotrophomonas maltophilia-induced VM as examples.



MATERIALS AND METHODS

This study was performed at the Beijing Tiantan Hospital and Capital Medical University between February 2019 and September 2019. Beijing Tiantan Hospital is a tertiary hospital with 1,850 beds and more than 15,000 annual surgeries. The protocol for this study was approved by the ethical committee of Beijing Tiantan Hospital and Capital Medical University (Approval Number: KY-2019-095-03).


Diagnostic Criteria and Data Abstraction

Neurosurgical patients 18 years of age and older with an EVD/LD for more than 24 h were eligible. Patients with EVDs or LDs inserted for cerebral or spinal infective processes were excluded. Patients who were discharged without a new surgery died within 7 days after neurosurgery, or those with an inadequate CSF volume (<0.5 ml) or incomplete medical records were also excluded from the study. All patients enrolled in the study were followed up with throughout the first 30 postoperative days.

Since there are no universally accepted definitions of device-related VM, for the purpose of this study, we defined the diagnosis criteria as follows (Leib et al., 1999; Horan et al., 2008; Citerio et al., 2015): (1) confirmed VM (cVM) was characterized by a positive CSF culture and a CSF leukocyte count >250 cells/μl; (2) suspected VM (sVM) was characterized by a CSF leukocyte count >1,000 cells/μl (neutrophil percentage >50%) or a CSF neutrophil count >250 cells/μl; and (3) non-VM (nVM) was defined by a negative CSF culture and CSF leukocyte count <250 cells/μl, with <50% neutrophils.

All patients' daily progress notes were extracted from the standard database. Nineteen clinical features were included, such as patient characteristics (age, gender), hypertension, diabetes mellitus, fever (>38°C), LOS, time of infection clearance, Glasgow Coma Scale (GCS), CSF leakage, craniotomy, surgical wound classification, reoperation, assist mechanical ventilation, tumor, intensive care unit (ICU) admission, bacteremia, hospital-acquired pneumonia, mortality, and clinical treatment, including antibiotic prophylaxis, empirical use of antibiotics, and definitive therapy. In addition, we recorded 12 clinical laboratory indicators, including CSF cell count (C-Cell), CSF leukocyte count (C-Leu), CSF neutrophil percentage (C-Neu), CSF protein concentration (C-Pro), CSF chloride ion concentration (C-Cl), CSF glucose concentration (C-Glu), CSF lactate concentration (C-Lac), blood leukocyte count (B-Leu), blood glucose concentration (B-Glu), blood neutrophil percentage (B-Neu), the ratio of C-Glu to B-Glu (C/B-Glu), and procalcitonin level (PCT). All of the clinical laboratory parameters were obtained on the same day that EVD/LD-associated VM occurred.



mNGS of CSF


Sample Processing

CSF specimens were subjected to conventional microbiological studies (e.g., culture, serology) and pairwise mNGS. Specimens (0.5 to 1.2 ml) were stored at −80°C until use. Fresh CSF was extracted for routine clinical examination. Antibiotic resistance was determined from bacterial genome sequences using mNGS.



Nucleic Acid Extraction

CSF samples were collected from patients according to standard procedures. DNA was extracted using the TIANamp Magnetic DNA kit (Tiangen) according to the manufacturer's protocols. The quantity and quality of DNA were assessed using Qubit (Thermo Fisher Scientific) and NanoDrop (Thermo Fisher Scientific) instruments, respectively.



Library Preparation and Sequencing

DNA libraries were prepared using the KAPA Hyper Prep kit (KAPA Biosystems) according to the manufacturer's protocols. An Agilent 2100 was used for quality control, and single-read sequencing of 75 bp DNA libraries was sequenced on an Illumina Next-Seq 550Dx (Illumina).



Bioinformatics Analysis

An in-house-developed bioinformatics pipeline was used for pathogen identification. Briefly, high-quality sequencing data were obtained following the removal of low-quality reads, adapter contamination, and duplicated and short (read length <36 bp) reads. Human host sequences were identified by mapping to the human reference genome (hs37d5) using bowtie2 software. Reads that could not be mapped to the human genome were retained and aligned with the NCBI microorganism genome database for pathogen identification. The microorganism genome database is composed of more than 20,000 NCBI reference genomes of bacteria, fungi, viruses, and parasites (download from ftp://ftp.ncbi.nlm.nih.gov/genomes/genbank/). The mapped reads were taxonomically classified using the Expectation Maximization algorithm.



Interpretation and Reporting

We used the following criteria for the positive results from mNGS: (1) For Mycobacterium, Nocardia, and Legionella pneumophila, the results were considered positive if more than one unique read mapped to the same species. (2) For bacteria (excluding Mycobacterium, Nocardia, and Legionella pneumophila), fungi, virus, and parasites, the result was considered positive for a specific species if at least three unique, non-overlapping reads mapped to that species. (3) Pathogens that were detected in the negative “no-template” control (NTC) were excluded if the number of detected reads was <10-fold of that in the NTC. The schematic of the mNGS workflow is shown in Figure 1A.


[image: Figure 1]
FIGURE 1. (A) Schematic of the mNGS workflow. After collecting CSF samples, DNA was extracted using the TIANamp Magnetic DNA Kit (Tiangen). DNA libraries were prepared using the KAPA Hyper Prep kit (KAPA Biosystems) and fragmentation-end repair and a-tail-ligation PCR amplification. Libraries were quantified, pooled, and loaded onto the sequencer. Using an in-house-developed bioinformatics pipeline, high-quality sequencing data were obtained. Reads were aligned to the NCBI microorganism genome database for pathogen identification. Finally, we reported the results of mNGS according to the criteria. (B) Flowchart of study participants.




Analysis of Antibiotic Resistance Genes

Megahit v1.2.5 was used to assemble reads and remove the host sequences using default parameters. Identification of the resulting contigs was performed by matching them to CARD v3.0.5 using RGI v5.1.0. Potential resistance genes were filtered using the following parameters: identity of 84%, and query coverage of 90%.




Statistical Analysis

SAS 15.0 and EXCEL 2010 were used for statistical analyses. The distribution of continuous variables was described using the mean and standard deviation (SD), or median and interquartile range (IQR). Categorical variables were described as counts and percentages. For continuous quantitative variables, the Mann–Whitney U-test was performed to compare two groups and the Kruskal–Wallis H test was used to compare three or more groups. The Fisher's exact test was performed to compare categorical data. The original contributions presented in the study are publicly available. This data can be found at https://www.ncbi.nlm.nih.gov/sra/PRJNA660207.




RESULTS


Clinical and Laboratory Data Representation

A total of 120 patients who underwent neurosurgery and had an EVD/LD in place for more than 24 h were screened. Of those, one patient died within 7 days, nine patients had insufficient CSF volumes (<0.5 mL), six patients had incomplete medical records, and two patients were followed up for <30 days. A total number of 102 CSF specimens were obtained from the remaining 102 patients, including 39 cVM, 49 sVM, and 14 nVM patients (Figure 1B).

The median age of the 102 patients was 41 years, and 59 patients were male (57.84%). The median LOS was 20.5 days (range, 15–27), and the median time to infection clearance was 6 days (range, 3–10.5). Eighteen patients (17.65%) had hypertension, two (1.96%) had diabetes mellitus, 23 (22.55%) experienced fever, and 11 (10.78%) reported CSF leakage. The incidence of craniotomy surgery and reoperation was 68.32% (69/102) and 14.71% (15/102), respectively, and 62.75% of cases (66/102) had clean surgical wounds after the procedure, while the remainder had clean-contaminated surgical wounds. Of all patients, 80 (78.43%) had tumors and 29 (27.88%) were admitted to the ICU. Other common comorbidities included hospital-acquired pneumonia (8/102, 7.84%) and bacteremia (5/102, 4.90%). The majority of patients received antibiotics. During the 30-day follow-up period, two patients died of VM. The median C-cell count was 3,841.5 cells/μL (range, 1,432–8,897), median C-Leu count was 1,577.5 cells/μL (range, 289–3,651), and median C-Neu count was 83.45% (range, 74.5–89.3). All demographic and clinical characteristics are summarized in Table 1. Univariate analysis was conducted to evaluate the association of the above clinical features with the VM groups. Of those, 10 characteristics showed significant differences among the three groups, including age (P = 0.03), LOS (P = 0.04), craniotomy (P < 0.01), reoperation (P = 0.03), assisted mechanical ventilation (P < 0.01), bacteremia (P = 0.02), received definitive therapy (P < 0.01), C-Cell count (P < 0.01), C-Leu count (P < 0.01), and C-Neu count (P = 0.01).


Table 1. Demographic and clinical characteristics of the 102 patients.
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Use of mNGS to Diagnose EVD/LD-Associated VM

To study the effectiveness and efficiency of mNGS for pathogen identification in VM patients, 102 CSF samples were tested by mNGS and conventional microbiological identification. Among the 88 patients diagnosed with cVM (n = 39) and sVM (n = 49), 24 (27.27%) were diagnosed by conventional identification and mNGS (Figure 2A), 22 (25.00%) were diagnosed by mNGS only (Figure 2B), 15 (17.05%) were diagnosed by conventional testing only (Figure 2C), and the remaining 27 (30.68%) were not diagnosed by either method. Fourteen nVM patients showed negativity using both methods. Notably, all mNGS results were returned in <48 h, if not within 24 h. Such a turnaround was significantly shorter than that obtained using conventional microbiological tests, especially for positive samples.


[image: Figure 2]
FIGURE 2. VM Diagnosed by mNGS. (A) Concurrent diagnosis by mNGS and conventional microbiological testing (24). (B) Diagnosis by mNGS only (22). (C) Diagnosis by conventional testing only (15). (D) The category of pathogens diagnosed by mNGS.


Different types of infectious agents were identified by mNGS. Of the patients diagnosed by mNGS, 45.65% of VMs were caused by Gram-positive bacteria, 43.48% were caused by Gram-negative bacteria, and 10.87% were caused by fungi (Figure 2D). Furthermore, mNGS detected three fungal species, including Candida albicans, Aspergillus sclerotioniger, and Malassezia restricta. Among the 21 Gram-positive bacteria identified, Staphylococcus epidermidis (8, 38.10%) was the most common, followed by Staphylococcus aureus (3, 14.29%). Conversely, A. baumannii (5, 25.00%) was the most common Gram-negative bacterium identified. In addition, some pathogens were detected solely by mNGS, such as Pseudomonas aeruginosa, Serratia marcescens, Acinetobacter johnsonii, and Burkholderia multivorans, which highlighted the advantage of mNGS over conventional methods as such pathogens are not typically considered by clinicians during routine practice.

In the cVM group, the positive mNGS detection rate was 61.54% (24/39). Inconsistent positive agents revealed by conventional tests were seen in 7 (17.95%) patients and mainly included Moraxella osloensis, Escherichia coli, Klebsiella Pneumoniae, Staphylococcus haemolyticus, Staphylococcus xylosus, and Staphylococcus hominis. Moreover, mNGS effectively identified coinfections from multiple bacteria. Among 49 patients with sVM, mNGS identified bacterial pathogens in 22 patients (44.90%) that were negative based on the conventional method. Despite such discrepancy, 10 of those 22 patients showed probable clinical responses (Figure 3). All 27 CSF samples in the nVM group were concordant between the conventional method and mNGS (Table 2).


[image: Figure 3]
FIGURE 3. Clinical effect of the results of mNGS (10 of 22 cases diagnosed by mNGS only).



Table 2. The results of mNGS and conventional microbiological testing.
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Unique Reads for Pathogens Detected by mNGS

In the cVM group, the median number of unique reads detected by mNGS was 248.5 (range, 39.5–8,043.5), while the median was 4 (range, 3–6) in patients with sVM, thus demonstrating a marked difference between these groups (P < 0.01; Table 3).


Table 3. Unique reads for pathogens detected by mNGS.
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Antibiotic Resistance Gene Detection

Using mNGS, antibiotic resistance was identified in three CSF samples from cVM patients. Such resistance was imparted by A. baumannii and one instance of S. maltophilia. The results revealed the presence of several antibiotic resistance genes, including adeIJK, adeFGH, and AbaQ, which cause resistance to fluoroquinolones or tetracyclines. Additionally, smeABC and smeDEF genes that cause resistance to multiple antibiotics were also identified.




DISCUSSION

To our knowledge, the present study is the first to evaluate the use of mNGS for pathogen detection in a large prospective cohort of patients with EVD/LD-associated VM. Patients were divided into three subgroups based on routine clinical test results. The effectiveness and efficiency of mNGS were compared to a conventional microbiological identification method using CSF samples. In addition, we proposed new criteria for the determination of positive specimens according our detection methods. Our study showed that mNGS can provide much quicker and more accurate etiologic pathogen identification results than the conventional microbiological identification method.

VM is an acute complication associated with neurosurgery and may lead to permanent adverse outcomes if not managed properly (Beer et al., 2008). The incidence of VM rates was reported to range from 2 to 45% (Dorresteijn et al., 2019), and the predisposing factors for VM include non-adherence to rigid insertion and maintenance protocols, leakage of CSF, catheter irrigation, and the frequency of EVD or LD manipulation. Meanwhile, our study indicated the same results in cVM and sVM (39 and 49 of 102 patients, respectively). The prevention and management of EVD/LD-associated VM are great clinical challenges, particularly due to the difficulty in detecting pathogens in a timely manner and the re-emergence of infections caused by multidrug-resistant pathogens and emergent invasive neurosurgical procedures (Mayhall et al., 1984). Approximately 50% of meningoencephalitis cases remain undiagnosed, despite extensive clinical laboratory testing (Glaser et al., 2006). Thus, novel technologies, such as mNGS, are particularly important for the diagnosis and evaluation of VM.

In our study, untargeted shotgun mNGS analyses were performed to sequence the entirety of the DNA and/or RNA, rather than using specific primers or probes (Quince et al., 2017). This method was successfully performed on 102 samples. Although insufficient starting DNA concentrations in CSF samples might limit microbial detection due to insufficient sequencing data or sequencing failure, our optimized mNGS pipeline identified high numbers of pathogen reads from such samples. mNGS was also able to distinguish a broader spectrum of pathogens compared to the conventional culture method. As shown by several studies, mNGS has also successfully diagnosed rare (Wilson et al., 2014), novel (Hoffmann et al., 2015), and atypical infectious etiologies (Mongkolrattanothai et al., 2017; Wilson et al., 2018) of encephalitis. In this study, among the 22 samples of sVM diagnosed by mNGS, the causative pathogen was either not considered by clinicians or had been tested negative by conventional testing. Remarkably, 10 of those 22 patients showed mNGS-guided clinical responses. For example, a patient infected with P. aeruginosa (according to mNGS) experienced fever 10 days after neurosurgery. Empirical antimicrobial therapy administered by clinicians did not relieve infection-related symptoms, such as headache and a low level of consciousness. However, the mNGS result guided the empirical antimicrobial therapy of this patient, indicating its clinical utility.

Moreover, there were 24 cases co-diagnosed by mNGS and the conventional method. The results of mNGS were valuable in reassuring the results from the conventional method, and in the detection or exclusion of coinfections, particularly in patients receiving high-grade prophylactic antibiotic administration. Those findings highlighted the outstanding advantage of mNGS, in that it does not rely on a priori selection of targeted pathogens, but rather, it detects several potential infectious agents in a single assay (Goldberg et al., 2015). Thus, mNGS was useful for diagnostic testing of CSF samples, regardless of sample volume and availability. Collectively, a combination of mNGS and conventional testing of CSF samples improved the detection of infections (Xing et al., 2020).

Among patients with cVM, mNGS reported negative results in eight cases. However, a negative mNGS sample did not necessarily mean the patient was negative for a clinical infection (Schlaberg et al., 2017), as the prior use of antibiotics could affect pathogen detection. In this study, the majority of patients with cVM received prophylactic antibiotics and/or empirical antibiotics before the CSF samples were obtained for mNGS testing. Additionally, for samples that had undergone multiple freeze–thaw cycles, the diagnostic yield could be decreased. Finally, we observed that low numbers of unique reads were usually observed in the false-negative results. In the cVM patient cohort, mNGS identified different pathogens in seven patients, potentially due to factors including the contamination of pathogen DNA across samples during mNGS library preparation, low-complexity sequences matching low-quality reads from the sample, misannotated species, or contaminants from database entries, sequencing adaptors, or vectors, colonization (Zhang et al., 2019). Elevated levels of human circulating free DNA (cfDNA) backgrounds in samples had only little effects on the sensitivity and precision, while the level of environmental contamination influenced sensitivity (Blauwkamp et al., 2019). It is worth noting that when using mNGS, repeated sequencing may be necessary when inconsistent results are observed.

Removing false-positive results was a primary challenge for mNGS analysis. False-positive results are likely to mislead therapeutic decision making, and clinicians are cautious when interpreting the sequences of bacteria that are commonly found in hospital environments. Thus, great effort was made to reduce the influence of false-positive results. The complexity of mNGS analysis required us to reduce the potential of false-positive results including in the sampling process, laboratory practices, reagents, environment, and skin or other commensal flora (Laurence et al., 2014; Lusk, 2014; Strong et al., 2014; Hocquet et al., 2016). For example, we took extreme care with sample handling to avoid cross-contamination (Chiu and Miller, 2019). We developed a strict laboratory workflow, whereby we required highly trained personnel to perform analyses and focused on minute amounts of exogenous nucleic acids introduced during specimen collection, aliquoting, nucleic acid extraction, and library preparation. We also ensured that laboratory surfaces, consumables, and reagents were DNA free. We also formulated strict bioinformatic criteria for calling positive results.

The number of unique mNGS reads in the sVM group was significantly lower than that of the cVM group, potentially due to the prior use of antibiotics or the development of diseases that affected pathogen concentration. As it is difficult to identify bacteria or fungi in extremely low concentrations by conventional microbiological measures, mNGS is useful due to its high sensitivity.

The most common causative bacterial pathogens of VM are skin commensals, such as coagulase-negative staphylococci, S. aureus, E. coli, A. baumannii, and K. pneumoniae (Dorresteijn et al., 2020). This was similar to the findings of our study, where S. epidermidis, A. baumannii, and S. aureus were the primary pathogens causing VM. The information provided by mNGS was leveraged to identify antibiotic resistance mechanisms from CSF samples to evaluate disease risk (Stefan et al., 2016). The genes, adeIJK, adeFGH, AbaQ, adeABC, and adeL were identified in three CSF samples where cVM was caused by A. baumannii. Those antibiotic resistance genes cause resistance to fluoroquinolones and tetracyclines (Damier-Piolle et al., 2008; Pérez-Varela et al., 2018). The S. maltophilia antibiotic resistance genes, smeABC and smeDEF, were also found in one CSF sample (Li et al., 2002). This information facilitated the implementation of rational antibiotic administration guidelines. The detrimental effects of delays in the administration of antibiotics are widely known from the management of meningitis (van de Beek et al., 2012). Thus, if rapid bacterial identification is performed by mNGS, a timelier adjustment in antibiotics can be achieved and might lead to a better prognosis for VM patients.

Even though mNGS detected several pathogens that complemented conventional testing and played an important role in the guidance of clinical EVD/LD-associated VM treatment, there are some limitations to this technology. The financial cost of mNGS is higher than that of conventional testing. A number of factors also need to be ensured for accurate detection, including the quality of the available CSF samples, including the timing of their collection relative to symptom onset, whether the sample was adequately handled to ensure sterility, and whether the available DNA libraries offer wide coverage.

There are also several limitations to this research. First, this study was a single-center study with a single cohort of patients, thus resulting in a small sample size, especially after stratification of patients according to the VM criteria. Second, antibiotic resistance genes were only detected in four samples, which cannot indicate the ability of mNGS in resistance gene detection. Finally, we did not conduct real-time quantitative PCR to verify the mNGS results due to the insufficient volumes of CSF. Thus, clinical verification (clinical diagnosis, antibiotic treatment, etc.) was used as a substitute. With continuous development and optimization of mNGS technology, and stricter standards for sample collection and storage, we will perform a multicenter prospective study to better evaluate the use of mNGS in VM.



CONCLUSIONS

Our findings revealed that mNGS of CSF is a practical tool for the diagnostic evaluation of patients with VM. Compared with traditional diagnostic tools, mNGS is a rapid and accurate method for pathogen identification and disease diagnosis. This study highlights the feasibility of testing CSF samples with mNGS as a diagnostic tool for EVD/LD-associated VM to guide timely and targeted treatments.
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Members of the Bacillus cereus group are spore-forming organisms commonly associated with food poisoning and intestinal infections. Moreover, some strains of the group (i.e., B. cereus sensu stricto and Bacillus thuringiensis) can cause bacteremia in humans, mainly in immunocompromised individuals. Here we performed the genetic characterization of 17 human clinical strains belonging to B. cereus group isolated from blood culture. The whole-genome sequencing (WGS) revealed that the isolates were closely related to B. cereus sensu stricto and B. thuringiensis–type strain. Multilocus sequence typing analysis performed on the draft genome revealed the genetic diversity of our isolates, which were assigned to different sequence types. Based on panC nucleotide sequence, the isolates were grouped in the phylogenetic groups III and IV. The NHE, cer, and inhA gene cluster, entA, entFM, plcA, and plcB, were the most commonly detected virulence genes. Although we did not assess the ability to generate biofilm by phenotypic tests, we verified the prevalence of biofilm associated genes using an in silico approach. A high prevalence of pur gene cluster, xerC, clpY, codY, tasA, sipW, sinI, and sigB genes, was found. Genes related to the resistance to penicillin, trimethoprim, and ceftriaxone were identified in most of the isolates. Intriguingly, the majority of these virulence and AMR genes appeared to be evenly distributed among B. cereus s.s. isolates, as well as closely related to B. thuringiensis isolates. We showed the WGS represents a good approach to rapidly characterize B. cereus group strains, being able to give useful information about genetic epidemiology, the presence of virulence and antimicrobial genes, and finally about the potential hazard related to this underestimated risk.
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INTRODUCTION

Bacillus cereus sensu lato (B. cereus s.l.), known also as B. cereus group, consists of at least 12 spore-forming Gram-positive bacteria that are optionally motile and facultative anaerobic saprophyte (Liu et al., 2017). B. cereus group is widespread in nature as spores and vegetative cells. The spores are resistant to extreme environmental conditions (i.e., heat, freezing, drying, radiations) and germinate when they come into contact with organic matter or within an animal host (Bottone, 2010). The group includes B. cereus sensu stricto (s.s.), which is responsible for both diarrheal and emetic human gastrointestinal syndromes and extraintestinal infections; Bacillus thuringiensis, an entomopathogen characterized by the production of crystal inclusions (containing insecticidal proteins); Bacillus anthracis, the agent of anthrax in humans and animals; Bacillus mycoides and Bacillus pseudomycoides, both of which are characterized by rhizoidal colonies on solid media and have not been described as food poisoning agents; Bacillus weihenstephanensis, a psychrotolerant bacterium; Bacillus toyonensis, which exhibits both probiotic and hemolytic properties; psychrotolerant and cytotoxic Bacillus wiedmannii (Miller et al., 2016); thermotolerant Bacillus cytotoxicus, which is responsible for occasional infections (Guinebretière et al., 2013); finally, the recently identified Bacillus paranthracis, Bacillus pacificus, Bacillus tropicus, Bacillus albus, Bacillus mobilis, Bacillus Luti, Bacillus proteolyticus, Bacillus nitratireducens, Bacillus paramycoides, Bacillus gaemokensis, Bacillus manliponensis, Bacillus bingmayongensis, and Bacillus fungorum (Liu et al., 2015, 2017, 2020). B. cereus s.l. is mainly responsible for two types of intoxication: the emetic gastrointestinal syndrome characterized by vomiting, strongly associated with rice and derived products (Johnson et al., 1983), and the diarrheal syndrome, characterized by aqueous diarrhea associated with abdominal pain. B. cereus s.l. is also involved in several non-gastrointestinal-tract clinical infections. The spectrum of syndromes includes fulminant septicemia, central nervous system involvement (meningitis and brain abscesses), gas gangrene–like infections (Bottone, 2010), progressive pneumonia (Hoffmaster et al., 2006), severe ocular infections such as endophthalmitis, and bacteremia in preterm neonates (Hilliard et al., 2003). Most commonly infected people are immunosuppressed patients (Goldstein and Abrutyn, 1985; Bryce et al., 1993), patients undergoing surgery, intravenous drug users, and patients with indwelling catheters (Hernaiz et al., 2003). The B. cereus catheter-related infections are generally caused by the formation of biofilm on biomedical devices (Ash et al., 1991; Kuroki et al., 2009; Liu et al., 2015). Hospital environment sources of B. cereus group include air filtration and ventilation equipment (Bryce et al., 1993), fiber-optic bronchoscopy equipment (Goldstein and Abrutyn, 1985), intravenous catheters (Hernaiz et al., 2003), and alcohol-based hand wash solutions (Hsueh et al., 1999). In recent years, it has been speculated that the gastrointestinal tract can act as a potential source of B. cereus strains acquired from an exogenous source (food, water, environment), which can invade the gastrointestinal tract, cause mucosal necrosis, and spread to other organs through the bloodstream (Bottone, 2010). Despite the low number of reports, also B. thuringiensis has been reported to be involved in gastrointestinal diseases (Jackson et al., 1995). Some B. thuringiensis strains are able to produce enterotoxins (Damgaard et al., 1997; Ghelardi et al., 2007) and possess genes known to be involved in the pathogenesis of B. cereus infections (Kreig and Lysenko, 1979; Hsieh et al., 1999).

The discrimination between pathogenic and non-pathogenic B. cereus group isolates has become a matter of public health. However, the close genetic relationship existing among the members of B. cereus group makes their identification to species level difficult, indicating that they have diverged from a common evolutionary lineage (Orrett, 2000; Liu et al., 2015).

Phenotypic and biochemical methods, as well as molecular methods, such as 16S rDNA or 23S rDNA sequencing, may not have sufficient discriminatory power to differentiate between members of the group (Kato et al., 2014; Yan et al., 2017). For these reasons, some other genetic loci have been selected as markers to differentiate between pathogenic and harmless B cereus group strains. Among these is the rpoB housekeeping gene (Caamaño-Antelo et al., 2015) or the pantoate-beta-alanine ligase gene (panC) (Schmid et al., 2016; Warda et al., 2016), which classifies B. cereus isolates in seven phylogenetic groups (I to VII) (Guinebretière et al., 2008). Moreover, different schemes have been standardized for multilocus sequence typing (MLST), defined as TH (Tourasse et al., 2006), P (Priest et al., 2004), K, H (Helgason et al., 2004), and CS (Candelon et al., 2004; Sorokin et al., 2006)1. Recently, it has been shown that these methods are largely congruent in the B. cereus s.l. genomospecies attribution (Carroll et al., 2020). In order to evaluate the presence of the main virulence factors, generally polymerase chain reaction (PCR) amplifications are performed for the identification of seven enterotoxigenic among the B. cereus virulence genes: hemolysin BL (hblA, hblC, hblD), enterotoxin non-hemolytic (nheA, nheB, nheC); cytotoxin K (cytK); enterotoxin FM (entFM), enterotoxin S (entS), and emetic toxin (ces) (Fricker et al., 2007; Owusu-Kwarteng et al., 2017).

The aim of this study was to characterize B. cereus s.l. isolated from 17 samples of blood cultures from hospitalized patients using different approaches. The presence of the genes associated with virulence and antimicrobial resistance (AMR) was checked by whole-genome sequencing (WGS) in all the isolates. Further, the in vitro sensitivity to antimicrobials of B. cereus isolates has also been evaluated.



MATERIALS AND METHODS

Seventeen Gram-positive Bacillus spp. isolated from blood culture collected from 17 epidemiologically non-related patients in the period 2004–2018 in a teaching hospital of Bari, Southern Italy, were studied. Blood culture analysis was performed by BacT/Alert system with FAN Plus Aerobic medium (bioMérieux, Marcy l’Etoile, France). When a positive bottle was flagged, a Gram stain of the broth was performed, and a portion of the fluid was subcultured on PolyViteX agar and on Columbia agar with 5% sheep blood (bioMérieux, Marcy l’Etoile, France). Identification of isolates was performed by VITEK 2 Automated system (bioMérieux, Marcy l’Etoile, France). For each patient, the strain belonging to Bacillus spp. was isolated from three separate blood cultures.


Matrix-Assisted Laser Desorption Ionization–Time of Flight Spectrometry

Prior to matrix-assisted laser desorption/ionization–time of flight (MALDI-TOF) analysis, the isolates were cultivated on Columbia blood agar for 18–24 h at 37°C. After incubation, a sterile wooden tip was used to pick an isolated bacterial colony freshly grown and then smearing a thin film onto a 96-polished steel target plate (Bruker Daltonik GmbH, Germany) (direct transfer sample preparation procedure). Microbial films were overlaid with 1 μL α-cyano-4-hydroxycynnamic acid–matrix solution (Bruker Daltonik GmbH, Germany), prepared following the instruction for use and with final concentration of 10 mg/mL.

The sample-matrix mixture was dried at room temperature and subsequently inserted into the system for data acquisition. The mass spectra were generated using a MALDI-TOF system Microflex LT/SHTM (Bruker Daltonik GmbH, Germany), which was operated in linear positive mode covering the molecular weight range of 2,000–20,000 Da. Each strain was applied to 10 spots, and each spot was hit 240 shots each in several points with a pulsed nitrogen laser beam operating at 337 nm, with a frequency equal to 60 Hz. Acceleration voltage was set at 20 kV, and the instrument was calibrated in the range of 3,637.8 and 16,953.3 Da using Escherichia coli DH5α (BTS, Bruker Daltonik GmbH, Germany). The data were processed automatically by the instrument software MBT Compass 4.1.70.1 database version 7.0.0.0 (Bruker Daltonik GmbH, Germany), and the spectra were compared with reference libraries for bacterial identification matching. The degree of correspondence between the test spectrum and the reference spectra in the database determines the attribution of the logarithmic score value (0–3.0). When a logarithmic score was < 1.7, the spectrum was reported as “not reliable identification,” indicating that it could not identify the genus or species of the strain. A logarithmic score between 1.7 and 2.0 indicates that identification could be reliable only at the genus level, whereas a logarithmic score between 2.0 and 3.0 indicates that identification could be reliable at the species level of the organism.



Antibiotics Susceptibility Testing

The minimum inhibitory concentration (MIC) was used to determine antimicrobial susceptibility in vitro according to the Clinical and Laboratory Standards Institute (CLSI), as previously reported (Manzulli et al., 2019). The antibiotics tested were gentamicin, ceftriaxone, penicillin G, clindamycin, chloramphenicol, vancomycin, linezolid, cefotaxime, tetracycline, erythromycin, rifampin, amoxicillin, ciprofloxacin, doxycycline, and trimethoprim.

The CLSI breakpoints (μg/mL) for penicillin, ciprofloxacin, doxycicline, tetracycline, and cephems were those suggested for B. cereus, whereas for the other antimicrobials, interpretative criteria for Staphylococcus spp. were used according to CLSI guidelines M45-A2 (2011) and M100 (2017) (Sarker et al., 2007; Weinstein, 2018). Staphylococcus aureus ATCC 29213 and E. coli ATCC 25922 were used as control strains.



Whole-Genome Sequencing and Typing

Genomic DNA was extracted from the B. cereus s.l. isolates using DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany), according to the manufacturer’s protocol. DNA quality and concentrations were estimated by Qubit Fluorometer using Qubit dsDNA HS Assay (Thermo Fisher Scientific). For each isolate, paired-end genomic libraries were prepared using Nextera DNA Flex Library preparation kit (Illumina, San Diego, CA, United States). Sequencing was performed using MiSeq Reagent Kit v2 (2 × 250 bp) on Illumina MiSeq platform (Illumina, San Diego, CA, United States). The paired-end raw reads were trimmed using Trimmomatic (Galaxy Version 0.36.6) (Bolger et al., 2014), and then the draft genomes were assembled by SPAdes 3.12.0 (Bankevich et al., 2012). Assembled genomes were submitted to BTyper tool (version 2.3.2) (Carroll et al., 2017), which performs in silico analysis to detect MLST profiles; rpoB allelic types (ATs), the belonging to the panC gene phylogenetic group; and identification of the closer strain, virulence factors, and AMR genes. Additionally, with the aim to identify the antibiotic resistance genes and plasmids, the draft genome of strains was analyzed using the software ABRicate (Galaxy Version 0.8), which includes different predownloaded databases [ARG-ANNOT (Gupta et al., 2014), NCBI AMRFinderPlus (Feldgarden et al., 2019), CARD (Jia et al., 2017), ResFinder (Zankari et al., 2012), and PlasmidFinder (Carattoli et al., 2014)]. In addition, the species identification was performed also by JSpecieWS online service (Richter et al., 2016)2 using pairwise genome comparisons, which measures the average nucleotide identity (ANI) based on BLAST + (ANIb). We selected a total of 50 references genomes: 24 type strains and 26 genomes belonged to B. cereus group, of which 18 were defined as effective by Carroll et al. (2017). The draft genomes were also annotated using the software tool Prokka (version 1.13) (Seemann, 2014).



Nucleotide Sequence Accession Numbers

The draft genomes of B. cereus identified have been deposited in GenBank as BioProject PRJNA673333. The numbers of BioSample and accession ID are reported in Table 1.


TABLE 1. Characteristics of isolates Bacillus cereus s.l.
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RESULTS

Seventeen B. cereus s.l. isolated from human blood cultures of 17 patients were studied. MALDI-TOF mass spectrometry (MS) identified all strains as B. cereus. The draft genome sequence of the investigated B. cereus group isolates consisted of an average of 116 contigs comprising approximately 5,585,000 bp, with almost 5,737 predicted coding region sequences. The average coverage was estimated at ∼68.6X. The overall G + C content of 17 isolates was 35%. All data for each isolate were collected in Supplementary Tables 1, 2. The rpoB sequence revealed seven distinct ATs (Table 1): AT0380, AT0120, AT0092, AT0125, AT0481, AT0154, AT0125, and AT0463. The sequence of panC gene revealed that the isolates belonged to two phylogenetic group: clade III (IZSPB_BC106; IZSPB_BC107; IZSPB_BC109; IZSPB_BC110; IZSPB_BC114; IZSPB_BC115; IZSPB_BC210; IZSPB_BC211; IZSPB_BC213; IZSPB_BC214; IZSPB_BC217) and clade IV (IZSPB_BC108; IZSPB_BC111; IZSPB_BC112; IZSPB_BC212; IZSPB_BC215; IZSPB_BC216) (Table 1). Analysis of MLST genes from our isolate showed different allelic combinations. In particular, 10 different STs were identified (Table 1), one of which (ST2096) resulted in a new ST and was submitted to the online MLST database3. Computational analysis performed by BTyper tool confirmed that our 17 isolates belonged to B. cereus group. In particular, among them, 12 (IZSPB_BC107, IZSPB_BC108, IZSPB_BC109, IZSPB_BC110, IZSPB_BC114, IZSPB_BC115, IZSPB_BC210, IZSPB_BC212, IZSPB_BC213, IZSPB_BC214, and IZSPB_BC217) were most closely to the type strain of B. cereus sensu stricto (B. cereus s.s.), and five (IZSPB_BC106, IZSPB_BC111, IZSPB_BC112, IZSPB_BC215, and IZSPB_BC216) were most closely to the type strain of B. thuringiensis (Table 1). Additionally, we performed species identification using 50 B. cereus species, including 26 type strains, using ANI by the online available service JSpacesWS. The results obtained showed a similar species attribution as provided by BTyper, with some exceptions: only two isolates (IZSPB_BC106 and IZSPB_BC112) were predicted as closer to B. thuringiensis, whereas the remaining isolates were all predicted as B. cereus s.s. (Supplementary Table 3). The presence of virulence factor genes was assessed by BTyper tool that identified a total of 28 genes (Table 2). Among them, 13 genes were identified in all of the isolates (100%; 17/17): two genes that codified for cereolysin proteins (cerA and cerB), two enterotoxin genes (entA and entFM), two immune inhibitor A precursor genes (inhA1 and inhA2), the gene cluster of non-hemolytic enterotoxin (nheA, nheB, and nheC), two genes (bpsE and bpsH) of the gene cluster of exo-polysaccharide, the sphingomyelinase C gene (sph), and the phospholipase C (plcB). The pleiotropic regulator (PlcR) of extracellular virulence factor gene (plcR) was identified in all of our isolates, although the nucleotidic sequence of this gene matched with different B. cereus group species (Table 2). The genes clo and plcA were present in 94% (16/17) of isolates. The gene bpsF was present in 88% (15/17) of isolates; the gene cytK2 was identified in 59% (10/17) of isolates; the gene bpsD was present in 41% (7/17) of isolates. The cluster genes of enterotoxins, hemolysin BL (hblA, hblB, hblC, and hblD) and the gene hlyR, were identified in 29% (5/17) of isolates (Table 2). Additionally, the annotation of the draft genome was performed for each isolate by the software Prokka, and a total of ∼5,630 genes were annotated (data not shown). Among them, 23 of 32 genes potentially involved in biofilm formation were identified in our isolates; in particular, among these genes, 17 were identified in 100% (17/17), 3 were identified in 97% (16/17), 1 was identified in 18% (3/17) of isolates, and 2 were identified in 12% (2/17) of isolates (Table 3). A total of 12 AMR genes were identified in the genome sequence of our isolates including (Table 4) the following: the vancomycin resistance genes: Gly-vanR-M, Gly-vanZF-Pp, and vanR-B, were identified in 100% (17/17), 88% (15/17), and 12% (2/17) of isolates, respectively; the beta-lactamase resistance genes: BLA-1 and BLA-2 and blaZ_12, were identified in 100% (17/17) and 6% (1/17) of isolates, respectively; the fosfomycin resistance gene: fosBx1, was identified in 100% (17/17) of isolates; the macrolide-lincosamide-streptogramin (MLS-lsaB) and the virginiamycin acetyltransferase (vat-E) were both identified in 41% (7/17) of isolates; the macrolide 2′-phosphotransferase II (mph-B) was identified in 35% (6/17) of isolates; the tetracycline resistance gene (tetL) and the resistance to macrolides, lincosamides, and streptogramin b (erm-C) were identified in 6% (1/17) of isolates, respectively. In addition to the in silico analysis, the antimicrobial susceptibility of B. cereus s. l. isolates to 15 antibacterial agents was determined, and the results are shown in Table 5. Among beta-lactam antibiotic class, only penicillin G resistance was confirmed in 100% (17/17) of isolates; eight isolates were resistant to ceftriaxone, whereas nine isolates showed intermediate resistance; six isolates were resistant, and 11 showed intermediate resistance to cefotaxime. Resistance to trimethoprim was observed in 100% of the isolates. The isolate IZSPB_BC210 showed resistance to clindamycin, whereas the remaining isolates showed intermediate resistance (24%; 4/17) or resulted susceptible (71%; 12/17). We found intermediate resistance to tetracycline and erythromycin in 24% (4/17) of isolate and to rifampicin in 12% (2/17) of isolates. All the isolates were susceptible to gentamicin, amoxicillin, chloramphenicol, vancomycin, linezolid, ciprofloxacin, and doxycycline.


TABLE 2. Virulence factors of clinical isolates of Bacillus cereus s.l.
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TABLE 3. Genes that can play a role in biofilm formation detected in clinical isolates of Bacillus cereus s.l.
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TABLE 4. Presence of antimicrobial resistance genes.
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TABLE 5. Antimicrobial resistance pattern of clinical isolates of Bacillus cereus s.l.

[image: Table 5]Two plasmid replicons (rep) were detected: rep12 belonging to a cryptic plasmid pBMB67 in IZSPB_BC107, IZSPB_BC108, and IZSPB_BC212, and rep22 belonging to pUB110 in IZSPB_BC109 and IZSPB_BC210; additionally, in IZSPB_BC210, it was found repUS12 belonging to pUB110, also. Interestingly, the large plasmid that carries cry genes was not identified in none of the isolates that were predicted as closely to B. thuringiensis.



DISCUSSION

Bacillus species are widely distributed in nature and can colonize hospital environments; indeed, there is evidence that strains of B. cereus were found on the hands of nursing staff, in balloons used for manual ventilation and near ventilation system outlets (Kuroki et al., 2009). Recent reports suggest that B. cereus s.l. can cause nosocomial bacteremia via catheter-related infections caused by the formation of biofilm on biomedical devices (Jensen et al., 2003; Dohmae et al., 2008). Genetically, B. cereus s.s. is closely related to B. thuringiensis that is used extensively worldwide as pesticide in forestry and agriculture (Zhu et al., 2015). The aim of this study was to better understand the genetic characteristics of clinical B. cereus group isolates. In the past, several surveys using a variety of methods for detection of B. cereus group have been performed. However, some of them failed to discriminate between B. cereus group members at the species level (Seemann, 2014; Caamaño-Antelo et al., 2015; Zhu et al., 2015; Richter et al., 2016; Raymond and Federici, 2017). Generally, the identification and typing of B. cereus s.l. are based on MLST4 or on the identification of virulence genes using PCR. Nevertheless, these methods are too expensive, time consuming, and labor intensive, and sometimes, because of the high genomic similarity within the group, they failed to identify or type correctly B. cereus spp. To date, different innovative techniques are available. Among these, MALDI-TOF MS is becoming an increasingly useful method for the rapid identification of bacteria and fungi. In fact, compared to conventional methods (phenotypic, genotypic, and immunological tests), this technology is fast and cheap and, for clinically significant bacteria, can provide accurate and reliable results from a single isolated colony within minutes. In our study, we compared the performance of two approaches for the capability to assign the isolates to the correct species: the MALDI-TOF MS and the ANIBlast method using the whole genome; for the last approach, we used two tools, BTyper and JSpeciesWS. Although both methods identified our isolates as B. cereus group members, the ANIBlast method was performing better, as it was able to identify two ANI groups, which included B. cereus s.s. and B. thuringiensis species, respectively. Even though the species predicted was the same using both ANIBlast tools, a different species attribution among our isolates was found: when we used Btyper, we found five B. thuringiensis, whereas when we used online available ANI Blast calculator, we found two B. thuringiensis; in both predictions, the remaining isolates were predicted as close to B. cereus s.s. However, B. thuringiensis virulence–associated genes and plasmids were not detected in any of our isolates. However, B. thuringiensis clones lacking Cry toxin have been described elsewhere (Zhu et al., 2015; Fayad et al., 2019) and defined as B. thuringiensis-like (Fayad et al., 2019). Thus, our results showed the limit in using the MALDI-TOF MS–based identification method, perhaps because some B. cereus group members, especially B. cereus s.s. and B. thuringiensis, do not have sufficient differences in their protein sequences, as they are genetically very similar (Guinebretière et al., 2008; Zheng et al., 2017).

With the aim of classifying potential pathogenic microorganisms quickly and effectively, WGS of 17 B. cereus group clinical isolates was performed. Based on the rpoB sequence, we identified seven different ATs, which showed a very high similarity (100%) to B. cereus s.s. Analysis sequence of panC gene revealed that the isolates belonged to phylogenetic groups III and IV. Interestingly, both groups include B. cereus s.s. isolates from hospitals and from patients (EFSA Panel on Biological Hazards, 2009), as well as more foodborne poisoning strains as reported in Guinebretière et al. (2008). The MLST analysis showed that the 17 isolates belonged to seven different STs, suggesting that the ability of B. cereus strains to cause human infection is not restricted to a specific ST or clonal group. About these, two sequence types, ST163 and ST73, were previously described as etiological cause of respiratory infection and pneumonia cases in Japan, respectively (Beecher and Wong, 2000). Because of the rarity of B. cereus infection and a paucity of genetic information, it is unclear whether particular genetic elements are associated with specific clinical manifestations. Generally, the pathogenicity of B. cereus has been associated with toxin production and putative virulence factors, such as enzymes and proteases, which are still poorly explored (EFSA Panel on Biological Hazards, 2016). Among the virulence factors, the toxins, such as hemolytic enterotoxin HBL, non-hemolytic enterotoxin NHE, cytotoxin K, and enterotoxin FM, have been associated with diarrheal diseases (Granum et al., 1999; Beecher and Wong, 2000; Lund et al., 2000; Hansen and Hendriksen, 2001; Fagerlund et al., 2004; Sergeev et al., 2006). The metalloprotease (inhA), the exo-polysaccharide (bpsX-H), and the phospholipases sph genes are important virulence factors as they make bacilli enable to escape innate and adaptive immune responses during infective phases (González-Zorn et al., 1999; Ramarao and Lereclus, 2005; Guillemet et al., 2010; Oh et al., 2011; Oda et al., 2012). Moreover, sph exhibits potent hemolytic activity; thus, it has been associated as a virulence factor to septicemic infections (Oda et al., 2013). Also, the CytK-2 protein is a hemolytic toxin, and it is able to form pores in planar lipid bilayers and to cause toxic effects on human intestinal cells (Fagerlund et al., 2004). Other enterotoxigenic factors are enterotoxin FM (entFM) and enterotoxin A (entA) genes. There is evidence that suggest entFM contributes to the severity of diarrheal illness (Castiaux et al., 2016). The phosphatidylcholine-preferring phospholipase and the sphingomyelinase constitute the hemolytic cereolysin AB complex; both play an important cytotoxic role in many infections, considering that they show the ability to hydrolyse membrane phospholipids (Titball, 1993). The physiological roles of the bacterial enzymes are not well understood, although it has been suggested that the phosphatidylinositol-specific phospholipase C (PI-PLC) are virulence factors in the human pathogens Listeria monocytogenes and S. aureus (Gässler et al., 1997). We also identified PlcR, a regulation protein, which is a well-known pleiotropic regulator of genes related to pathogenicity (Salamitou et al., 2000). Although the virulence factors associated with clinical non-gastrointestinal diseases are unclear, in our clinically isolates, we found the contemporary presence of genes encoding to NHE, entA, entFM, sph, cerA, cerB, inhA, plcA, and plcB virulence factors, in co-presence of the PlcR (Salamitou et al., 2000). Our findings show the high toxigenic potential of these bacteria. Interestingly, the isolates that in addition carry the genes that encoded enterotoxin hemolysin BL might be more virulent (Salamitou et al., 2000), whereas the absence of one of the virulence factors here described is not necessarily associated with a low pathogenicity power of Bacillus isolates. This assertion might be due to several reasons: in literature, a cytotoxic strain, B. cereus ATCC 10987, was reported that lacked the HBL operon, but produced a large amount of the NHE mRNA and exhibited a strong cytopathogenic activity in Vero cells (Lindbäck et al., 1999); the absence of one cytotoxic component may be compensated by the expression of other PlcR-regulated factors, which are still unknown. The gene PlcR plays an important role also in the biofilm formation (Ryu and Beuchat, 2005; Hsueh et al., 2006). The biofilm consists of a complex community and makes the B. cereus members group capable to colonize different environments (Majed et al., 2016). The isolates that possess PlcR may take advantage both in virulence genes regulation and in biofilm formation. Previous studies suggested that certain B. cereus strains were able to form different types of biofilms, either submerged, bottom-surface attached biofilms, floating pellicles, or pellicles attached to the side surfaces of the glass tubes. Different types of biofilms may require activities from different genetic determinants (Wijman et al., 2007; Caro-Astorga et al., 2015; Gao et al., 2015; Yan et al., 2017). In the closely related species Bacillus subtilis, an operon has been described, including three genes (tasA, tapA, sipW), which is required to form the biofilm (Candela et al., 2018). The transcription of these genes is promoted by SinI and repressed by SinR (Kearns et al., 2005). Two orthologs of tasA have been described: the first is also named tasA, and it is found downstream of the signal peptidase gene sipW, in the SinR-regulated bicistronic operon sipW-tasA (Pflughoeft et al., 2011; Fagerlund et al., 2014; Caro-Astorga et al., 2015); the second is named calY and is located downstream from sipW-tasA (Caro-Astorga et al., 2015). In B. cereus, both CalY and Tas polymerize to form fibers in the matrix biofilm (Caro-Astorga et al., 2015). TapA contributes to the beginning and growth of the tasA fibers (Romero et al., 2014), but the strains that lack this gene contain all elements required for fiber assembly (Caro-Astorga et al., 2015). All of our isolates carried calY, tasA, and sipW genes. Although our isolate did not carry the gene tapA, which encodes for the accessory protein, the presence of the three genes mentioned above may be sufficient for the biofilm production. This statement is in accordance with a previous study where a similar condition was found (Caro-Astorga et al., 2015).

Another gene associated with biofilm formation in B. cereus is represented by global regulator CodY (Lindbäck et al., 2012). CodY gene resides in an operon with other genes, such as xerC, clpY, and clpQ (Slack et al., 1995). Altogether, these genes play a role in pellicle biofilm formation and swarming motility (Yan et al., 2017). Additionally, in B. subtilis, there are several esp genes (epsA-O) that are strongly expressed during biofilm formation (Vlamakis et al., 2013). We did not find eps gene cluster in our isolates, with few exceptions; a previous study noticed that in B. cereus, these genes did not appear to be important for pellicle formation, despite the important role described in equivalent product for B. subtilis (Gao et al., 2015). The pur gene cluster, including 11 genes, was required for purine biosynthesis (Vilain et al., 2009; Yan et al., 2017). Biofilm of several bacterial species, including B. cereus, has previously been shown to contain extracellular DNA as an integral component of extracellular polymeric substance (Vilain et al., 2009). In some bacteria, including B. subtilis, the alternative sigma factor σB, which is encoded by sigB gene, plays a role in stress conditions. SigB gives to the bacteria the ability to resist multiple stresses (van Schaik et al., 2004; Hecker et al., 2007). In the studied isolates, we investigated the presence of the determinants that may be related to biofilm formation, although we did not assess this ability in vitro. This aspect has a clinical importance, considering that the biofilm formed by pathogenic species is often associated with hospital-acquired infection (Lindbäck et al., 2012). Intriguingly, the majority of the virulence factors here identified appeared to be evenly distributed among B. cereus s.s. isolates, as well as strain close to type B. thuringiensis strains. This suggests that investigating the set of virulence factors regardless of right species identification could be more important to define the pathogenic power of strains belonging to B. cereus group.

Considering the emergence of antibiotic-resistant B. cereus strains, which may result in the failure of antibiotic treatment, it became highly relevant for public health to know the attitude of antibiotic resistance in B. cereus. In this study, we performed either in silico and in vitro analyses. Typically, B. cereus is resistant to penicillin G or other beta-lactam antibiotics (Citron and Appleman, 2006), and we found that all the isolates were resistant (penicillin G) and resistant or moderately resistant (i.e., ceftriaxone and cefotaxime) to beta-lactam antibiotics and carried genes related to this resistance. Similar to the results of other studies (Luna et al., 2007; Park et al., 2009; Raymond et al., 2010), our isolates showed susceptibility to ciprofloxacin, chloramphenicol, gentamicin, linezolid, and doxycycline. In some isolates, we identified two genes (ermC and mphB) that confer resistance to macrolide drug family, but when we compared this result with phenotypic test, only for one isolate that the results agreed. All isolates carried genes associated with vancomycin resistance, but all isolates resulted susceptible to the phenotypic test. Additionally, all the isolates harbored the Fcyn-fosBx1 gene that probably confers resistance to fosfomycin, but we do not have phenotypic information, as there are no references on the interpretation. Similarly, we identified in two isolates the puB110 plasmid, which has been associated with kanamycin resistance, but no phenotypic information was available. On the contrary, the phenotypic test revealed that all isolates were resistant to trimethoprim, but in the genome of each isolate, we did not detect a specific genetic determinant that could clarify the resistance. This can be explained in many ways: there are several genetic mechanisms for resistance to a single antimicrobial agent; there are genetic mechanisms that can give rise to antibiotic resistance, i.e., mutations or acquisition of new genetic material (plasmids). There is insufficient knowledge about all genetic variations leading to reduced susceptibility for a given antimicrobial agent (Ellington et al., 2017). Thus, the AMR genomic data related are never static, as the genetic information is always moving. In conclusion, our AMR results underline the importance of combining the information detected by genome to those detected by phenotypic test and the necessity to update continually the databases used to this aim.

Taken together, this study suggests that the identification of B. cereus and of the several toxins produced by this bacterium should be considered essential to assess the risk for human health. However, the comprehensive risk characterization in clinical infections is difficult because of the underestimation of the risk, as the clinical laboratories do not necessarily complete species identification considering B. cereus as food-borne and/or environmental contaminants. Thus, we analyzed the molecular and genetic data in order to alert clinicians regarding the emerging threat that B. cereus can represent in clinical settings. Our results suggest that the analysis of WGS data, followed by appropriate data analysis strategies, could be a highly effective way to evaluate the pathogenic potential of B. cereus. The comprehensive molecular characterization of the isolates allowed identifying genetic diversity, as we identified different STs. Interestingly, we identified two members of B. cereus group, and the analyses reveal that strain close to B. thuringiensis, which lacks of cry plasmid, can carry similar virulence determinants as B. cereus s.s. Without specific information about the patients, for clinical treatment and for the human safety, it is essential to ensure an adequate antibiotic therapy. To this aim, our results showed that aminoglycosides, oxazolidinone, and lincosamide might be a good choice for treating B. cereus infections; on the opposite, penicillin and third-generation cephalosporins are not recommended. Certainly, more studies on clinical isolates are necessary to collect more information about pathogenicity of these strains with the aim to improve the genomic correlations that will help to identify the most pathogenic strains and take prompt action.
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Hypervirulent Klebsiella pneumoniae (hvKP) has raised grave concerns in recent years and can cause severe infections with diverse anatomic locations including liver abscess, meningitis, and endophthalmitis. However, there is limited data about neck abscess caused by hvKP. A K. pneumoniae strain Kp_whw was isolated from neck abscess. We characterized the genetic background, virulence determinates of the strain by genomic analysis and dertermined the virulence level by serum resistance assay. Kp_whw belonged to sequence type (ST) 1049 K locus (KL) 5. Kp_whw showed hypermucoviscosity phenotype and was resistant to ampicillin but susceptible to the majority of the other antimicrobial agents. A pLVPK-like virulence plasmid and a chromosomal ICEKp5-like mobile genetic element were carried by Kp_whw, resulting in the risk of dissemination of hypervirulence. The strain exhibited relative higher level of core genome allelic diversity than accessory genome profile, in comparison to hvKP of K1/K2 serotype. Kp_whw was finally demonstrated as virulent as the ST23 K1 serotype hvKP strain NTUH-K2044 in vitro. In conclusion, this work elaborates the genetic background of a clinical hvKP strain with an uncommon ST, reinforcing our understanding of virulence mechanisms of hvKP.

Keywords: hypervirulent, Klebsiella pneumoniae, neck abscess, ST1049, comparative genomic analysis


INTRODUCTION

Hypervirulent Klebsiella pneumoniae (hvKP) has raised grave concerns in recent years due to its extraordinary invasiveness and hypervirulence, resulting in considerable risks for morbidity and mortality (Shon et al., 2013). Asia is the epidemic area for hvKP. K1/K2 accounted for 9.8% of all K. pneumoniae isolates in stools from healthy Chinese individuals in Asia countries (Lin et al., 2012). In recent years, hvKP has been increasingly reported in other continents. The estimated prevalence of hvKP in Canada and the United States was 8.2 and 6.3%, respectively (Peirano et al., 2013; Chou et al., 2016). According to different areas, the mortality of hvKP infections ranged from 29.2 to 55.1% (Lin Y.T. et al., 2010; Rafat et al., 2018; Namikawa et al., 2019). hvKp infection is often manifested as liver abscess (Liu et al., 1986; Siu et al., 2012; Joob and Wiwanitkit, 2017). However, extrahepatic infections have been described for variable anatomic locations including endoophthalmitis (Liu et al., 1986), osteomyelitis (Prokesch et al., 2016) and meningitis (Melot et al., 2016). Originated in the Asian Pacific Rim in 1980s, hvKP has disseminated worldwide.

A number of virulence factors contribute to the pathogenicity of hvKP including lipopolysaccharide (LPS), capsule, fimbriae, siderophores, and virulence plasmids (Paczosa and Mecsas, 2016; Russo and Marr, 2019). Traditionally, hypermucoviscosity, resulted by over expression of capsular polysaccharides, was considered as a critical characteristic for hypervirulence (Catalan-Najera et al., 2017), as the mucoviscous shield significantly increased the resistance to immunological recognition and killing from the host (Lin et al., 2006; Lin J.C. et al., 2010). Recently, virulence plasmids were proved to have potential to transmit virulence genes among K. pneumoniae strains (Yang et al., 2019). Virulence plasmids encode two siderophores, aerobactin, and salmochelin, and RmpA (regulator of the mucoid phenotype). The virulence plasmid pK2044 harbored by K1 serotype strain NTUH-K2044 and pLVPK harbored by K2 serotype strain CG43 were well characterized and were reported associated with invasive syndrome. Besides, virulence genes located in chromosome can also be transmitted via integrative and conjugative element (ICE) (Lam et al., 2018). Virulence plasmids and ICEKps both harbor virulence loci encoding variable virulence factors and are involved in horizontal gene transfer (HGT), conferring the global dissemination of hypervirulence.

Clonal complex 23 (CC23) and some selected serotypes (e.g., K1 and K2) are commonly deemed as hypervirulent clones (Struve et al., 2015). Most of hvKP strains of K1 serotype belong to CC23, while K2 serotype strains are genetically more diverse and belong to multiple distinct multilocus sequencing types (MLSTs) (Struve et al., 2015). More than a half of severe K. pneumoniae infections such as bacteremia, liver abscess, and invasive extrahepatic infections are caused by K1/K2 serotype strains (Lin Y.T. et al., 2010). In addition, strains of serotype K5, K20, and K54 are also associated with hypervirulence phenotype (Wyres et al., 2020).

Clinically, hvKP usually causes liver abscess with extrahepatic complications including necrotizing fasciitis, bloodstream infection, meningitis, and endophthalmitis (Siu et al., 2012). Patients infected with hvKP are frequently relative healthy and immunosufficient. However, diabetes is a critical risk factor for hvKP infection, partly due to the suppression of the innate immune system (Alba-Loureiro et al., 2007; Hodgson et al., 2015).

Here, we described a potential hypervirulent K. pneumoniae strain belonging to ST1049, an uncommon ST, isolated from neck abscess. K. pneumoniae of ST1049 was previously reported to cause liver abscess and meningitis, and resulting in poor clinical outcomes (Ku et al., 2017; Zhang et al., 2019). However, no genetic evidence was showed that this infrequent ST was a hypervirulent clone. Hence, we will characterize the strain based on genetic background and virulence profile and thus to refresh our knowledge about hvKP pathogenicity.



MATERIALS AND METHODS


Isolations

The strain was isolated from a male patient diagnosed with neck abscess in 2018. It was identified to the species level via matrix-assisted laser desorption/ionization mass spectrometry and named as Kp_whw. The antimicrobial susceptibilities of the strain were determined by a VITEK-2 compact system and interpreted according to the M100-S26 guideline established by Clinical and Laboratory Standards Institute (CLSI). Since the clinical characteristics were extracted from the electronic record system and were de-identified, informed consent was waived. In addition, 92 hvKP strains of K1/K2 serotype from our previous study (Lan et al., 2020) plus NTUH-K2044 (Wu et al., 2009) and hvKP1 (Russo and Gill, 2013) were employed for comparative genomic analysis.



Whole Genome Sequencing

The strain was cultured to the mid-logarithmic phase in LB broth at 37°C. Genomic DNA was extracted using the QIAamp DNA Minikit (QIAGEN, Hilden, Germany) and was further purified using the PowerClean DNA cleanup kit (Mo Bio Laboratories, Carlsbad, United States), following the manufacturer’s recommendations. The genome was sequenced on an Illumina HiSeq X Ten platform (Illumina, San Diego, United States) using a paired-end 2 × 150–base pair protocol by Tianke Company (Hangzhou, China). Derived short reads were de novo assembled using CLC Genomics Workbench 9.5.1 software. The sequences assemblies reported in this paper have been deposited in the European Nucleotide Archive database (accession nos. PRJEB38367 and PRJEB34922). The NCBI accession number for NTUH-K2044 and hvKP1 are AP006725 and AOIZ00000000.



Typing and Detection of Virulence Determinants

The virulence genes and wzi (a part of K-locus) alleles were identified using Institut Pasteur1. Multilocus sequence typing (MLST) analysis for sequence types of K. pneumoniae used Institut Pasteur MLST2. For MLST, 7 target genes (gapA, infB, mdh, pgi, phoE, rpoB, and tonB) were analyzed. To detect the virulence plasmid, the contigs of strain KP_whw were aligned with well-characterized virulence plasmid pLVPK (accession no. AY378100 in GenBank) using the BLAST Ring Image Generator (BRIG, version 0.95) (Alikhan et al., 2011). Putative ICE was identified by ICEberg3 and then compared with previously reported ICEKps by Kleborate4.



Phylogenetic Analysis

Ridom SeqSphere + software (version 5.0, Ridom GmbH, Germany) was used for the core genome multi-locus sequence typing (cgMLST) analysis with the whole genome sequence. Compared with common typing method MLST of 7 housekeeping genes or pulse field gel electrophoresis (PFGE), cgMLST scheme shows higher discriminatory power (Pérez-Losada et al., 2018; Gona et al., 2020). cgMLST schemes consist of a fixed set of conserved genome-wide genes. Alleles are used instead of single nucleotide polymorphisms (SNP) or concatenated sequences to mitigate the effects of recombination and to enable for a global and public nomenclature. For K. pneumoniae, 2358 target genes named with allelic nomenclature are employed in a cgMLST scheme, with NTUH-K2044 as the reference genome5. Similarly, 2526 accessory target genes were also applied for accessory genome allelic analysis6. Neighbor-joining trees based on core- and accessory genome allelic profile were constructed and the corresponding pairwise distances were calculated.



Hypermucoviscosity Phenotype Identification

Hypermucoviscosity phenotype was determined by string test. As previously described, a string test result was determined to be positive when a viscous filament greater than 5 mm in length was generated by stretching a bacterial colony with a bacteriological inoculation loop on a blood agar plate (Hadano, 2013; Shon et al., 2013).



Serum Resistance Assay

Three independent cultures for each strain were grown overnight and diluted to 1:1000 in MH broth with or without 20% normal human serum. Three replicates of each culture were aliquoted into a flat-bottom 100-well plate. The plate was incubated at 37°C with agitation. The OD600 of each culture was recorded every 5 min for 10 h by using the Bioscreen C Automated Microbiology Growth Curve Analysis System (Oy Growth Curves Ab Ltd., Turku, Finland). NUTH-K2044 was employed as hvKP reference strain, while American Type Culture Collection (ATCC) 700603 as the non-hvKP reference.



Statistical Analysis

Comparison between continuous variables (allelic gene difference) was performed by the Mann-Whitney test, as they were not normally distributed. In serum resistance assay, records for OD600 at each time point were summarized as mean plus 95% confidence interval.




RESULTS


Characteristics of the Strain

A 74-year-old man, with predisposed type II diabetes mellitus and schistosomiasis cirrhosis, presented with fever and painful swelling of left neck for 1 week before admission. Computed tomographic scan revealed an abscess (66 mm × 42 mm) on the left side of neck (Figure 1A). During this hospitalization, both cultures from the neck abscess and blood yielded K. pneumoniae. The two strains were later determined as the same via whole genome sequencing. The patient was eventually discharged home in good condition.


[image: image]

FIGURE 1. Neck abscess caused by K. pneumoniae strain Kp_whw. (A) Computer tomography image showed an abscess (66 × 42 mm) on the left side of neck. (B) String test for the strain Kp_whw.


The strain Kp_whw was resistant to ampicillin but susceptible to the majority of the other antimicrobial agents, including cephalosporins, quinolones and carbapenems (Table 1). KP_whw looked shiny and cream-colored on blood agar and showed hypermucoviscosity phenotype with positive string test (Figure 1B). The strain belonged to ST 1049 and KL 5. We compared the wzi locus of this strain (wzi208) with other known loci associated with hypervirulent serotype (wzi1, wzi2, and wzi5) (Figure 2). The length of wzi208 sequence is 447 bp and there were 31 SNPs difference in comparison with wzi1 and 24 SNPs with wzi2. However, wzi208 is closest to wzi5 (associated with K5 type), with only one SNP (C314A) (Figure 2).


TABLE 1. Susceptibility of Kp_whw to antimicrobial agents.
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FIGURE 2. Single nucleotide variant differences of wzi sequences, in relation to the reference sequence wzi1, which is associated with K1 serotype. Each variant is indicated by a small vertical line. The wzi sequences are 447 bp in length. The sequences with associated locus numbers were obtain from Institut Pasteur. Kp_whw is associated with wzi208.




hvKP of K1/K2 Serotype

The genetic similarity of strain Kp_whw with other K1/K2 serotype hvKP strains was analyzed. A total of 94 hvKP strains of K1/K2 serotype (K1, n = 64; K2, n = 30) were included. Of the 95 K. pneumoniae strains including Kp_whw, more than half of the strains were isolated from liver abscess (65/95, 67.4%) and 13 (13.7%) were from sputum (Figure 3A). Of note, the two isolated from bloodstream were strain NTUH-K2044 (ST23, K1 serotype, causing liver abscess and metastatic meningitis) (Wu et al., 2009) and strain hvKP1 (causing liver abscess with metastatic spread to the spleen, ST86, K2 serotype) (Russo and Gill, 2013). Similarly, Kp_whw caused invasive infections i.e., neck abscess and bloodstream infection. Minimum spanning tree (MST) based on MLST showed the relationship between strain Kp_whw and other K1/K2 serotype hvKP (Figure 3B). ST23, ST65, and ST86 were the top three clones of hvKP. Compared with ST374 (K2), strain Kp_whw had five variant loci.
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FIGURE 3. Additional 94 K1/K2 serotype hvKP strains compared with Kp_whw. (A) Distribution of specimen sources of the 95 strains (including Kp_whw) according to sequence type. (B) Minimum spanning tree (MST) of the 95 strains based on multilocus sequence typing (MLST).




Virulence Profile

Most K1 serotype strains were ST23 (56/64, 87.5%), while those K2 serotype showed more diversity, with 11 ST65 (36.7%), 10 ST86 (33.3%), 3 ST375 (10.0%), 3 ST380 (10.0%), 2 ST25 (6.7%), and 1 ST374 (3.3%) (Figure 4). Mucoviscosity-associated gene A (magA), which contributes largely to invasive infection but is specific to K1 serotype (Fang et al., 2004; Chuang et al., 2006), was not detected in Kp_whw. However, both regulator of mucoid phenotype A (rmpA) and rmpA2 genes were present in Kp_whw. All the K2 type strains and Kp_whw showed positive string test, while less than a half of K1 type strain (46.9%, 30/64) exhibited hypermucoviscosity phenotype.
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FIGURE 4. Virulence profile of the 95 hvKP strains including Kp_whw. A MLST-based phylogenetic tree was constructed for all strains. ST and K(L) type were colored according to inset legend. The presence of the virulence factors including positive string test, magA gene, iucA gene, rmpA, and rmpA2 genes were indicated as black rectangles. The position of Kp_whw was indicated with a red box.




Mobile Genetic Elements Carrying Virulence Determinants

Virulence plasmid pLVPK was well characterized previously (Chen et al., 2004). Alignment of strain Kp_whw contigs to pLVPK showed that Kp_whw carried a plasmid that aligned well to most parts of the pLVPK plasmid, including the region in which rmpA, rmpA2, and iroBCDN (encoding salmochelin system) and iucABCDiutA (encoding aerobactin system) genes were located, as well as silver and tellurite resistance gene clusters (silABCRS and terABCDEXYZW) (Figure 5A). In addition, a chromosomal ICEKp5-like mobile genetic element was detected in the strain. A ybt locus encoding the biosynthesis of the siderophore yersiniabactin and its receptor was mobilized by this element (Figure 5B). These findings indicated that the strain Kp_whw harbored rich virulence factors and had the genetic potential to exacerbate the dissemination of hypervirulence.


[image: image]

FIGURE 5. Mobile genetic elements (MGEs) carried by Kp_whw. (A) Alignment of the Kp_whw contigs against the virulence plasmid pLVPK (accession no. AY378100 in GenBank). Draft genome sequences of Kp_whw was aligned to pLVPK by using BLAST Ring Image Generator (BRIG). (B) Alignment of the putative ICE identified by ICEfinder with ICEKp5 (accession no. KY454630 in GenBank). The black arrows indicated P4-like integrase genes. Ybt module included yersiniabctin and its receptor loci. Mobilization protein was encoded by mobB and mobC.




Comparative Analysis and Phylogenetic Trees

The phylogenetic tree based on accessory gene allelic profile reflected almost completely the phylogeny of the core gene alleles (Figure 6A). One notable exception to this trend was identified in Kp_whw (ST1049), which was closed to strain ZKP180 (ST2159, K1 serotype) based on accessory gene profile but unexpectedly formed an individual branch according to core gene alleles (Figure 6A). This was in accordance with the finding that allelic differences between the strain Kp_whw and K1/K2 serotype hvKP strains based on core gene profile were significantly larger than those from accessory gene profile (Figure 6B).
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FIGURE 6. Phylogenetic analysis of the 95 hvKP strains. (A) The phylogeny based on accessory gene allelic profile (left) was compared with the phylogeny based on the core genomic allelic profile. Kp_whw was indiacted with a dashed red line. Sequence types were colored according to inset legend. (B) Allelic gene differences on accessory genomic level between Kp_whw and K1/K2 strains were compared with those of core genomic level. Allelic gene differences were calculated by Ridom SeqSphere software.




Virulence Assessment

To determine the virulence level of Kp_whw, serum resistant assay was performed. In MH broth without any supplement, ATCC 700603 outgrew NTUH-K2044 and Kp_whw (Figure 7). While in MH media with 20% normal human serum, however, Kp_whw and NTUH-K2044 were seldom influenced, yet ATCC700603 was dramatically inhibited to grow (Figure 7). Kp_whw and NTUH-K2044 had similar resistance to human serum, indicating that Kp_whw was as virulent as NTUH-K2044 in vitro.
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FIGURE 7. Virulence level assessment in vitro. As microorganisms grow, they increase the turbidity of their growth medium. By measuring the turbidity of the medium over time, an OD600 curve can be generated. The curve reflects the growth (increased concentration) of the organism.





DISCUSSION

Hypervirulent K. pneumoniae raised great concern recently. Here, we described a hvKP strain of ST1049, which was rarely reported, causing neck abscess, and invasive infection. hvKP is usually characterized as hypermucoviscosity, positive for rmpA, aerobactin, or virulence plasmid, and these features are frequently used to define hvKP. However, no single feature could accurately distinguish hvKP from non-hvKP (Lan et al., 2020). Clinical definition of hvKP based on the invasive liver abscess syndrome and microbiological definition of K1/K2 serotype have been accepted in recent years (Siu et al., 2012).

Neck infection is usually associated with dental procedure or oral infection (Walia et al., 2014). Although neck abscess caused by K. pneumoniae have been occasionally reported (Nadasy et al., 2007; Frazee et al., 2009), the genetic background and virulence level for the causative strains were seldom determined. A large retrospective analysis about deep neck abscess in China showed that K. pneumoniae was the most predominant gram-negative pathogen (Yang et al., 2008). Though more than a half neck abscess tended to be polymicrobial (Yang et al., 2008), most invasive soft tissue infection caused by K. pneumoniae were found to be monomicrobial (Park et al., 2019; Rahim et al., 2019), partly due to the survival advantages of hvKP, such as hypermucoviscosity and high siderophore production (Rahim et al., 2019). Owing to the invasiveness, Kp_whw cuased neck abscess and bloodstream infection, which was also reported with classical hvKP NTUH-K2044 (Wu et al., 2009) and hvKP1 (Russo and Gill, 2013). hvKP as a monomicrobial pathogen in invasive soft tissue infection is recently increasing and causes high morbidity and mortality (Rahim et al., 2019). Diabetes mellitus was frequently associated with K. pneumoniae infection (Cheng et al., 2015) and was considered as a critical risk factor (Sharma et al., 2018). The other two cases of neck abscess caused by hvKP in the United States were also associated with diabetes (Nadasy et al., 2007; Frazee et al., 2009). This might be explained by the evidence that diabetic patients have defects on the neutrophil chemotactic and phagocytic activities (Alba-Loureiro et al., 2007). Of note, both the patients were Asia descent, and one had both neck abscess and blood positive culture for K. pneumoniae and the other developed metastatic complications.

Klebsiella pneumoniae of ST1049 was seldom reported globally. An epidemiological study on liver abscess caused by K. pneumoniae revealed that five cases were attributed to ST1049 K. pneumoniae (5/163, 3.1%) (Zhang et al., 2019). However, microbiological features, virulence level, and genomic information of these strains were not analyzed. In the present study, we analyzed the K-locus for Kp_whw and determined that it belonged to KL5. The wzi208 (a region of K-locus) for Kp_whw is closed to wzi5, which is associated with K5 type. In Taiwan area of China, a ST1049 strain causing meningitis also belonged to K5 serotype (Ku et al., 2017). Actually, K. pneumoniae of K5 serotype is also a hypervirulent clone (Holt et al., 2015) and has frequently resulted in liver abscess (Lee et al., 2016), meningitis (Ku et al., 2017), and other invasive infections (Turton et al., 2010; Guo et al., 2017). From this perspective, Kp_whw possesses hypervirulent potential. On the other hand, Kp_whw was distant from K1/K2 serotype hvKP strains according to MLST and cgMLST. K. pneumoniae virulence factors are encoded by genes in both the core and accessory genomes (Martin and Bachman, 2018). LPS, siderophore enterobactin and polysaccharide capsule synthesis are relative conserved and are primarily encoded by core genes while siderophore salmochelin, yersiniabactin and aerobactin are frequently ICE- or plasmid-encoded (Martin and Bachman, 2018). Compared with K1/K2 type hvKP, Kp_whw presented similar accessory genomic profile, with relative diverse allelic variation of conversed genes. These indicated that the relative higher level of core genome allelic diversity might determine the differences of genetic background between Kp_whw and hvKP strains of K1/K2 serotype.

Plasmids and ICEs are two key components contributing to HGT (Wozniak and Waldor, 2010). ICEKp is one of self-transmissible mobile genetic elements (MGEs) which encode the machinery for conjugation (type IV secretion system, T4SS) and intricate regulatory systems to control their excision from the chromosome in the host (Wozniak and Waldor, 2010). ICEKp mainly mobilizes ybt locus, which was first reported on the Yersinia high pathogenicity island (HPI), encoding yersiniabactin and its receptor. Yersiniabactin promoted the progression of bubonic and pneumonic plague, by scavenging iron directly from transferrin and lactoferrin (Fetherston et al., 2010). In vivo, yersiniabactin was demonstrated more important for K. pneumoniae growth than enterobactin under iron-limited conditions (Lawlor et al., 2007) and could facilitate microbes to colonize in the lungs and to cause disseminated infection (Lawlor et al., 2007; Bachman et al., 2011). Kp_whw carried an ICEKp5-like element, which containing a ybt14 locus, potentiating the transfer of yersiniabactin. Actually, additional siderophore like salmochelin (encoded by iro locus) can also be regulated by ICEKp (such as ICEKp1) (Lin et al., 2008). However, salmochelin, as well as aerobactin (encoded by iuc locus), are more frequently encoded by virulence plasmid, such as pLVPK (Chen et al., 2004). Though the affinity of aerobactin for iron is much lower than enterobactin (Brock et al., 1991), very low aerobactin concentrations are sufficient to stimulate bacterial growth (Garenaux et al., 2011), and it is essential for hvKP infection (Russo et al., 2015). For Kp_whw strain, iuc locus, iro locus and rmpA/rmpA2 are simultaneously located in a single plasmid, which makes one concern about the acquisition of this type of plasmid by multi-drug resistant strains.

For a long time, virulence plasmid was deemed congenital. Carbapenem-resistant (CR) hvKP strains are increasingly emerging recently, with known mechanism of the acquisition of antimicrobial resistance genes by hvKP, but not the acquisition of virulence plasmid by CRKP, due to the non-conjugative nature of virulence plasmid (Yang et al., 2019). However, CRKP strains gaining a virulence plasmid have recently caused a lethal outbreak in China (Gu et al., 2018). It is particularly worrying that a newly reported virulence plasmid p15WZ-82_Vir could be conjugated to CRKP strains, leading to the expression of carbapenem resistance- and hypervirulence-associated phenotypes simultaneously (Yang et al., 2019). Thus, it is now our urgency to pay attention to the convergence of hypervirulence and multi-drug resistance.

In conclusion, we characterized the genetic background and virulence level of a ST1049 K. pneumoniae strain Kp_whw isolated from neck abscess. Kp_whw is susceptible to commonly used antimicrobial agents except for being resistant to ampicillin. Kp_whw carried a pLVPK-like virulence plasmid and harbored a ICEKp5-like mobile genetic element. All results make clear that Kp_whw is a hvKP strain and has the potential to disseminate the phenotype, which poses a substantial public health threat. Although this is the first work characterizing the genetic virulence determinants of a ST1049 hvKP strain, only one strain was analyzed. In the future, isolates with diverse clinical characteristics should be collected for deep analysis.
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Background: As next generation sequencing (NGS) technologies have experienced a rapid development over the last decade, the investigation of the bacterial genetic architecture reveals a high potential to dissect causal loci of antibiotic resistance phenotypes. Although genome-wide association studies (GWAS) have been successfully applied for investigating the basis of resistance traits, complex resistance phenotypes have been omitted so far. For S. aureus this especially refers to antibiotics of last resort like daptomycin and ceftaroline. Therefore, we aimed to perform GWAS for the identification of genetic variants associated with DAP and CPT resistance in clinical S. aureus isolates.

Materials/methods: To conduct microbial GWAS, we selected cases and controls according to their clonal background, date of isolation, and geographical origin. Association testing was performed with PLINK and SEER analysis. By using in silico analysis, we also searched for rare genetic variants in candidate loci that have previously been described to be involved in the development of corresponding resistance phenotypes.

Results: GWAS revealed MprF P314L and L826F to be significantly associated with DAP resistance. These mutations were found to be homogenously distributed among clonal lineages suggesting convergent evolution. Additionally, rare and yet undescribed single nucleotide polymorphisms could be identified within mprF and putative candidate genes. Finally, we could show that each DAP resistant isolate exhibited at least one amino acid substitution within the open reading frame of mprF. Due to the presence of strong population stratification, no genetic variants could be associated with CPT resistance. However, the investigation of the staphylococcal cassette chromosome mec (SCCmec) revealed various mecA SNPs to be putatively linked with CPT resistance. Additionally, some CPT resistant isolates revealed no mecA mutations, supporting the hypothesis that further and still unknown resistance determinants are crucial for the development of CPT resistance in S. aureus.

Conclusion: We hereby confirmed the potential of GWAS to identify genetic variants that are associated with antibiotic resistance traits in S. aureus. However, precautions need to be taken to prevent the detection of spurious associations. In addition, the implementation of different approaches is still essential to detect multiple forms of variations and mutations that occur with a low frequency.
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INTRODUCTION

Staphylococcal aureus is a major human pathogen that is responsible for a large number of community- and hospital associated infections worldwide (Holden et al., 2013). It causes a variety of human maladies, from minor skin and soft tissue infections to systematic and life-threatening diseases such as endocarditis, pneumonia, and septicemia (Tong et al., 2015). The introduction of penicillinase-stable β-lactam antibiotics six decades ago gave rise to the selection and spread of methicillin-resistant S. aureus (MRSA) (Holden et al., 2013). This resistance phenotype is mediated by horizontal acquisition of the staphylococcal cassette chromosome mec (SCCmec) and, in particular mecA (or its homologues mecB/mecC), that encodes the alternative penicillin-binding protein 2A (PBP2a) which has significantly less affinity to methicillin (Robinson and Enright, 2003).

For many years, vancomycin (VAN) administration has been considered the reference standard for the treatment of invasive MRSA infections (Micek, 2007). However, owing to an overall increase in VAN minimal inhibitory concentrations (MIC), potential adverse consequences and concern of treatment failure, the role of VAN as first-line antibiotic has become controversial in modern therapeutics (Bruniera et al., 2015). Later on, new antibiotics such as daptomycin (DAP) and ceftaroline (CPT) have been developed, showing a promising anti-MRSA activity. The cyclic lipopeptide DAP was approved in Europe by the EMA for the treatment of skin and skin structure infections (SSSI), bacteremia and right sided endocarditis in 2006/2007 (Gonzalez-Ruiz et al., 2011). The proposed mechanism of action involves the calcium-dependent integration of DAP into the bacterial cell membrane that is triggered by the binding of DAP to the negatively charged phospholipid phosphatidylglycerol (PG) (Bayer et al., 2013). Although subsequent pore formation and ion leakage have frequently been described as the cause of cell death, recent studies suggest that the interaction between DAP and fluid membrane microdomains results in cell wall defects like membrane rigidification, depolarization and the delocalization of essential membrane proteins (Muller et al., 2016; Ernst and Peschel, 2019; Gray and Wenzel, 2020). DAP resistance of S. aureus has frequently been associated with single nucleotide polymorphisms (SNPs) in the multi-peptide resistance factor MprF, leading to an enhanced production and translocation of the positively charged lysyl-phosphotidylglycerol (L-PG) and thereby to a repulsion of the calcium-complexed DAP (Friedman et al., 2006; Mishra et al., 2011; Peleg et al., 2012; Bayer et al., 2013; Yang et al., 2013). However, results of recent studies suggest that these mutations might instead result in an extended substrate spectrum of MprF, thereby enabling the translocation of DAP itself or membrane proteins that are critical for the activity of DAP (Ernst and Peschel, 2019).

In 2012 CPT was licensed in Europe for treating serious skin and soft tissue infections and community acquired pneumonia (AstraZeneca, 2012). The fifth-generation cephalosporin binds with high affinity to the allosteric domain of PBP2a, thereby stimulating a multi-residue conformation change that predisposes the active site of PBP2a to be inactivated by a second CPT molecule (Kosowska-Shick et al., 2010; Otero et al., 2013). The irreversible acylation of the active serine causes the protein to lose its function and finally results in loss of membrane integrity and cell death (Otero et al., 2013; Peacock and Paterson, 2015). Treatment failure is expected to be caused by mutations in either the transpeptidase or allosteric domain of PBP2a that are accompanied with decreased binding capacity of CPT or impaired protein-protein interactions between PBP2a and PBP2 (Otero et al., 2013).

Although multiple genetic determinants of CPT and DAP resistance have been described, scientists still lack a deeper understanding of the involved resistance mechanisms, because a variety of factors and processes appear to affect the antimicrobial activity of these compounds (Şlusarczyk et al., 2018; Ernst and Peschel, 2019).

Since Next Generation Sequencing (NGS) technologies have experienced a rapid development in the past 10 years, the investigation of the bacterial genetic architecture reveals high potential do dissect causal loci of antimicrobial resistance traits. With the integration of whole genome sequencing in the clinical and public health setting, gene databases and tools have been developed to allow for the assessment of genes associated with antimicrobial resistance (Feldgarden et al., 2019; Wheeler et al., 2019; Alcock et al., 2020; Bortolaia et al., 2020). However, these tools quickly fail when facing multifactorial or yet unknown resistance mechanisms. In this case, genome-wide association studies (GWAS) have become a promising option for the prediction of resistance phenotypes based on genomic data (Farhat et al., 2013, 2019; Alam et al., 2014; Chen and Shapiro, 2015). For staphylococci, GWAS have also been successfully applied to identify genetic determinants significantly associated with virulence, pathogenicity and growth plasticity (Laabei et al., 2014; Meric et al., 2018; Rong et al., 2019; Young et al., 2019). As GWAS were originally developed for human studies, microbial GWAS had to be adopted to bacterial populations, addressing confounding factors like population stratification, linkage disequilibrium, and population structure that can lead to the detection of spurious associations if not corrected properly (Falush and Bowden, 2006; Chen and Shapiro, 2015; Power et al., 2017; Farhat et al., 2019). Here we consider two strain collections of clinical S. aureus isolates to both identify genetic variants associated with DAP and CPT resistance and to highlight the chances and limitations of bacterial GWAS.



MATERIALS AND METHODS


Bacterial Isolates

All isolates originated from submissions to the German National Reference Centre (NRC) for Staphylococci and Enterococci. Species confirmation was conducted by colony morphology and positive plasma coagulase reaction. Isolates have been further characterized by spa typing as described previously (Strommenger et al., 2008). Since DAP and CPT resistance in S. aureus is still rare (Roch et al., 2017; Urban and Stone, 2019), the sample sizes remained comparatively small (Power et al., 2017). A total of 48 daptomycin resistant (DAP-R) and 47 daptomycin susceptible (DAP-S) S. aureus isolates were selected according to Robert and Weber (2017). The DAP breakpoint for S. aureus according to EUCAST version 7.11 was 1 mg/L (S ≤ 1 mg/L, R > 1 mg/L). The final strain collection comprised clonal lineages CC5 [clonal complex; including sequence type (ST) ST5 (n = 3), ST225 (n = 21), ST149 (n = 2), ST4411 (n = 1), and ST228 (n = 1)], CC8 [including ST8 (n = 16), ST239 (n = 1), and ST241 (n = 1)], CC15 [including ST15 (n = 3) and ST4410 (n = 1)], CC45 [including ST45 (n = 5), ST4409 (n = 1), and ST4408 (n = 1)], ST7 (n = 4), ST22 (n = 30), ST30 (n = 2), and ST398 (n = 2) (Supplementary Figure 1A). Both, methicillin-susceptible S. aureus (MSSA, n = 32) and methicillin-resistant S. aureus (MRSA, n = 63) were considered. Isolates were defined as MRSA on the basis of oxacillin resistance (MICOXA > 2 mg/L), cefoxitin resistance (MICCIX > 4 mg/L; CIX MICs not available for isolates collected prior to 2014) and mecA carriage. For CPT analysis, we selected a total of 44 CPT resistant (CPT-R) and 43 CPT susceptible (CPT-S) S. aureus isolates. The CPT breakpoint for S. aureus according to EUCAST version 7.1 was 1 mg/L (S ≤ 1 mg/L, R > 1 mg/L). The final strain collection included clonal lineages CC5 [including ST5 (n = 12), ST225 (n = 13), ST146 (n = 1), ST228 (n = 44), ST111 (n = 7), and ST4511 (n = 1)], CC8 [including ST8 (n = 3), ST113 (n = 1), ST239 (n = 9), ST14407 (n = 1), and ST1465 (n = 1)], ST398 (n = 1), ST30 (n = 6), and CC22 [including ST22 (n = 19) and ST4406 (n = 1)] (Supplementary Figure 1B). The Supplementary Tables 1, 2 contain detailed information for both strain collections.



Susceptibility Testing

DAP, CPT, and OXA MICs were determined by the use of broth microdilution (BMD) according to EUCAST guidelines version 7.1 as described before (Strommenger et al., 2015; Robert and Weber, 2017). ATCC 29213 was used as quality control strain. In case of ambiguous CPT MIC results, measurements were repeated up to three times and a median was calculated. Additionally, the following clinically or epidemiologically relevant antibiotics were routinely tested: benzylpenicillin (BEN), Cefoxitin (CXI, since 2014) gentamicin (GEN), erythromycin (ERY), clindamycin (CLI), tetracycline (TET), vancomycin (VAN), teicoplanin (TEI), ciprofloxacin (CIP), trimethoprim-sulfamethoxazole (TRS), fusidic acid (FUS), rifampicin (RIF), mupirocin (MUP), phosphomycin (FOS), linezolid (LIN), moxifloxacin (MOX), and tigecycline (TIG).



Whole Genome Sequencing and Quality Control

Mueller Hinton Bouillon (MHB) was used as growth medium for bacterial cultivation. Isolation of genomic DNA from an overnight culture of S. aureus was performed using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) with a lysostaphin pre-treatment in 20 mM Tris/HCl, pH 8.0, 2 mM sodium EDTA, 1.2% Triton X-100 (100 μg/ml final concentration of lysostaphin). For determining purity and quantity of nucleic acids, the Eppendorf BioPhotometer (Eppendorf AG, Hamburg, Germany) and the Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, United States) were used in line with the manufacturer’s instructions. Sequencing libraries were generated with the Nextera XT DNA Library Preparation Kit (Illumina, San Diego, CA, United States) and whole genome sequencing was carried out in paired-end on a MiSeq instrument using the 2 × 300-cycle version 3 kit as recommended by the manufacturer (Illumina, San Diego, CA, United States). Subsequently, quality of raw sequence data was checked using FastQC version 0.11.5 (Andrews et al., 2012). To clean up raw reads we excluded poor-quality and undersized reads by applying Trimmomatic (Bolger et al., 2014) with LEADING/TAILING 3 and MINLEN 36 as default parameters. Additionally, in case of read mapping and de novo assembly, we used SLIDINGWINDOW 4:15 and MAXINFO 15:0.8, respectively. The quality of trimmed reads was rechecked using FastQC.



Phylogenetic Analysis

Reference sequences were selected by the use of refRank version 3.0.0 (Becker et al., 2018) with a set of 142 complete S. aureus genome sequences available at NCBI (03/2017). S. aureus COL (MRSA, ST250, acc. no. NC_002951) and S. aureus ECT-R2 (MSSA, ST5, acc. no. NC_017343) were used as a reference strain for phylogenetic reconstruction of the DAP and CPT strain collections, respectively. As recombination events are well-known confounders of tree topology, we screened annotations of the reference genomes S. aureus COL and S. aureus ECT-R2 for mobile genetic elements and genes associated with drug resistance which were then removed (cut out) from the reference genomes (Supplementary Table 3). In the following, we will refer to these sequences as modified reference sequences. Subsequently, trimmed paired-end reads were read-aligned to the corresponding modified reference genomes using our in-house pipeline batchMap as described previously (Halbedel et al., 2018). Based on the generated multiple consensus alignment SNPs were filtered using SNPFilter version 3.0.0 (Becker et al., 2018) with an exclusion distance of 150 bp. By setting an exclusion distance SNPs within spatial proximity (150 bp) to each other were excluded to additionally prevent recombination events to alter the phylogeny. Resulting SNP-alignments were used with Geneious version 8.1.7 (Biomatters Ltd., Auckland, New Zealand) to calculate neighbor joining consensus trees with bootstrap support (100 replicates). For illustration purpose iTOL v3.2.4 was used (Letunic and Bork, 2016).



Genome-Wide Association Studies (GWAS)


Genome Reconstruction and SNP Calling

For the identification of SNPs, trimmed Illumina reads of isolates belonging to the DAP strain collection were aligned to S. aureus COL by the use of batchMap. Since S. aureus ECT-R2 lacks SCCmec, S. aureus 04-02981 [acc. no. NC_017340, MRSA, ST225, SCCmec type II (2A)] was used as a reference sequence for CPT PLINK analysis. Alignments of consensus sequences were reduced to variant positions using SNPFilter without applying an exclusion distance. As SEER is an alignment-free method, high paired-end reads were de novo assembled using A5-miseq 20150522 with default parameters (Coil et al., 2015).



PLINK Analysis

Multi-sequence alignments were used to create input files for PLINK v1.90b3.312 (Purcell et al., 2007). Since PLINK is unable to utilize triallelic SNPs, we replaced the minor with the major variant. Prior to PLINK analysis, we screened for isolates with more than 10% missing genotypes and excluded SNPs on the basis of minor allele frequency (MAF < 5%) or missing genotype data (call rate < 90%). Furthermore, a Z score was calculated to detect population outliers, which were subsequently excluded from further analysis (standard deviation > 3; Supplementary Table 4). To account for population stratification, subpopulations within the overall population were identified with hierBAPS v6.0 (Cheng et al., 2013) and covariates were used with the Cochran-Mantel-Haenszel test (CMH) for 2 × 2 × K stratified tables. In order to search for the evidence of systematic bias a quantile-quantile (Q-Q) plot was constructed that compares the observed and expected p-value (-log10 transformed) under the null hypothesis of no true association. In case of substantial deviation of the observed p-values from the null hypothesis, we used genomic control (GC) to control for the confounding effects of population stratification. Finally, we created a Manhattan Plot illustrating the genome wide significance levels of corresponding SNPs in relation to their genome position. For illustration purposes we excluded SNPs with a -log10 p-value of 0.



Sequence Element Enrichment Analysis (SEER)

SEER identifies k-mers that are significantly enriched in a phenotype of interest and includes an alignment-free correction to account for population structure (Lees et al., 2016). For association analysis, we used SEER v.1.4.1. K-mers were counted from de novo assembled contigs by the use of the single-core implementation of frequency-based substring mining (fsm-lite; options -s 5 and -S 95)3. To create a matrix representing population structure, kmds (control for population structure) was performed with the no filtering option and a total of 200.000 k-mers. The matrix was then used to run SEER association statistics. Subsequently, we excluded k-mers with a MAF < 5%, a negative beta (ß1 ≤ 0) and a length < 20 bp. Post-association filtered k-mers were used for the construction of Q-Q plots. In general, we used the likelihood ratio test (lrt) p-value for further downstream analysis. In case of strong population stratification, we preferred the Wald-test over the LRT. Those reaching the Bonferroni corrected significance thresholds were finally mapped to annotated reference genomes (see above).



Searching for Low Frequency and Rare SNPs

To detect rare mutations (MAF < 5%) in candidate genes, we used ancestral state reconstruction in Mesquite v2.754 (Maddison and Maddison, 2017).



SCCmec Analysis

Elements of the staphylococcal cassette chromosome (SCCmec) were identified using SCCmecFinder v1.05 (Kaya et al., 2018). The web-based tool uses de novo assembled reads (contigs) and defines the distinct position of each SCCmec associated gene. Therefore, we were able to extract corresponding regions for each isolate which we subsequently aligned with progressive Mauve algorithm (Darling et al., 2004).



RESULTS AND DISCUSSION


Identification of DAP-R Associated Mutations in S. aureus


Phylogenetic Reconstruction and Prevention of Population Stratification

For the identification of DAP-R associated mutations, we established a strain collection containing 95 S. aureus isolates, of which 48 were resistant to DAP (Supplementary Table 1). The strain collection comprised 4 CCs and 17 STs that predominantly mirrored the distribution of CCs and STs in Europe and, in particular, in Germany (Grundmann et al., 2010; Asadollahi et al., 2018; Supplementary Figure 1A). Within most CCs and STs we observed a well-balanced distribution of resistance phenotypes, that could be achieved by selecting and matching isolates, whenever possible, according to their clonal background (ST/CC), isolation date and geographical origin (Supplementary Figures 1A, 2). In microbial GWAS, a homogeneous distribution of cases and controls reduces the risk of detecting spurious associations (associations that are due to relatedness rather than a true association with the phenotype of interest). These types of associations usually occur as a consequence of population stratification (PS) which refers to a situation in which members of a group of interest are on average more closely related to each other, than to the rest of the wider population (Chen and Shapiro, 2015).

To address systematic bias caused by population stratification in PLINK analysis, subpopulations within the overall population were inferred with hierBAPS (Cheng et al., 2013). Altogether, five hierBAPS sub-clusters could be identified that mirrored the phylogenetic relatedness of 95 S. aureus isolates (Supplementary Figure 2). These sub-clusters were then used as covariates with the CMH and a total of 66.667 SNPs (relative to the reference genome S. aureus COL), allowing to test for associations conditional on the population structure (Chen and Shapiro, 2015). This approach has already shown to reliably reflect the phylogenetic relatedness of bacterial populations and to efficiently control for population stratification in microbial GWAS (Chewapreecha et al., 2014; Howell et al., 2014; Chen and Shapiro, 2015; Weinert et al., 2015; Mobegi et al., 2017). To test whether systematic inflation occurred due to population stratification, we constructed a Q-Q plot and calculated the genomic inflation factor lambda (λGC). In a Q-Q plot, most p-values should follow a uniform distribution, with few SNPs producing significant p-values at the end of the line (Power et al., 2017). Furthermore, the λGC should be around 1 as values higher than 1.05 are seen as genome-wide inflation (Price et al., 2010). The constructed Q-Q plot of 14.525 adjusted PLINK variants revealed that most of the p-values fit the expected distribution (λGC = 1), with few SNPs deviating at the end of the tail (Supplementary Figure 4A).

In contrast to PLINK, SEER controls for clonal population structure by distance matrix construction and subsequent multidimensional scaling (Lees et al., 2016). This method is analogs to the principal component analysis (PCA) used in human association studies, but with the advantage of being directly applicable to k-mer counting instead of relying on core gene alignment or SNP calling (Price et al., 2010; Lees et al., 2016). With the ability to capture various types of genetic variations, SEER has successfully been used to identify genetic markers in Burkholderia pseudomallei (Chewapreecha et al., 2017) and to investigate host adaption of Streptococcus suis (Weinert et al., 2019). By applying fsm-lite we counted 10 M k-mers that were then tested for association. As recommended by Lees6, we used the likelihood ratio test (lrt) p-value for further downstream analysis. The Q-Q plot of the resultant p-value distribution of 3 M quality-filtered k-mers demonstrated no severe deviation of the observed from the expected p-values (Supplementary Figure 4C), indicating that correction for clonal population structure was appropriate.



PLINK GWAS for the Identification of SNPs Associated With DAP Resistance

Out of 14.525 SNPs, PLINK identified MprF P314L (mprF locus tag: SACOL_RS07105, p = 2.39 × 10–8) and L826F (p = 1.25 × 10–6) to be associated with DAP resistance (Figure 1). Although not reaching the suggestive association threshold, we additionally detected MprF S337L (p = 4.61 × 10–5) (Figure 1). Both P314L and S337L are located in the central bifunctional domain of MprF that is involved in L-PG synthesis and flipping, while MprF L826F is found in the C-terminal catalytic synthase domain of the protein. In previous studies, these amino acid substitutions (AAS) were suspected to be linked with a gain-of-function phenotype, either in terms of increased synthesis or enhanced translocation of L-PG, resulting in the electrostatic repulsion of calcium-complexed DAP (Friedman et al., 2006; Bayer et al., 2013, 2015; Steed et al., 2013; Heidary et al., 2017). These findings were, however, not consistent and other seemingly MprF-independent mechanisms, such as the increase in D-alanylation of teichoic acid, have been described in clinical DAP-R isolates (Bertsche et al., 2011; Mishra et al., 2014). By engineering mprF substitution mutants in S. aureus, Ernst et al. (2018) showed that the mprF signature mutations S295L, P314L, S337L, I420N, and L826F had no impact on cell surface charge and were not sufficient to confer DAP resistance on their own. Therefore one may suggest that additive genetic variations contribute to DAP resistance that might have evolved prior to or acquired during antibiotic treatment as could be shown in early passaging experiments by Friedman et al. (2006). Interestingly, a recent study suggests that the mprF signature mutations might lead to an extended substrate spectrum of MprF by weakening the intramolecular interaction between the flippase and the synthase domain of the protein (Ernst and Peschel, 2019). These structural changes may enable the translocation of DAP or critical membrane-embedded molecules from fluid microdomains, thereby conferring DAP resistance. In a clinical context, although rarely reported, few case reports describe the in vivo acquisition of daptomycin resistance in S. aureus during daptomycin therapy with subsequent clinical failure for bacteremia/endocarditis that could be associated with mutations in mprF (including T345A and L826F) (Murthy et al., 2008; Sotillo et al., 2016). In addition, a study conducted by Richards et al. (2015) suggests mprF mutations to be involved in S. aureus persistence during complex bacteremia by enhancing bacterial fitness and immune evasion.
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FIGURE 1. Manhattan plot illustrating DAP PLINK results. The -log10 unadjusted p-values of identified SNPs are plotted against the entire length of the chromosome of S. aureus COL. The blue line indicates suggestive association (p = 1 × 10–5), while the red line indicates the genome-wide significance threshold (p = 5 × 10–8). For illustration purposes, SNPs with a -log10 p-value of 0 have been excluded (n = 14.527).




SEER GWAS for the Identification of k-mers Associated With DAP Resistance

Due to the high degree of genome plasticity in bacterial populations as well as the need for reference sequences, PLINK is limited in the detection of causal genetic variations that are associated with differences in gene content, recombination events or variable promotor architectures (Lees et al., 2016). To overcome typical shortcomings of SNP based association tools, we additionally used SEER as an alignment free tool. This procedure is also recommended by San et al. (2019) who suggest testing for multiple forms of variations, especially when the type of variation responsible for the phenotype of interest is not known a priori.

Using SEER, we identified 198 significant k-mers that were mapped to the reference sequence of S. aureus COL. All k-mers were found to be located within mprF exhibiting either AAS P314L (p = 1.2 × 10–6) or L826F (p = 2.4 × 10–8) (Figure 2; Ng and Henikoff, 2003). The AAS P314L did not reach genome wide significance (Figure 2). This is most likely due to lineage specific mutations within mprF which prevent “identical” k-mers from accumulating at specific regions. Isolates from CC45 (carrying MprF P314L) have a significantly different mprF nucleotide sequence when compared to isolates of the wider population (Supplementary Figure 7). Therefore, k-mers harboring P314L were split into separate clusters, thus leading to a shift in significance levels. Additionally, we examined SEER results for additional MprF AAS and found S337L with k-mer p-values close to the suggestive association threshold (p = 2.4 × 10–5).
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FIGURE 2. Mapping of significant k-mers against S. aureus COL. One hundred ninety-eight significant k-mers were mapped against the reference S. aureus COL. Gray-shaded elements illustrate k-mer coverage at corresponding loci while green dots represent adjusted (lrt) p-values of mapped k-mers. The blue line indicates suggestive association (p = 1 × 10–5), while the red line indicates the genome-wide significance threshold (p = 5 × 10–8).




Distribution of MprF AAS

As can be seen from Figure 3, MprF P314L, S337L, and L826F were predominantly restricted to DAP-R isolates and showed a fairly homogeneous distribution among clonal clusters (Figure 3). The independent emergence of identical mutations on multiple ancestral branches points to a convergent evolution, which is a strong indicator for positive selection, e.g., by antibiotic pressure (Shapiro et al., 2009). Despite the even distribution, we observed a slight tendency toward an association of MprF AAS with certain clonal lineages (e.g., P314L with isolates of CC22 or L826F with isolates of CC5) (Figure 3). This phenomenon has already been described in a previous study in which the predominance of genetic modifications associated with the vancomycin-intermediate S. aureus (VISA) phenotype could be linked with specific genetic backgrounds (McGuinness et al., 2017). Thus, although associated mutations may explain the phenotype of interest in the studied population, the results cannot necessarily be applied to the wider population.
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FIGURE 3. Phylogenetic relation and genotypes of DAP-R S. aureus included in this study. On the left, a neighbor-joining tree based on 7.342 SNPs represents the phylogenetic relatedness of 90 S. aureus isolates. Identified hierBAPS subclusters are color-coded. Dark and light shaded grayish boxes represent MRSA and MSSA isolates, respectively. Blue boxes point to DAP resistance. Corresponding numbers refer to DAP MICs as determined by BMD. Red-shaded squares indicate the presence of AAS that could be identified by SEER and/or PLINK analysis. On the right, AAS in candidate genes are shown as identified by the use Mesquite analysis.




Searching for Rare Variants Associated With DAP Resistance

For some isolates no mprF mutations could be identified by GWAS (n = 13; Figure 3). Therefore, we used the software package Mesquite (Maddison and Maddison, 2017) to manually search for rare genetic variants in mprF, cls2 (SACOL_RS10875), rpoB (SACOL_RS03050), rpoC (SACOL_RS03055), yycF (SACOL_RS00120), yycG (SACOL_RS00125), pgsA (SACOL_RS06645), and ddl (SACOL_RS10850), as these loci have previously been described to be associated with DAP resistance (Friedman et al., 2006; Peleg et al., 2012; Bayer et al., 2015; Berti et al., 2015).

At least one MprF related AAS could be identified in each DAP-R isolate (Figure 3), three of which, A315T, D317N, and L432F, have not been described until now. This observation emphasizes the importance of MprF in the development of DAP resistance in S. aureus. Additionally, our results suggest that mprF mutations do not accumulate (Figure 3) but rather occur as individual hot-spot mutations. These findings are supported by Yang et al. (2018) who showed that an accumulation of point mutations paradoxically caused a reduction in DAP MICs, positive surface charge and L-PG synthesis.

For Cls2 we detected the AAS I298T (15-00711) and S466P (15-01065) that are located in close proximity to the putative cadiolipin synthase domains at residues 229–256 and 407–434 (Figure 3; Peleg et al., 2012). AAS in Cls2 and varying levels of cls2 transcription have already been suggested to be involved in the development of DAP resistance in S. aureus, either alone or in combination with mprF mutations (Camargo et al., 2008; Peleg et al., 2012; Jiang et al., 2019; Lasek-Nesselquist et al., 2019). Interestingly, within our strain collection we found a DAP-R isolate (MIC = 8 mg/L; median of all DAP-R isolates = 4 mg/L) harboring MprF S337L, Cls2 S466P, and RpoB Q468K (15-01065; Figure 3), indicating that a combination of mutations in different loci might lead to synergistic effects. The role of cls2 in establishing DAP resistance was also supported by studies of clinical Enterococcus isolates in which cls2 mutations could be associated with elevated DAP MICs (Arias et al., 2011; Palmer et al., 2011). These changes most likely result in an altered protein function and shifted PG:cardiolipin ratios in the bacterial cell membrane, thereby leading to impaired DAP penetration and membrane disruption (Miller et al., 2016).

As could be seen for the ST22 isolate 15-01065, rpoB mutations might be involved in the development of DAP resistance (Figure 3). In a study conducted by Friedman et al. (2006) multiple genetic changes in laboratory-derived S. aureus could be identified that correlated with increased DAP MICs. After serial passaging, the authors observed not only mutations in mprF, yycG and rpoC but also rpoB. Furthermore, Cui et al. (2006) described a rpoB-mediated resistance conversion that was accompanied by an increase in DAP and vancomycin (VAN) MICs. In our study, we detected the RpoB AAS G200A (13-04344), S464P (11-00260, 09-01199), Q468K (15-01065), Q468L (13-00556), D471Y (12-00014), and V871F (13-04050) (Figure 3). While G200A and V871F have not been described until now S464P, Q468K/L, and D471Y are known to be located within the cluster 1 of the rifampicin resistance mutation site and could thus be associated with rifampicin resistance (Figure 3 and Supplementary Table 1). A correlation of the latter mutations with DAP resistance is therefore unlikely (Wichelhaus et al., 1999).

Within our strain collection, we observed two DAP-R isolates that additionally were VAN resistant (VAN MIC = 4 mg/L) (Figure 3). Increased DAP MICs are often seen in VISA isolates that are commonly characterized by thickened cell walls (Cui et al., 2006; Julian et al., 2007). Because DAP is large in molecular size, thickened peptidoglycan layers may hinder the lipopeptide from reaching its antimicrobial target and might therefore facilitate the development of a dual resistance to VAN and DAP (Cui et al., 2006). In addition to mutations in mprF, both isolates showed genetic variations within rpoC (R739C) and yycG (M466T) (Figure 3). The two-component regulator YycFG (also known as WalKR) is known to be involved in the positive regulation of genes associated with cell wall metabolism. Several studies have shown that mutations within yycFG contribute to thickening of cell walls, which are thought to result from reduced expression of the major autolysins AtlA and LytM (Friedman et al., 2006; Howden et al., 2011; Patel et al., 2011; Shoji et al., 2011; Hafer et al., 2012). As could be seen for rpoB mutations, genetic variations in rpoC may indirectly influence the expression of genes involved in cell wall biosynthesis, thereby leading to altered cell surface charges and cell wall thickening (Cui et al., 2006). A recently published study described increased cell wall thickness for a clinical S. aureus isolate with cross-reduced susceptibility to DAP and VAN that was likely to be associated with mprF W424R (Thitiananpakorn et al., 2020). Although we detected this AAS in one DAP-R isolate (Figure 3), no increased VAN MICs could be observed (VAN MIC ≤ 1 mg/L). Since cell wall thickness has not been described as a common feature of clinical DAP-R isolates, Thitiananpakorn et al. (2020) further postulated that mprF mediated alterations in surface charges directly affect susceptibility to both DAP and VAN. These results are somewhat contradictory to our observations, as elevated VAN MICs were observed in only two DAP-R isolates (Figure 3). Consequently, it remains to be investigated to what extent mprF mutations—alone or in combination with yycFG mutations—are effectively related to this cross-resistance phenotype. Of note, as no data on therapy was available, we are unable to judge whether these mutations were due to previous VAN or DAP therapy in the affected patients.

Genes ddl, pgsA, and yycF exhibited no mutations previously associated with DAP resistance.

Interestingly, MSSA and MRSA isolates showed identical MprF AAS with no characteristic patterns detectable (Figure 3). In contrast to MRSA-related infections, physicians have numerous treatment options available for MSSA-related infections (David and Daum, 2017). Thus, MSSA isolates were unlikely to be exposed to DAP therapeutically. Consequently, MSSA might have undergone selection pressures that trigger the same mechanisms of resistance as DAP. Previous studies suggest, that both cationic host defense peptides (CHDPs) and DAP trigger the same mechanisms of resistance and that the exposure of S. aureus to CHDPs is likely to facilitate the development of DAP resistance (Mishra et al., 2011, 2012). In addition, Renzoni et al. (2017) showed that exposure of S. aureus to the antiseptic polyhexanide resulted in the selection of mutants possessing mprF mutations and thus in cross-resistance between the antiseptic agent and clinically used antibiotics.



Identification of CPT-R Associated Mutations in S. aureus


Phylogenetic Reconstruction and Detection of Population Stratification

The established strain collection comprised a total of 44 CPT-R and 43 CPT-S isolates (Supplementary Table 2) that belonged to 3 CCs and 15 STs (Supplementary Figure 1B). Similar to the DAP strain collection, the involved CCs and STs predominantly mirrored the distribution of clonal lineages in Europe and, more precisely, in Germany. As indicated by phylogenetic analysis, we observed the formation of distinct subclusters that lacked sufficient amounts of susceptible counterparts (Supplementary Figure 3). This is due to the fact, that isolates frequently had to be matched on the basis on CCs when no STs could be derived from spa-typing. Thus, although we observed a homogenous distribution of CPT resistance phenotypes within the overall CC5 clade (Supplementary Figure 1), the clustering of CPT-R isolates belonging to ST228 (CC5) and ST111 (CC5) was obscured by our sampling strategy (Supplementary Figure 1). Therefore, future studies should focus on adopting sampling strategies as described by Farhat et al., in order to both minimizing the impact of population structure and increasing the power of association studies (Farhat et al., 2014).

In order to identify SNPs associated with CPT resistance, a total of 45.989 SNPs (relative to S. aureus 04-02981) were analyzed with the CMH and five hierBAPS sub-clusters (Supplementary Figure 3). Although few studies described the CMH to occasionally overcorrect for population structure, we observed genome-wide inflation in the Q-Q plot of 6.543 adjusted PLINK variants (λGC = 2.11) (Supplementary Figure 5A) (Chen and Shapiro, 2015; Lees et al., 2016). Therefore, we used GC adjusted p-values for further downstream analysis (Supplementary Figure 4B). This method normalizes all p-values by the single inflation factor λ, which is the observed median chi-square divided by the expected median chi-square with 1 degree of freedom (Chen and Shapiro, 2015). The high inflation is most likely due to the close relationship of CPT-R isolates within the ST228 and ST111 clusters (Supplementary Figure 3). Previous studies have already shown that these lineages are usually associated with elevated CPT MICs and that CPT resistance in ST228 isolates had already been observed prior to the introduction of CPT in the clinical setting (Kelley et al., 2015; Strommenger et al., 2015). Therefore, the implementation of successful clonal lineages poses a unique challenge for microbial GWAS, as these phenotypic lineage-level differences need to be accounted for Lees (2017) and Power et al. (2017). This is even more relevant when investigating highly clonal pathogens such as Mycobacterium tuberculosis, where the entire genome is in strong linkage, further preventing the fine-mapping of causal loci (Chen and Shapiro, 2015).

Using SEER, we counted 10 M k-mers of which 4.2 M remained after association testing and post-association filtering. As we detected an early separation of the observed from the expected lrt p-values in the constructed Q-Q plot (Supplementary Figure 5B), we favored the Wald- of lrt-correction. Although most of the Wald-corrected p-values follow a uniform distribution, GWAS power was reduced significantly (Supplementary Figure 4D).



Population Stratification Prevents GWAS From Identifying Causal Variants

Out of 6.543 SNPs, PLINK analysis identified GrlA S80F (GC adjusted p = 9.05 × 10–8, locus tag: SA2981_RS06930) to be suggestively associated with CPT resistance (Figure 4). Close to the genome-wide significance threshold, we additionally observed GyrA S84L (GC adjusted p = 3.71 × 10–7, locus tag: SA2981_RS00030) (Figure 4). As these mutations are known to mediate ciprofloxacin (CIP) resistance in S. aureus (Jones et al., 2000; Kwak et al., 2013), we screened all isolates for the corresponding resistance phenotype. Indeed, we identified 95% (n = 42) of CPT-R and 40% (n = 16) of CPT-S isolates to be CIP-R, carrying either S80F or S84L (Supplementary Table 5). These observations are in line with results of previous studies, showing that dominant hospital-associated MRSA lineages are almost universally resistant to CIP and that this resistance phenotype contributes to the selection and survival of S. aureus (Knight et al., 2012; Layer et al., 2019). These results stress the importance of carefully verifying putative variants in order to avoid the detection of false positive correlations caused by genetically linked features as can be frequently seen in hospital-associated pathogens like S. aureus, E. coli, E. faecium, M. tuberculosis, and A. baumanii (Struelens, 1998; Cornejo-Juarez et al., 2015; Tacconelli et al., 2018). Using SEER analysis, 10 M k-mers were tested for CPT-R association. However, due to the stringent correction for population stratification, no significant k-mers remained (p < 1 × 10–5).
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FIGURE 4. Manhattan plot illustrating CPT PLINK results. The -log10 GC-corrected p-values of identified SNPs are plotted against the chromosome position of S. aureus 04-02981. The blue line indicates suggestive association (p = 1 × 10–5), while the red line indicates genome-wide significance threshold (p = 5 × 10–8).




Searching for Rare Variants in Essential SCCmec Elements

To further search for genetic variants that are putatively associated with elevated CPT MICs, the nucleotide sequences of essential SCCmec elements (mecA, mecR1, ΔmecRI, and mecI) were extracted from de novo assembled contigs. Detailed sequence analysis revealed multiple SNPs within mecA (D139N, N146K, E150K, N204K, T235I, E239K/R, G246E, and K281R; Figure 5), but only few were found within the regulatory genes mecR1, ΔmecRI, and mecI (Supplementary Table 6). The majority of AAS observed in mecA were restricted to the non-penicillin-binding (nPBD) domain of PBP2a (AAS 27–326) (Lim and Strynadka, 2002). These observations are in line with investigations of Lahiri et al. (2015) who found CPT-R associated substitutions to be predominantly located in or close to a structural groove of the nPBD (including D139N, N146K, E150K, N204K, T235I, and E239K). Already back in 2013, Otero et al. (2013) have shown that CPT can bind to this allosteric domain, resulting in a multiresidue conformational change of PBP2a, the opening of the active site and the irreversible acylation of the active serine by a second CPT molecule. Consequently, it has been presumed that mutations within the allosteric domain of PBP2a can lead to a disruption of salt bridge interactions that are crucial for the allosteric response, leaving the active site occluded (Otero et al., 2013). Furthermore, Alm et al. (2014) postulated that mutations in the nPBD of PBP2a might lead to a destabilization of protein-protein interactions between PBP2a and PBP2, presumably promoting the interaction with alternative PBPs, like PBP4, which has been shown to have a low affinity for CPT (Moisan et al., 2010). The mecA AAS G246E could not only be detected within CPT-R (n = 13) but also CPT-S (n = 7) isolates (Figure 5). Consequently, we hypothesize that this AAS on its own is unlikely to be involved in the development of CPT resistance in S. aureus. This assumption is supported by previous studies, showing that S. aureus with mecA G246E did not exhibit increased CPT MICs (Alm et al., 2014; Lahiri et al., 2015; Schaumburg et al., 2016). The G246E AAS in particular demonstrates that identical mecA mutations are often associated not only with one but several SCCmec types (Figure 5), suggesting that these mutations emerged after the acquisition of SCCmec rather than being linked with the dissemination of specific SCCmec types. The only change that is located near the cephalosporin-binding pocket of the penicillin-binding domain of PBP2a is the AAS E447K (Figure 5). This substitution is presumed to directly influence the binding of CPT by forming a new salt bridge with the neighboring Gluc460 residue (Alm et al., 2014). The diversity of mecA mutations clearly illustrates why SEER was limited in the detection of significant associations. In this case, k-mers were split into clusters of lower frequency, which drastically reduced significance levels and prevented the detection of corresponding mutations.
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FIGURE 5. Phylogenetic relation and genotypes of CPT-R S. aureus included in this study. On the left, a neighbor-joining tree based on 4.344 SNPs represents the phylogenetic relatedness of 86 S. aureus isolates. Identified hierBAPS subclusters are color-coded. Dark and light shaded grayish boxes represent MRSA and MSSA isolates, respectively. Blue boxes point to CPT resistance. Corresponding numbers refer to CPT MICs as determined by BMD. On the right, AAS in PBP2a are shown as identified by the use of manual in silico analysis.


For some isolates we neither detected mutations within mecA nor within the regulatory elements of SCCmec (Figure 5). Therefore, we performed in silico analysis to search for mutations in pbp1 (SACOL_RS06115), pbp2 (SACOL_RS07590), pbp3 (SACOL_RS08205), pbp4 (SACOL_RS03595), gdpP (SACOL_RS00090), arcB (SACOL_RS13910), pp2C (SACOL_RS10765), clpX (SACOL_RS08790), and rho (SACOL_RS11055), as these loci have either been described to bind ceftaroline or to play a functional role in the development of β-lactam resistance in S. aureus (Banerjee et al., 2010; Moisan et al., 2010; Chan et al., 2015; Greninger et al., 2016). However, with the exception of PBP1 P360S and PBP2 A382T (12-02627; ST225), no putative resistance-associated AAS could be detected. Thus, still unknown genetic variants seem to influence the development of CPT resistance in S. aureus which remain to be identified.

We detected 15 CPT-R S. aureus isolates that were collected prior to the licensing of CPT in Europe which mainly belonged to clonal lineages ST111 and ST228 (Figure 5). Of these, eight isolates have already been described in a study by Strommenger et al. (2015). Also Kelley et al. (2015) reporteded CPT resistance in S. aureus at least as far back as 1998 (predominantly in ST228). Therefore it is likely that these lineages express CPT resistance as a result of natural variation (and thus by chance) and/or were selected by environmental factors other than CPT. Since CPT itself has a low potential to select for resistance, Kelley et al. (2015) also speculated that other agents like β-lactam antibiotics may have contributed to the selection of this resistance phenotype (Knight et al., 2012; Mobegi et al., 2017). Supporting this hypothesis, we observed a positive correlation between the levels of CPT and OXA MICs (p < 0.001; R2 = 0.065; Supplementary Figure 6).



CONCLUSION

With this study, we confirmed the potential of microbial GWAS to identify genetic variants that are significantly associated with antibiotic resistance in S. aureus. However, due to the clonal population structure of bacterial populations, it remains challenging to control for the detection of spurious associations. Therefore, profound sampling strategies are necessary to investigate the genetic architecture of bacterial phenotypes. The ongoing development and refinement of new and existing tools will enable researchers to account for stratification more precisely and to use multiple variants in association testing. A key challenge in microbial GWAS has been and still is the requirement for larger and more complex sample collections but is often restricted by the number of well-characterized clinical isolates available. A large collection not only increases the statistical power of association studies but also enables the investigation of traits that are linked to lineage-specific features and/or variants that occur with a low frequency.
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Supplementary Figure 1 | Distribution of resistance phenotypes for the DAP (A) and CPT (B) strain collection. Clonal lineages with corresponding numbers of included isolates are shown below. Resistant strains are highlighted as dark shaded columns, while susceptible isolates are shown as light shaded columns. The distribution of phenotypes is given in percent. DAP-R, daptomycin-resistant; DAP-S, daptomycin-susceptible; CPT-R, ceftaroline-resistant; CPT-S, ceftaroline-susceptible; ST, sequence type; CC, clonal cluster.

Supplementary Figure 2 | Phylogenetic analysis of 95 S. aureus strains. Neighbor-Joining tree based on 7.342 SNPs describing the linear evolution among 95 S. aureus isolates. SNPs were called with an exclusion distance of 150 bp. Modified NC-002951 was used as a reference genome. hierBAPS clusters are represented by color-shaded boxes. Bold isolate identifiers indicate resistance towards DAP. Bootstraps are color-coded (minimum = red, maximum = green).

Supplementary Figure 3 | Phylogenetic analysis of 87 S. aureus isolates. Neighbor-Joining tree based on 4.344 SNPs describing the linear evolution among 87 S. aureus isolates. SNPs were called with an exclusion distance of 150 bp. Modified NC-017343 was used as a reference genome. hierBAPS clusters are represented by color-shaded boxes. Bold isolate identifiers indicate resistance against CPT. Bootstraps are color-coded (minimum = red, maximum = green).

Supplementary Figure 4 | Q-Q plot illustrating population stratification in GWAS. The plot compares the observed and expected p-value under the null hypothesis of no true association. Deviation from the X = Y reference line indicates the presence of a systematic bias. (A) DAP Q-Q plot with unadjusted PLINK p-values. (B) CPT Q-Q plot with GC-adjusted PLINK p-values. (C) DAP Q-Q plot with lrt corrected SEER p-values. (D) CPT Q-Q plot with Wald-corrected SEER p-values.

Supplementary Figure 5 | Q-Q plot illustrating population stratification CPT GWAS. The plot compares the observed and expected p-value under the null hypothesis of no true association. Deviation from the X = Y reference line indicates the presence of a systematic bias. CPT Q-Q plot with unadjusted PLINK p-values (A) and lrt corrected SEER p-values (B).

Supplementary Figure 6 | Linear regression model fitted on the log2 values of CPT and OXA MICs of 98 S. aureus isolates (p-value < 0.001; R2 = 0.065). The horizontal and vertical dotted lines represent the OXA and CPT breakpoint for S. aureus respectively (according to EUCAST v. 7.1; OXA: S ≤ 2 mg/L, R > 2 mg/L; CPT: S ≤ 1 mg/L, R > 1 mg/L).

Supplementary Figure 7 | Mauve genome alignment for the illustration of mprF sequence similarity. To illustrate the mprF sequence similarity between different clonal lineages, one representative DAP-R isolate was chosen from each hierBAPS subcluster. The mprF sequence was identified and extracted from de novo assembled contigs. To compute a genome alignment, we used Mauve and Geneious Prime v. 11.0.4. The following isolates were used: 14-02100 (ST45), 10-00785 (ST22), 13-04344 (ST225), 13-02671 (ST8), and 13-03385 (ST7). Nucleotide differences are highlighted as dark shaded boxes.

Supplementary Table 1 | Details on the daptomycin strain collection.

Supplementary Table 2 | Details on the ceftaroline strain collection.

Supplementary Table 3 | Genetic elements excised from the reference sequences of S. aureus COL and S. aureus ECT-R2.

Supplementary Table 4 | PLINK defined population outliers.

Supplementary Table 5 | Detection of GrlA S80F and GyrA S84L.

Supplementary Table 6 | Detection of mecI, ΔmecRI, and mecRI mutations.


FOOTNOTES

1 https://eucast.org/clinical_breakpoints/

2 https://www.cog-genomics.org/plink2

3 https://github.com/nvalimak/fsm-lite

4 http://mesquiteproject.org/

5 https://cge.cbs.dtu.dk/services/SCCmecFinder-1.0/

6 GitHub. SEER. https://github.com/johnlees/seer/wiki/Usage [Accessed November 30, 2020].
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The global increase of community-associated (CA) infections with methicillin-resistant Staphylococcus aureus (MRSA) is a major healthcare problem. Although sequence type (ST) 398 MRSA was first described as a livestock-associated (LA) lineage, human-adapted MRSA (HO-MRSA) ST398 without livestock contact has subsequently been reported from China in our previous study and other later research. The proportion of ST398 HO-MRSA has also remarkably increased in recent years in China. Based on 3878 S. aureus isolates that were collected in a general hospital between 2008 and 2018, we identified 56 ST398 HO-MRSA isolates. The four early appearing isolates of them have been sequenced by whole-genome sequencing (WGS) in our previous study. Here, by usage of WGS on the later-appearing 52 isolates and analyzing the phylogenetic dynamics of the linage, we found that 50 isolates clustered together with the former 4 isolates, making it a main clade out of MSSA clones and other MRSA clones, although ST398 HO-MRSA evolved with multiple origins. Drug resistance and virulence gene analysis based on the WGS data demonstrated that ST398 HO-MRSA main clade exhibited a similar pattern in both parts. Furthermore, they all carried a conserved variant of prophage 3 to guarantee virulence and a short SCCmec type V element of class D to maintain considerable lower methicillin resistance. Further phenotypical research verified that the epidemic HO-MRSA ST398 displayed enhanced biofilm formation ability when keeping high virulence. The dual advantages of virulence and biofilm formation in the HO-MRSA ST398 subtype promote their fitness in the community and even in the healthcare environment, which poses a serious threat in clinical S. aureus infections. Therefore, further surveillance is required to prevent and control the problematic public health impact of HO-MRSA ST398 in the future.

Keywords: methicillin-resistant staphylococcus aureus, sequence type 398, phylogenetic analysis, whole-genome sequencing, virulence


INTRODUCTION

Methicillin-resistant Staphylococcus aureus (MRSA) is not only a human pathogen causing a variety of infections, such as skin and soft tissue infection (SSTI), pneumonia, and sepsis, but it also can colonize and cause diseases in multifarious animals, known as livestock-associated MRSA (LA-MRSA) (Chuang and Huang, 2015; Chen and Huang, 2018). MRSA sequence type (ST) 398 was first identified as a LA-MRSA and also the most dominant clone of LA-MRSA globally, which was first found as prevalent in Europe and then identified outside Europe, including the North America and some Asian countries (Lewis et al., 2008; Larsen et al., 2017).

LA-MRSA has been found more and more in humans and is associated with serious diseases and even death. In the past decade, several infections caused by ST398 MRSA have been reported in the community, ranging from mild skin infections to serious invasive infections and even death, both with and without livestock contact. Human colonization with LA-MRSA ST398, which is genetically identical with LA-MRSA, was first recognized among swine farmers in France and The Netherlands in the early 2000s (Armand-Lefevre et al., 2005; Voss et al., 2005) and showed rapid emergence in Europe (Khanna et al., 2008; Smith et al., 2009, 2013), yet human cases of LA-MRSA ST398 were rarely reported from Asian countries. In contrast, human cases of MRSA ST398 without livestock contact, named host-adapted MRSA ST398 (HO-MRSA ST398), have been gradually reported as emerging in China. Recently, we reported the emergence in Shanghai, China, of several high-virulence HO-MRSA ST398 isolates, which evolved from methicillin-sensitive Staphylococcus aureus (MSSA) and are genetically different from LA-MRSA with the characteristics of the lack of tetM resistance determinants and the presence of a variant of prophage 3 (He et al., 2018). Soon after, two cases of surgical site infections caused by highly virulent HO-MRSA ST398 were reported in Zhejiang, China (Sun et al., 2019). Subsequently, HO-MRSA ST398 strains has been reported to spread locally in sanatoriums in Taiwan District, probably after entrancing from mainland China (Huang and Chen, 2020).

We continuously tracked the epidemiology of all S. aureus isolates in the general teaching hospital and found a rapid increase of ST398 in China while the previously dominant HA-MRSA ST239 clones showed a significant decrease, leading to a marked decrease in the prevalence of MRSA over the past decade (Dai et al., 2019). This prompted us to study those strains to better understand the cause of and the prospect for the rise of HO-MRSA ST398 in China. Here, we report the detection, phylogenetic analysis, epidemiological information, and the phenotypic characteristics of the epidemic HO-MRSA ST398 isolates identified by our clinical laboratory, providing evidence to inform and benefit the clinical prevention and control of S. aureus infections.



RESULTS


Surveillance of MRSA Isolates at a General Teaching Hospital in 2008–2018

A total of 2,588 MRSA isolates were identified among 3878 S. aureus infections at an affiliated tertiary hospital from 2008 to 2018 in Shanghai, China. The proportion of MRSA infections decreased from 83.5% (643 of 770 total S. aureus infections) in 2008 to 49.1% (195 of 397) in 2018. The prevalence of one predominant healthcare-associated MRSA (HA-MRSA) lineage, ST239, significantly decreased (from 48.5 to 4.1%, 2008–2018), which has been proved to be responsible for the marked decrease in the prevalence of MRSA over the past decade. The majority of the 195 MRSA isolates belonged to ST5 (n = 99), followed by the community-acquired MRSA (CA-MRSA) clones ST59 (n = 26), ST1 (n = 21), and ST398 (n = 14) in 2018. The proportion of another predominant HA-MRSA lineage, ST5, maintained stability between 2008 (50.1%) and 2018 (50.8%). Contrastingly, the CA-MRSA clones ST59, ST1, and ST398 increased significantly from 0.6% (4 of 643) to 13.3% (26 of 195), 0.5% (3 of 643) to 10.8% (21 of 195), and 0.0% (0 of 643) to 7.18% (14 of 195), respectively, from 2008 to 2018. ST398 MRSA ranked as the third most prevalent CA-MRSA lineage in all SA isolates in 2018. The majority of the total SA isolates belonged to ST5 (n = 114) and ST398 (n = 34), followed by ST59 (n = 32) in 2018. The proportion of ST5 isolates in all SA isolates maintained relative stability between 2008 (41.9%) and 2018 (28.7%), whereas the proportion of ST398 isolates increased obviously from 1.8% (14 of 770) in 2008 to 8.6% (34 of 397) in 2018 (P < 0.001), in which it ranked first in prevalence among CA-SA lineage in all SA isolates in 2018 (Figure 1 and Supplementary Table S1). The above data indicate that the increasing emerging dominant MRSA ST398 could be a factor responsible for the remaining stubborn MRSA in recent years.
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FIGURE 1. Prevalence of the total ST398 (A) and the increasingly emerging dominant MRSA ST398 clone (B) from different clinical specimens of patients, 2008–2018.




Phylogenetic Tree of ST398 MRSA Isolates

A total of 56 MRSA ST398 isolates were collected in this study, while 4 of them that were collected during 2012–2014 had already been analyzed in our previous study (He et al., 2018). Therefore, 52 ST398 MRSA isolates collected during 2015--2018 were whole genome sequenced in this study. The Illumina sequences generated in this study are deposited and available in the Sequence Read Archive (SRA)1 under the study accession number PRJNA624723 with the SRA accession numbers SRR11526821 to SRR11526872. We also included our previous genomic data of 61 ST398 isolates (sample accession numbers: SRR5054902 to SRR5054977 and SRR5062006 in the SRA of NCBI). All the characteristic data of 113 ST398 S. aureus isolates used for phylogenetic analysis are listed in Supplementary Table S2. The core-genome SNPs were applied for phylogenetic tree reconstruction based on the data of 52 current MRSA ST398 genome sequences and our previously published data of 61 ST398 genome sequences (7 HO-MRSA isolates and 54 HO-MSSA isolates during 2010–2015) using maximum likelihood estimation (Figure 2). All ST398 isolates were divided into two major phylogenetic clades, with each supported by 100% bootstrapping. Most of the HO-MSSA ST398 strains were in Clade 1. However, there were also five human-adapted MRSA ST398 strains in Clade 1, including 17-398-18, 16-398-12, HO-MRSA-5, HO-MRSA-6, and HO-MRSA-7. Human-adapted MRSA ST398 were mainly in Clade 2, including 4 HO-MRSA ST398 isolates from our previous study, clustered with the four isolates of HO-MSSA ST398 isolates. Clade 1 was a mixture of samples collected from both humans and livestock, while Clade 2 was a pure clade of sample from humans, which accounted for 91.7% (55/60) of HO-MRSA ST398 isolates sampled, suggesting that the epidemic MRSA ST398 mainly originated from Clade 2. The above data showed that the increasing emerging dominant MRSA ST398 in Shanghai, China, mainly evolved to a subclone.
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FIGURE 2. Phylogenetic structure of ST398 S. aureus isolates. (A) Maximum-likelihood phylogenetic tree of ST398. A total of 129 S. aureus ST398 isolates (114 from adult patients and 15 from livestock) were used for phylogenetic reconstruction. Relationships are shown with respect to the genome of the standard LA-MRSA strain (S0385). Branches are colored by geographic origin of isolates. The tree is rooted with ST36 as an outgroup. (B) Unrooted tree of ST398 S. aureus isolates. Branches in this tree could be classified into two main clades, including Clade I and Clade II. Branches are colored by geographic origin of isolates. Black branch: outgroup. Orange branch: reference isolate. Blue branch: human-adapted (HO-MRSA) isolates sequenced in our previous study. Green branch: HO-MSSA isolates in our previous study. Yellow branch: livestock-adapted (LA-MSSA) isolates in our previous study. Red branch: HO-MRSA isolates sequenced in this study.




Clinical Characteristics of ST398 HO-MRSA

Among the 56 MRSA ST398 isolates collected in this study, 96.42% (54 of 56) were identified as HO-MRSA according to the phylogenetic tree. Only two isolates (17-398-18 and 16-398-12) were finally judged as LA-MRSA originated, which clustered with S0385, and clinical data also showed that these two patients ever had livestock contact. Interestingly, 3 of 56 infection cases (18-398-11, 18-398-21, and 18-398-32) by ST398 MRSA that clustered in Clade 2 were found to occur > 48 h after hospitalization in 2018, which suggested the onset of high-virulence MRSA ST398 in the healthcare environment.



Antibiotic Susceptibility

We profiled the 113 ST398 isolates with in vitro susceptibility tests to 13 common antibiotics. Almost all the ST398 S. aureus isolates were susceptible to RD, TEC, LZD, and VA and resistant to P (antibiotics abbreviations provided in the “Materials and Methods” section). Compared to the 54 ST398 MSSA, the 56 ST398 MRSA collected in this study together with 3 ST398 MRSA from other hospitals displayed total resistance to FOX and high resistance rates for CZ (41 of 59; 69.49%) (Supplementary Table S2), whereas ST398 MSSA exhibited higher resistance rates for CN (14 of 54, 25.93%) and FOS (6 of 54, 11.11%), compared with ST398 MRSA (1 of 59, 1.69% and 0 of 59, 0.00%).



Virulence Factors and Resistance Gene Analysis

We further mapped virulence and antibiotic susceptibility information for each isolate to the phylogeny (Figure 3). In all ST398 strains, 20 virulence genes were found, including hlgA, hlgB, hlgC, scn, sak, hla, aur, icaA, icaB, icaC, icaD, clfA, etc. Among the 20 virulence genes, hlgA, hlgB, and hlgC encode γ-hemolysin; staphylococcal complement inhibitor (scn) is associated with immune evasion; sak encodes staphylokinase, contributing to spread of the bacteria; and aur encodes aureolysin, which belongs to staphylococcal exoenzyme. All the HO-MRSA ST398 strains in Clade 2 harbored the scn, staphylokinase (sak), and chemotaxis inhibitory protein (chp) genes, the three of which are in common with the conserved variant of prophage 3. Almost none of the above strains carried the pvl gene or enterotoxin genes or cna gene. Nevertheless, other HO-MRSA ST398 strains scattered in Clade 1 carried only scn and sak genes, and the chp gene was always absent in this clade.
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FIGURE 3. Presence or absence of antibiotic resistance genes and virulence genes among ST398 isolates. The distribution of antibiotic resistance genes and virulence genes is plotted against the core genome phylogeny; the presence of an antibiotic resistance or virulence gene in an isolate is shown in red and blue, respectively, and the absence is shown in gray.


Antibiotic resistance genes were rarely found in all ST398 strains. All the HO-MRSA ST398 isolates in Clade 2 carried mecA (methicillin resistance gene). Almost all of them harbored blaZ (penicillin resistance gene) and erm(C) (macrolide resistance gene). Besides the above genes, the HO-MRSA ST398 isolates in Clade 2 carried very few other antibiotic resistance genes. The strains in Clade 1 also harbored very few antibiotic resistance genes besides blaZ.

The above data suggested that all the HO-MRSA ST398 strains in Clade 2 had similar antibiotic resistance and virulence pattern background with the conserved variant of prophage 3, containing the immune evasion complex (IEC) genes encoding the chemotaxis inhibitory protein (CHIP), staphylococcal complement inhibitor (SCIN), and staphylokinase (SAK) together, which was usually different from that of HO-MRSA ST398 in Clade 1, thus probably facilitating the clone transmission of this specific ST398 MRSA.



SCCmec Analysis

The most interesting feature of the genome of all HO-MRSA ST398 isolates in Clade 2 and one HO-MRSA ST398 isolate in Clade 1 (HO-MRSA-6) is the SCCmec type V element of class D in S. aureus only described in our previous study (He et al., 2018), characterized by an IS431-mecA-mecR1’ composition and one copy of the ccrC recombinase gene, which has previously only been found in CoNS like S. caprae (Katayama et al., 2001). However, other HO-MRSA ST398 isolates in Clade 1 have different SCCmec elements, respectively. One HO-MRSA ST398 strain (17-398-18) harbors SCCmec type V (5C2&5) (composition IS431-mecA-mecR1’-IS431 and two ccrC copies), which belong to most LA-MRSA ST398 strains, including the reference strain S0385. Another HO-MRSA ST398 strain (HO-MRSA-5) contains SCCmec type IVa (2B) with the following gene complexes: ccrA2-ccrB2 and mecA-mecR1. Furthermore, the HO-MRSA ST398 strain (16-398-12) harbors SCCmec type V (5C2) with the following gene complexes: ccrC and mecA (Figure 4A). Obviously, the SCCmec type V element of class D is shorter than other kinds of SCCmec elements in Clade 1.
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FIGURE 4. Analysis of HO-MRSA ST398 SCCmec. (A) SCCmec comparison. (B) Comparison of oxacillin MIC. p ≤ 0.05 (*).


Considering previous findings (Pozzi et al., 2012; Rudkin et al., 2012) that have shown repression of virulence by the methicillin resistance-encoding mecA gene and our previous results (He et al., 2018) showing that striking and highly conserved differences of MICs to β-lactams and mecA expression exist between HA-MRSA clones and CA-MRSA clones, here we further sought for the possible influence of this kind of SCCmec to MIC of oxacillin and mecA expression. Six HO-MRSA ST398 isolates with short SCCmec V were randomly selected to compare the MIC of oxacillin with the isolates with other SCCmec. Isolates with the short SCCmec V showed lower oxacillin MIC levels compared to other CA-MRSA-characteristic SCCmec types (Figure 4B) in accord with our previous finding (He et al., 2018), showing that this SCCmec element in epidemic HO-MRSA ST398 confers only very low-level methicillin resistance to fit both in the community and healthcare environment where the former epidemic HA-MRSA ST239 with high methicillin resistance is significantly decreasing now.

The above data indicated that the short SCCmec V element of class D could be a factor accounting for the fitness of HO-MRSA ST398 strains in Clade 2 both in the community and healthcare setting.



HO-MRSA ST398 Epidemic Isolates Exhibit High Virulence

We randomly selected four representative HO-MSSA ST398 isolates from Clade 1 and four representative HO-MRSA ST398 isolates from Clade 2, together with four HO-MRSA ST398 isolates in Clade 1. We next measured cytolytic potential by lysing analysis of human erythrocytes and determined expression of RNAIII and α-toxin as important core genome-encoded virulence determinants (Figures 5A–C). HO-MRSA ST398 in Clade 2 displayed high erythrocyte lysis capacity and also exhibited elevated RNAIII and α-toxin expression at the transcriptional level in comparison with the other two groups in Clade 1. All these analyses showed that the HO-MRSA ST398 isolates in Clade 2 have higher virulence compared to the HO-MRSA ST398 isolates and the closely related MSSA isolates in Clade 1.
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FIGURE 5. Phenotypic differences between HO-MRSA ST398 in Clade 1 and Clade 2. (A) Hemolysis (erythrocyte lysis) of four representative HO-MRSA ST398 isolates, respectively, in Clade 1 and Clade 2. Hemolytic activities were determined by incubating culture filtrates with human red blood cells. (B,C) Expression of RNAIII/hla was determined by qRT-PCR. (D) Biofilm elaboration measured using polystyrene microtiter plate assay. Statistical analysis was performed using Student’s t-test. The data shown are mean ± SD of three independent experiments. Statistical significances: p > 0.05 (ns), p ≤ 0.05 (*), p < 0.001 (**).




HO-MRSA ST398 Epidemic Isolates Exhibit Higher Biofilm Formation Ability

In addition to the observed high virulence, semi-quantitative biofilm tests of the above 12 representative ST398 isolates revealed that compared with the 4 HO-MRSA and 4 HO-MSSA ST398 isolates in Clade 1, the 4 HO-MRSA ST398 isolates in Clade 2 demonstrated significantly higher biofilm formation, the key process in the occurrence and development of persistent infections (Figure 5D).




DISCUSSION

To our knowledge, this is the first report focusing on the epidemiologically important emerging host-adapted MRSA ST398 in China. Based on our previous study and this study, the first ST398 isolate was identified in 2011 from a 65 year-old male patient whose sputum and blood cultures grew MRSA ST398, which suggests that ST398 existed in Shanghai since 2011 or earlier. Also, the population of both ST398 and MRSA ST398 gradually increased annually in Shanghai, China.

MRSA ST398, first identified as a LA-MRSA, was prevalent in Europe and the North America. However, it was rarely reported in Asian countries (Lewis et al., 2008; Chuang and Huang, 2015; Larsen et al., 2017; Chen and Huang, 2018). Human-adapted ST398 isolates, which are different from LA clones in genetics, often cause life-threatening infections and have some common genetic characteristics in adapting to human as host (Price et al., 2012; Larsen et al., 2016; He et al., 2018; Sun et al., 2019). Most previous reports found that human-adapted ST398 isolates are MSSA (Zhao et al., 2012). In our recent report (He et al., 2018), eight cases of ST398 CA-MRSA infection were reported in China, of which six cases were severe and two cases died. Genome analysis showed that these highly infectious strains of ST398 CA-MRSA evolved from human-adapted methicillin-sensitive clones, which were then called ST398 HO-MRSA. Similar severe and even fatal cases have also been reported in Japan and Australia (Koyama et al., 2015; Coombs et al., 2019). Subsequently, 12 strains of MRSA ST398 were identified as colonization strains in Taiwan (Huang and Chen, 2020). The strain appears to be spreading internationally and needs further monitoring.

Phylogenetic reconstructions of the dominating pandemics of healthcare-associated ST239 MRSA and LA ST398 MRSA have been well described (Harris et al., 2010; Price et al., 2012; Hsu et al., 2015), while the evolutionary dynamics of the increasing ST398 HO-MRSA has rarely been studied. We identified 52 ST398 MRSA during 2015 and 2018 in the general hospital in Shanghai, China, together with six ST398 MRSA during 2011–2014 in our previous study. Next, the phylogeny of ST398 MRSA linages using the above 58 individual ST398 MRSA isolates was reconstructed, proving that ST398 MRSA isolates evolved with multiple origins and 54 of them evolved together as an emerging main clade that differed from those MSSA isolates in clinical S. aureus infections. ST398 MRSA isolates in the main Clade (Clade 2) definitely exhibited differences both genetically and phenotypically in comparison to ST398 MSSA and other ST398 MRSA isolates clustered in Clade 1.

Herein, analysis of the virulence genes and the resistance genes revealed that ST398 MRSA isolates in Clade 2 exhibited uniform virulence and antibiotic resistance pattern. Discrepancy in the virulence genes between ST398 MRSA in Clade 2 and ST398 MRSA and ST398 MSSA in Clade 1 mainly focused on the chp, which is conserved in Clade 2, while all of them harbor the scn and sak genes. The CHIP encoded by chp is a 14 kDa protein that blocks neutrophil chemotaxis via binding the formylated peptide receptor and the C5a receptor on neutrophils (Postma et al., 2004, 2005). Higher carriage rate of chp in these isolates might indicate a higher ability of immune escape of ST398 HO-MRSA main clade during host defense in S. aureus infections. In addition to the high presence of virulence genes, ST398 HO-MRSA isolates displayed higher hemolysis capacity, making the ST398 HO-MRSA in Clade 2 a hypervirulent linage in clinical S. aureus infections. On the other hand, ST398 HO-MRSA isolates exhibited high sensitivity to several common antibiotics as well as ST398 HO-MSSA isolates. Additionally, the type of all the ST398 HO-MRSA in Clade 2 is the short SCCmec type V element of class D, which maintained the much lower methicillin resistance.

Generally speaking, hypervirulent isolates exhibited higher susceptibility to the most common antibiotics, while multi-drug resistant (MDR) isolates would be less virulent, which is named “fitness cost” in related research (Foucault et al., 2009; Maher et al., 2012; Nielsen et al., 2012). However, strains with high virulence have appeared under scrutiny recently in the healthcare environment (Rasko and Sperandio, 2010). Herein, this study shows that ST398 HO-MRSA in Clade 2 displayed lower resistance to methicillin and several common antibiotics while exhibiting higher virulence in comparison to ST398 HO-MSSA and ST398 HO-MRSA in Clade 1. Moreover, ST398 HO-MRSA isolates in Clade 2 formed thicker biofilm compared to the isolates in Clade 1, which was more common in healthcare-associated S. aureus infections, promoting the fitness of the ST398 HO-MRSA in the community and even hospital. Thus, more attention should be paid to the ST398 HO-MRSA isolates in the prevention and control of infections.

As for the limitations of this study, since all the ST398 S. aureus isolates identified and characterized in this study were only from an affiliated tertiary hospital in Shanghai, further studies are needed to determine the whole perspective of HO-MRSA ST398 S. aureus in China.

In conclusion, our data provide important insight into the current epidemic status, pathogenicity, transmission, and phylogenetic relationship of the human-adapted MRSA ST398 in Shanghai, China. Genomic analyses presented here, in conjunction with the epidemiological data, suggest that the epidemic transmission of HO-MRSA ST398 is strongly related to the short SCCmec type V element maintaining the much lower methicillin resistance and the conserved variant of prophage 3, as well as containing the complete IEC genes, guaranteeing virulence. Further phenotypical research verified that the epidemic HO-MRSA ST398 showed higher biofilm formation ability when maintaining high virulence, promoting their fitness in the community and even in the healthcare environment. Additional research and surveillance are required to predict the public health impact of HO-MRSA ST398 in the future.



MATERIALS AND METHODS


Bacterial Strains, Growth Conditions, and Clinical Definitions

S. aureus strains were grown in tryptic soy broth (TSB) (Oxoid) with 0.25% glucose or on tryptic soy agar plates at 37°C. We collected and analyzed a total of 3,878 clinical isolates from adult patients at a comprehensive teaching hospital in Shanghai, China, between 2008 and 2018, from which the epidemiological data of 3695 clinical isolates between 2008 and 2017 have been published in our previous study (Dai et al., 2019).

ST398 MRSA and MSSA isolates were further investigated in the present study after initial characterization. Healthcare-associated SA (HA-SA) was defined as SA infection that occurred > 48 h after hospitalization. Community-associated SA (CA-SA) was defined as an isolate that was obtained either from an outpatient or from an inpatient (including those from general and urgent care and emergency rooms) ≤ 48 h after hospital admission. Human-adapted SA (HO-SA) was defined as human-originated and adapted SA without livestock contact, which is genetically different from LA-SA (He et al., 2018).

An infection was considered invasive when isolates were isolated from otherwise sterile body sites. Clinical data were obtained from patient electronic medical records. The information collected included the location of the patient at the time of sample collection, date of sample collection, date of isolation, and body site of the sample. The clinical syndrome of MRSA infection was classified into syndrome categories (SSTI, respiratory infection, bacteremia, CSF, or other sterile body fluid).



Antimicrobial Resistance Profiles

Antibiograms were determined by standard disc diffusion on Mueller–Hinton agar in accordance with the Clinical and Laboratory Standards Institute (CLSI) guidelines. Fourteen antimicrobial agents tested included gentamycin (CN), penicillin (P), cefazolin (CZ), erythromycin (E), clindamycin (DA), sulfamethoxazole-trimethoprim (SXT), fosfomycin (FOS), rifampicin (RD), levofloxacin (LEV), cefuroxime (CXM), teicoplanin (TEC), linezolid (LZD), vancomycin (VA), and cefoxitin (FOX). S. aureus ATCC29213 was used as a quality control.



Molecular Typing

Molecular typing was performed using multilocus sequence typing (MLST) as previously described (Maiden et al., 1998). The sequences of the polymerase chain reaction (PCR) products were compared with the existing sequences available at the MLST website2.



Whole-Genome Sequencing of ST398 Isolates and Genome Comparison

Chromosomal DNA of 52 S. aureus ST398 isolates was extracted by a standard phenol–chloroform extraction procedure. S. aureus whole-genome sequencing was performed on an Illumina HiSeq 2500 sequencer (Illumina, San Diego, CA, United States) with 150 bp paired-end reads. The data generated from the Illumina platform were analyzed after quality control was performed.

Original sequencing reads were exported to Fastq files, and then snippy (BWA, SAMtools, SnpEff, and Freebayes) was used to align reads to the S0385 ST398 chromosome as a reference [GenBank:AM990992] to generate the SNPs of the core genome. ST36 [GenBank:BX571856], determined by Price et al. as the most closely related non-CC398 ST (Price et al., 2012), was used as an outgroup. The repeat regions were removed by TRF and BLASTN. Gubbins was used to remove the recombinant region in the genome, and the total number of SNPs was 28,644, and then SNPs only caused by outgroup were eliminated.

Fastq files of 76 ST398 samples including 7 HO-MRSA, 54 HO-MSSA, and 15 LA-MSSA ST398 isolates and in our previous study (He et al., 2018) were also downloaded from GenBank, and the variants were also called using the preceding strategy. Therefore, the total number of SNPs was 7205.



Phylogenetic Analysis

The maximum likelihood tree was constructed based on the 7205 SNPs in the core genome after duplicate and recombination reads were removed, using the GTR + G model in the RAxML software by 100 bootstraps. The phylogenetic results were displayed by ITOL3 (Letunic and Bork, 2019).



Genome Assembly and Detecting the Presence of Virulence-Associated Genes and Antibiotic Resistant Genes

Pre-processed reads were de novo assembled using CLC Genomics Workbench 12.0 (Qiagen) using the default options. Then, the generated de novo assembled contigs were analyzed separately via the pipelines of BLASTing the drug resistant gene database (Resfinde database, 2020-05-28) (Zankari et al., 2012; Liu et al., 2019) and at the Virulence FactorsDatabase (Larsen et al., 2012; Liu et al., 2019) in the CLC software.



SCCmec Identification

The SCCmec element is the defining feature of MRSA isolates and encodes the single determinant for methicillin resistance, the mecA gene. In order to assign SCCmec type, we use SCCmecFinder, which identifies SCCmec elements in sequenced S. aureus isolates4.



Lysis of Erythrocytes by Culture Filtrates

Supernatants were collected from bacterial cultures grown for 15 h. Hemolytic activities were determined by incubating samples with human red blood cells (2% v/v in Dulbecco’s phosphate-buffered saline, DPBS) for 1 h at 37°C. Hemolysis was determined by measuring the optical density at 540 nm using an enzyme-linked immunosorbent assay (ELISA) reader. The assay was performed in triplicate.



Quantitative Reverse-Transcription (qRT)-PCR

Overnight cultures were diluted 1:100 into 50 ml of TSB and incubated at 37°C with shaking at 200 rpm until grown to mid-exponential phase (4 h). Complementary DNA was synthesized from total RNA using the QuantiTect Reverse Transcription Kit (Qiagen) according to the manufacturer’s instructions. Oligonucleotide primers were designed using Primer Express. The primers used are listed in Supplementary Table S1.

The resulting complementary DNA and negative control samples were amplified using the QuantiTect SYBR Green PCR Kit (Qiagen). Reactions were performed in a MicroAmp Optical 96-well reaction plate using a 7500 Sequence Detector (Applied Biosystems). Relative messenger RNA (mRNA) levels were calculated using gyrB as a control. All qRT-PCR experiments were performed in duplicate.



Semi-Quantification of Biofilms

Crystal violet staining was applied to semi-quantify biofilm formation of S. aureus strains. Briefly, overnight bacterial cultures were diluted into TSBg to a final optical density of 0.05. The diluted cultures were aliquoted to 96-well flat-bottom tissue culture plates (200 μl/well) and incubated at 37°C for 24 h. Wells were washed with PBS after gentile removal of culture supernatants. Bouin fixative was added onto the bottom of the wells to treat biofilm for 1 h. The fixative was gently aspirated out and wells were washed three times with PBS and then stained with 0.4% (wt/vol) crystal violet. Biofilm formation was measured by a MicroELISA autoreader (BioTeK, United States) at 570 nm.



Growth Curve

Growth curves were performed as previously described. Overnight cultures were diluted by 100-fold into fresh TSB media and incubated at 37°C under shaking conditions for 24 h. OD600 was measured every 2 h.



Statistics

Statistical analysis was performed using GraphPad Prism v6.0. For the comparison, unpaired, two-tailed t-tests were used. All error bars depict the standard deviation. Lines depict the mean.
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Multidrug-resistant Staphylococcus and vancomycin-resistant Enterococcus (VRE) are important human pathogens that are resistant to most clinical antibiotics. Treatment options are limited and often require the use of ‘last-line’ antimicrobials such as linezolid, daptomycin, and in the case of Staphylococcus, also vancomycin. The emergence of resistance to these last-line antimicrobial agents is therefore of considerable clinical concern. This mini-review provides an overview of resistance to last-line antimicrobial agents in Staphylococcus and VRE, with a particular focus on how genomics has provided critical insights into the emergence of resistant clones, the molecular mechanisms of resistance, and the importance of mobile genetic elements in the global spread of resistance to linezolid.
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INTRODUCTION

Staphylococcus and Enterococcus are Gram-positive cocci that are recognized as globally important opportunistic pathogens that can cause serious infections in humans, especially in hospitalized patients (Otto, 2009; Gilmore et al., 2013; Lee A.S. et al., 2018). Over recent decades, there has been a significant increase in the rates of acquired antimicrobial resistance (AMR) in these species, either through the acquisition of resistance determinants by horizontal gene transfer of mobile genetic elements (MGEs), or through mutations that alter gene expression or binding sites in native genes. This has resulted in the emergence of polyclonal lineages that are resistant to front-line therapeutic agents. In staphylococci, this includes the development and global spread of methicillin-resistant Staphylococcus aureus (MRSA) (Enright et al., 2002) and the recent emergence of multidrug-resistant Staphylococcus epidermidis (MDRSE) (Lee J.Y.H. et al., 2018). In enterococci, the emergence and dissemination of vancomycin-resistant enterococci (VRE) (Arias and Murray, 2012), particularly in two healthcare-associated species, vancomycin-resistant Enterococcus faecalis (VREfs) and vancomycin-resistant Enterococcus faecium (VREfm), is of particular clinical concern.

As resistance to different antimicrobials increases in MRSA, MDRSE, and VRE, effective and appropriate treatment becomes increasingly difficult. Limited “last-line” therapeutic options, such as linezolid, daptomycin, and, in the case of staphylococci, vancomycin, remain to treat these infections. However, the high prevalence of these species in healthcare settings (Weiner et al., 2016; Weiner-Lastinger et al., 2020), the increasing clinical use of these last-resort antimicrobials, and the ability of these species to readily develop resistance, provides strong selective pressure for the emergence of clones that are resistant to these agents. Accordingly, resistance to these last-line agents with resultant treatment failure has been increasingly reported. Individual and multiple resistance to linezolid, daptomycin, and vancomycin have been reported in clinical MRSA and MDRSE. While combined resistance to linezolid and daptomycin has recently been reported in VREfm (Wardenburg et al., 2019).

Genomic data can be used to understand the evolution of resistance and investigate the underlying resistance mechanisms. Phylogenetic analyses based on whole-genome sequencing (WGS) can also identify the presence of clones associated with specific resistance determinants, and track their emergence and global spread. The utilization of WGS in hospital infection control to identify outbreaks and transmission events associated with resistant strains is increasingly common. In this mini-review we will provide an overview of the application of genomic analyses to provide critical insights into last-line AMR in MRSA, MDRSE, and VRE, with a particular focus on the emergence of resistant clones, the molecular mechanisms of resistance, and the importance of MGEs in the global spread of linezolid resistance.



LINEZOLID RESISTANCE

Linezolid was the first oxazolidinone approved for clinical use due to its bacteriostatic activity against Gram-positive species. Its mechanism of action inhibits protein synthesis by preventing the formation of the ternary complex between tRNAfMet, mRNA, and the ribosome (Hashemian et al., 2018). Although preliminary research indicated that resistance to linezolid should be rare, resistance in clinical enterococci and staphylococci have been increasingly reported since 2001 (Zurenko et al., 1996; Xiong et al., 2000; Gu et al., 2013; Bender et al., 2018a; Kosecka-Strojek et al., 2020). Early studies using PCR amplicon sequencing in clinical VRE and S. aureus isolates identified mutations in the 23S rRNA genes, that form the binding pocket of the ribosomal peptidyl transferase centre (PTC) to which linezolid binds (Howe et al., 2003; Meka et al., 2004; Livermore et al., 2007). A number of resistance-associated mutations, some specific to staphylococci, others conserved across staphylococci and enterococci, have been identified within and outside the PTC; the G2576T (E. coli nucleotide numbering) mutation is most common (Figure 1). Conferring high-level resistance in MRSA, MDRSE, and VRE, the G2576T 23S rRNA mutation is associated with linezolid treatment failure. Additional single nucleotide polymorphisms (SNPs) in the ribosomal proteins L3 and L4 have been identified through WGS of linezolid-resistant clinical staphylococci (Locke et al., 2009a,b, 2010; Endimiani et al., 2011). Mutations in the L3 and L4 proteins appear to be less common in enterococci, but several reports have identified SNPs in L3 (S133L) and L4 (T35A, N79D, I98V, and N130K) (Mendes et al., 2014; Hua et al., 2019). Further, mutations (A138G, C141T, and G166A) in ribosomal protein L22 have also been identified in linezolid-resistant staphylococci (Bender et al., 2015), as well as a S77T mutation identified in one linezolid-intermediate E. faecium (Lee et al., 2017). The L3, L4, and L22 proteins are in close proximity to the linezolid binding site in the ribosomal PTC, with identified mutations typically adjacent to the PTC, which may affect linezolid binding (Long and Vester, 2012). Using WGS, several studies have documented the local emergence of linezolid resistance in response to linezolid treatment during individual infections (Seedat et al., 2006; Wong et al., 2010; Chen et al., 2018). These studies identified common mutations in 23S rRNA and/or L3, L4, or L22 proteins that independently and repeatedly arise in different species of staphylococci and enterococci from different patients, demonstrating the conserved nature of mutational linezolid resistance and suggesting that convergent evolution is occurring.
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FIGURE 1. Secondary structure of the peptidyl transferase loop of domain V of 23S rRNA (E. coli numbering). The nucleotides that form the linezolid binding pocket are marked with circles. Nucleotide positions where mutations confer linezolid resistance are colored according to the species identified, blue for Enterococcus, green for Staphylococcus, and red for both. Only mutations with a published relationship in clinical isolates have been included (Wong et al., 2010; Long and Vester, 2012; Mendes et al., 2012; Chen et al., 2018; Wardenburg et al., 2019).



Identification of Transferable Linezolid Resistance

Transferable or acquired resistance to linezolid has been identified in both staphylococcal and enterococcal clinical isolates. The first transferable resistance gene identified was the multi-resistance gene cfr, that encodes a rRNA methyltransferase (Arias et al., 2008). Cfr catalyzes the post-transcriptional methylation of nucleotide A2503 in the 23S rRNA, which confers combined resistance to five different classes of antimicrobials: phenicols, lincosamides, oxazolidinones, pleuromutilins, and Streptogramin A; that bind at overlapping non-identical sites at the PTC, known as the PhLOPSA phenotype (Long et al., 2006). The first linezolid-resistant clinical isolate bearing cfr was reported in 2005, in which cfr had chromosomally integrated into a MRSA strain, within an IS21-558 MGE together with ermB, resulting in resistance to all clinically relevant antibiotics that inhibit protein synthesis (Toh et al., 2007). The presence of a cfr gene has subsequently been identified in staphylococci, including MRSA (Locke et al., 2010; Morales et al., 2010; Antonelli et al., 2016) and MDRSE (Bonilla et al., 2010; Lazaris et al., 2017), and in Enterococcus (Liu et al., 2014; Bender et al., 2016; Fioriti et al., 2020; Ruiz-Ripa et al., 2020) isolates worldwide, although the overall prevalence and distribution in different sequence types (STs) is poorly characterized. In MDRSE, phylogenetic analysis suggests that cfr carriage is most commonly associated with healthcare-associated, clonal complex 2 strains (ST22, ST2, ST5, and ST168), where carriage is associated with a multidrug-resistant phenotype (Mendes et al., 2012).

Several recent studies have identified novel variants of the cfr gene [cfr(B) (Bender et al., 2016), cfr(C) (Candela et al., 2017), and cfr(D) (Guerin et al., 2020)], which are present within a variety of MGEs including multiple plasmids, insertion sequences, and transposons (summarized in Sadowy, 2018 for enterococci). Furthermore, a diverse range of resistance determinants have been co-located with cfr, suggesting that broader antimicrobial use may co-select for the spread of these MGEs. Variation in the genes surrounding cfr in clinical strains suggests that cfr-mediated linezolid resistance has been independently acquired on multiple occasions in clinical staphylococci and enterococci isolates worldwide. Although the reservoir for cfr remains unknown, one study using WGS data from cfr-positive E. faecium suggests that E. faecium may be an important reservoir of cfr(D), which has clear implications for infection control (Guerin et al., 2020). Alternatively, cfr variants may originate from Bacillales, since three cfr-like genes have been identified (Hansen et al., 2012).

Resistance to linezolid also arises through the acquisition of the transferable ribosomal protection genes, optrA, and poxtA. OptrA and PoxtA are part of the F-lineage in the ATP-binding cassette (ABC) superfamily of proteins that are associated with AMR (Jones et al., 2009). These ABC-F proteins mediate resistance to several different classes of anti-ribosomal antimicrobials. For instance, optrA confers resistance to oxazolidinones and phenicols. While, poxtA confers resistance to phenicols, oxazolidinones, and tetracyclines. The family of ABC-F proteins have been shown to mediate resistance by displacing the antibiotic from the ribosome to provide ribosomal protection within the Staphylococcus genus (Sharkey et al., 2016). OptrA was first detected in 2009, on pE349 conjugative plasmids found within three linezolid-resistant E. faecalis clinical isolates (Wang et al., 2015). A phylogenetic analysis of 43 optrA-carrying enterococci revealed nine different variants of the optrA gene (optrAWT, optrA1-5, optrA6, optrA7, and optrA8). These variants were distributed throughout diverse genetic backgrounds of E. faecium and E. faecalis, indicating that multiple independent acquisitions of optrA have occurred in these species (Bender et al., 2018b). The presence of optrA has been subsequently observed in both vancomycin-resistant and vancomycin-susceptible E. faecium and E. faecalis from clinical and food-producing animal isolates globally; but only reported in food-producing animal isolates of S. aureus (Zhu et al., 2020). This suggests that food-producing animals may serve as a reservoir for optrA transfer. Phylogenetic analysis of optrA-carrying enterococci, including some strains from a hospital outbreak, in Europe and South America led to the frequent identification of ST480 E. faecalis, suggesting a potential association between ST480 E. faecalis strains and optrA carriage (Sassi et al., 2019; Egan et al., 2020b; Freitas et al., 2020a; Moure et al., 2020). OptrA has also been reported in several different clonal backgrounds of E. faecalis (Bender et al., 2019) and has been identified in pets carrying E. faecalis (Wu et al., 2019). In E. faecium, optrA has been identified in several different lineages, including ST17, ST80, ST117, ST412, and ST650, indicating that optrA carriage is present in phylogenetically diverse strains in E. faecium (Morroni et al., 2018; Sassi et al., 2019).

The poxtA linezolid resistance gene was first detected in a MRSA clinical strain in 2016 (Antonelli et al., 2018). The poxtA gene exhibits genetic similarity (32% identity and 95% coverage) to optrA and possesses conserved features with other members of the ABC-F family (Antonelli et al., 2018). Carriage of the poxtA gene appears to occur sporadically in MRSA and VREfm clinical isolates (Papagiannitsis et al., 2019), with the gene most commonly identified in food-producing animals (Huang et al., 2017; Elghaieb et al., 2019; Hao et al., 2019; Lei et al., 2019; Fioriti et al., 2020; Freitas et al., 2020b; Na et al., 2020).



Phylogenetics of Transferable Linezolid Resistance

Since their initial discovery, the prevalence of cfr, optrA, and poxtA genes in clinical multidrug-resistant enterococcal and staphylococcal isolates has increased (Figure 2; Bi et al., 2018). To date, the highest prevalence of optrA and/or poxtA (35/154; 23%) were reported in E. faecium and E. faecalis in a retrospective Irish study from 2016 to 2019, suggesting significant selection pressure for gene maintenance (Egan et al., 2020b). Genomics has provided critical insights into the genetic relatedness of resistant strains, the structure of MGEs and their role in the mobilization of linezolid resistance determinants. Examples include: an analysis of optrA-carrying plasmids from E. faecalis, which found optrA flanked by two active copies of IS1216 that can facilitate its spread (Shang et al., 2019); the widespread identification of optrA located in a Tn6674-like element in E. faecalis isolated from different countries and sources (Freitas et al., 2020b); IS1216E elements that have been shown to mediate the insertion of poxtA into a pT-E1077-31 plasmid in E. faecium (Shan et al., 2020); while in MRSA, a Tn6349 composite transposon carrying both poxtA and cfr was found to possess a modular structure consisting of fragments from other previously described MGEs (D’Andrea et al., 2019). The presence of these MGEs in cfr, poxtA, and optrA carrying multi-resistance plasmids likely aids in the persistence and dissemination of linezolid resistance genes among these Gram-positive pathogens.
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FIGURE 2. Snapshot of reported cfr, optrA, and poxtA genes in human, clinical, linezolid-resistant E. faecium. Each country is colored based on which gene(s) have been identified. The number of reported strains for each country is shown. It should be noted that the identification of each gene within regions may not accurately represent the genomic epidemiology in E. faecium, due to both collection and availability biases. Only published reports have been included (Bender et al., 2016, 2018b; Lazaris et al., 2017; Wardenburg et al., 2019; Egan et al., 2020a,b; Moure et al., 2020). Map was generated in R (v. 4.0.3) using the ggplot2 package (v. 1.3.0).


Recent studies have also used genomics to identify linezolid-resistant strains for surveillance and infection control purposes. These studies utilized different bioinformatic tools, including LRE-finder (Hasman et al., 2019) and the Resistance Gene Identifier using the Comprehensive Antibiotic Resistance Database (Alcock et al., 2020), to detect cfr, optrA, and poxtA resistance genes in WGS data, enabling rapid genotypic surveillance (Wardenburg et al., 2019; Eisenberger et al., 2020; Moure et al., 2020) and phylogenetic inference (Kerschner et al., 2019). For instance, WGS of E. faecium during an Irish hospital outbreak identified 19 nearly identical ST80 clinical isolates (allelic difference range < 10 SNPs) all carrying optrA-encoded within conjugative plasmid pEfmO_03. Subsequent implementation of enhanced infection control interventions successfully eliminated the outbreak (Egan et al., 2020a).



GENOMIC INSIGHTS INTO DAPTOMYCIN RESISTANCE

Shortly after FDA approval of daptomycin for use in MRSA and in the context of off-label use in VRE, resistance, and corresponding clinical treatment failures were reported in both species (Skiest, 2006; Arias et al., 2007; Boyle-Vavra et al., 2011). The development of daptomycin resistance commonly coincides with prior patient exposure, indicating that therapeutic use of daptomycin is likely the main driver of resistance. In S. aureus, the emergence of daptomycin resistance has also been associated with the use of un-related antimicrobials, including vancomycin (Tran et al., 2015) and rifampicin (Guérillot et al., 2018b). Importantly, horizontally acquired and transferable resistance to daptomycin has not been reported to date. The worldwide prevalence of daptomycin resistance is poorly defined since few large-scale surveillance studies exist. A recent meta-analysis in S. aureus, suggested that only 0.1% of S. aureus and 0.1% of MRSA were daptomycin-resistant (Shariati et al., 2020). In enterococci, the prevalence of daptomycin resistance was estimated to be 2.6% in VREfm and 0.1% in VREfs, based on a systemic review of previous studies (Kelesidis et al., 2011). Little is known about which lineages of staphylococci and enterococci are associated with the development daptomycin resistance. In S. aureus, genomic analyses indicate that daptomycin resistance has arisen in ST5, ST398, and ST22 isolates, based on data from the United States and South America (Dabul and Camargo, 2014; Damasco et al., 2019). In S. epidermidis, no comprehensive phylogenetic analyses of daptomycin-resistant strains have been completed, but resistance has been reported in ST2, internationally (Lee J.Y.H. et al., 2018). Similarly, no phylogenetic studies have been completed for E. faecalis, but a novel ST736 clone associated with daptomycin resistance has been identified for E. faecium (Wang et al., 2014) in some United States hospitals (Wang et al., 2018), as has daptomycin-resistant ST80 E. faecium (Udaondo et al., 2020).

Daptomycin’s mode of action involves binding to the anionic phosphoglycerol and various undecaprenyl-coupled cell envelope precursors within the bacterial cell membrane in the presence of Ca2+, blocking cell wall synthesis and triggering delocalization of biosynthetic proteins from the membrane, resulting in bacterial cell death (Grein et al., 2020). Although the specific mechanisms leading to resistance are not fully understood, comparative genomic studies have been pivotal in identifying genetic determinants of daptomycin resistance. Genetically, a critical step toward developing a resistant phenotype appears to involve mutations in two groups of genes: (1) bacterial regulatory systems that function in cell wall homeostasis and (2) enzymes involved in membrane phospholipid metabolism.

In S. aureus and S. epidermidis, mutations in mprF (S295L, S337L, T345L, I420N, and L826F) and walKR (yycFG) (WalKV500F and WalRR216S) are associated with the development of daptomycin resistance in clinical isolates and laboratory-derived strains (Howden et al., 2011; Yang et al., 2009, 2013; Jiang et al., 2019). The MprF enzyme produces cationic phospholipid lysylphophatidyl-glyercol (LysPG) and flips it from the inner to outer leaflet of the cytoplasmic membrane, which decreases the negative cell surface charge (Oku et al., 2004). Although not characterized in S. epidermidis, the mutations in S. aureus likely increase the enzymatic activity of MprF since daptomycin-resistant isolates display increased levels of LysPG in their membrane, which variably leads to a more cationic cell surface that electrostatically repels the daptomycin-Ca2+ complex (Mishra et al., 2011). For mutations in walKR, the mechanism leading to resistance is distinct in S. aureus and S. epidermidis, since S. aureus strains carrying mutations in walKR display increased surface charge while S. epidermidis strains display decreased biofilm formation, compared to the wild-type strains (Jiang et al., 2019). Comparative genomic studies in S. aureus have also identified mutations in the cardiolipin synthase gene cls2 and RNA polymerase β and β’ subunits (rpoB and rpoC) that are associated with resistance to daptomycin, although these are less frequently observed than mutations in mprF and walKR (Miller et al., 2016). Transposon-sequencing in S. aureus has also identified multi-component sensing genes, specifically graRS and vraFG (which regulate cell envelope processes), as being associated with daptomycin resistance, with these genes being important for survival following daptomycin stress (Rajagopal et al., 2016; Coe et al., 2019). However, graRS and vraFG mutations have so far not been described in clinical daptomycin-resistant S. aureus isolates.

In enterococci, comparative genomic studies have shown that mutations in the three-component regulatory system liaFSR and cardiolipin synthase cls are associated with the development of clinical daptomycin resistance. Mutations within the LiaFSR three-component system, which regulates the cell envelope response to cationic host defense peptides and antimicrobial stress, have been frequently identified in daptomycin-resistant clinical isolates, with the LiaST120A and LiaRW73C mutations being of particular importance (Arias et al., 2011). A genomic analysis of E. faecium clinical isolates found that isolates with higher daptomycin MICs (≥ 4 mg/L) usually contained mutations in the liaFSR system (Diaz et al., 2014). Mutations in Cls (H215R and R218Q), encoding a transmembrane protein that catalyzes the synthesis of cardiolipin from phosphoglycerol, are also frequently associated with daptomycin resistance (Arias et al., 2011; Palmer et al., 2011). However, molecular studies have thus far not demonstrated a causal relationship between cls and daptomycin resistance in E. faecium (Tran et al., 2013). Since cls mutations are often found in conjunction with substitutions in the liaFSR regulon, they likely contribute to the progression of an isolate developing a daptomycin-resistant phenotype rather than independently causing resistance (Davlieva et al., 2013). Recent genomic studies in enterococci have also identified daptomycin-resistant isolates that contain wild-type liaFSR and cls alleles, indicating that other unknown genetic determinants of daptomycin resistance exist that require further investigation (Wang et al., 2018; Prater et al., 2019). Indeed, putative associations with daptomycin resistance and mutations within mprF, cfa, pgsA, and dlt have been suggested, but have not yet been verified.



GENOMIC INSIGHTS INTO VANCOMYCIN RESISTANCE IN STAPHYLOCOCCUS

Vancomycin is a critical last-line antibiotic for treating infections caused by multidrug-resistant Staphylococcus. Thirty-nine years after FDA approval of vancomycin, the first instances of S. aureus with intermediate vancomycin resistance (MICs 4 to 8 mg/L) were reported (Sieradzki et al., 1999; Smith et al., 1999). Soon after, the first clinical case of a vancomycin-resistant S. aureus isolate (MIC 1024 mg/L), carrying the vanA vancomycin resistance operon, was reported (Chang et al., 2003). Subsequent molecular studies demonstrated that the vanA operon originated from a co-infecting VREfs strain, raising significant concerns about the potential dissemination of vancomycin resistance in S. aureus from VRE reservoirs (de Niederhäusern et al., 2011). Fortunately, this has not eventuated. Detailed genomic studies have demonstrated that the transfer of the van operon to S. aureus rarely occurs, with very few reports worldwide (McGuinness et al., 2017). The rare occurrence of VRSA may be due to the fitness cost associated with carriage of the van genes, as a longer lag phase was observed during in vitro growth with vancomycin, and the plasmid carrying the van genes was found to be genetically unstable. Further, a MRSA PBP2a strain was unable to utilize lipid II with the D-Alanyl-D-lactate alteration conferred by the van operon (Foster, 2017). A single study identified S. aureus clonal complex 5 (CC5) as the genetic background in which the van operon is most commonly acquired. This study found that CC5 vancomycin-resistant S. aureus (VRSA) strains were genetically distinct, indicating independent acquisition of the vanA operon had occurred (Kos et al., 2012). This suggests that the spread of van operons within S. aureus may occur should appropriate selective conditions develop. Continued vigilance is therefore paramount.

Vancomycin-intermediate S. aureus (VISA) resulting from the progressive accumulation of mutations in key essential and regulatory genes are clinically more common than true vancomycin-resistant S. aureus. VISA isolates are commonly characterized by a thickened cell wall, slower growth, and increased autolysis (reviewed in Howden et al., 2010). Genetically, VISA strains typically contain mutations in two-component regulators vraRS (Cui et al., 2009), graRS (Cui et al., 2009), and walKR (Howden et al., 2011), which function in cell-wall synthesis, but also may contain mutations in the rifampicin resistance determining region of rpoB (Cui et al., 2010). A convergent evolution analysis of 7,099 S. aureus genomes suggested that clinical rifampicin use may promote the emergence of multidrug-resistant lineages of S. aureus that contain rifampicin resistance mutations in rpoB that also confer intermediate resistance to vancomycin (Guérillot et al., 2018a). Although VISA can be found in any genetic background, ST5 is most commonly associated with VISA (Howden et al., 2014), although ST239 isolates tend to display the highest vancomycin MICs (Holmes et al., 2014). Genome-wide association studies (GWAS) performed in ST239 S. aureus have identified mutations in rpoB (H481Y/L/N) (Alam et al., 2014) and the walKR genes (Baines et al., 2015) as being most strongly associated with the development of the VISA phenotype.

In S. epidermidis, the global dissemination of three nearly pan-drug-resistant lineages (two ST2 and one ST23) with heteroresistance to vancomycin was recently demonstrated (Lee J.Y.H. et al., 2018). Analyses of WGS data from 419 clinical isolates from 96 institutions in 24 countries, sampling at least 77 ST types, identified dual D471E and I527M RpoB mutations to be the most common cause of rifampicin resistance in S. epidermidis, accounting for 86.6% of mutations. Of note, the D471E and I527M combination occurred almost exclusively in isolates from the ST2 and ST23 lineages. Through site-specific mutagenesis, the dual RpoB mutation was shown to confer high-level rifampicin resistance as well as reduced susceptibility to vancomycin and teicoplanin. The presence of these same mutations in multiple genetically diverse backgrounds was consistent with their independent emergence with subsequent fixation, presumably due to their advantageous antimicrobial resistant phenotype. Furthermore, acquisition of additional resistance to linezolid (mediated by cfr carrying plasmids and/or mutations in 23S rRNA, L3 and L4) and daptomycin (substitutions in mprF) rendered some European S. epidermidis essentially untreatable. Further examples of convergent evolution include the presence of H481Y/L/N substitutions in RpoB that confer vancomycin resistance in both S. aureus (Guérillot et al., 2018a) and S. epidermidis (Gao et al., 2013; Lee J.Y.H. et al., 2018; Dao et al., 2020).



CONCLUSION

Collectively, MRSA, MDRSE, and VRE pose a significant clinical and economic healthcare burden. This has been compounded by increasing resistance to the key last-line agents daptomycin, linezolid and in the case of Staphylococcus, vancomycin. Genomic analyses have been pivotal in providing evolutionary insights into the underlying genetic mechanisms of resistance that have arisen in all three species. In particular, the identification of transferable and acquired linezolid resistance determinants through genomic studies, has been critical for understanding the global dissemination and genetic mobility of these genes. Genomic analyses using WGS data is therefore a powerful method for understanding last-line AMR in these and other clinically relevant multidrug-resistant species.
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Macrolide-resistant Streptococcus suis is highly prevalent worldwide. The acquisition of the erm(B) gene mediated by mobile genetic elements (MGEs) in particular integrative and conjugative elements (ICEs) is recognized as the main reason for the rapid spread of macrolide-resistant streptococcal strains. However, knowledge about different erm(B)-carrying elements responsible for the widespread of macrolide resistance and their transferability in S. suis remains poorly understood. In the present study, two erm(B)- and tet(O)-harboring putative ICEs, designated as ICESsuYSB17_rplL and ICESsuYSJ15_rplL, and a novel erm(B)- and aadE-spw-like-carrying genomic island (GI), named GISsuJHJ17_rpsI, were identified to be excised from the chromosome and transferred among S. suis strains with different serotypes. ICESsuYSB17_rplL and ICESsuYSJ15_rplL were integrated downstream the rplL gene, a conserve locus of the ICESa2603 family. GISsuJHJ17_rpsI, with no genes belonging to the conjugation module, was integrated into the site of rpsI. All transconjugants did not exhibit obvious fitness cost by growth curve and competition assays when compared with the recipient. The results demonstrate that different erm(B)-carrying elements were presented and highlight the role of these elements in the dissemination of macrolide resistance in S. suis.

Keywords: erm(B), ICEs, GIs, horizontal transfer, S. suis


INTRODUCTION

The rapid increase of macrolide resistance in Streptococcus has been reported worldwide from both pig and human isolates during the past two decades (Princivalli et al., 2009; Palmieri et al., 2011; Vela et al., 2017). Although numerous resistance genes have been reported since the early 1980’s1 (Roberts, 2008), macrolide resistance in streptococci is primarily due to the ribosomal alteration of the 23S rRNA target site by methylases encoded by the erm genes, predominantly erm(B), which mediate resistance to macrolides, lincosamides, and streptogramin B (MLSB) antimicrobials, and active efflux by the mef and msr genes (Wilson, 2014; Fyfe et al., 2016). These resistance genes are frequently carried by mobile genetic elements (MGEs), such as plasmids, transposons, prophages, and more recently, integrative and conjugative elements (ICEs) (Horaud et al., 1985; Woodbury et al., 2008; Varaldo et al., 2009; Huang et al., 2016b,c; Feßler et al., 2018; Libante et al., 2019). ICEs primarily reside in the bacterial chromosome and can excise from the donor chromosome to form a circular molecule that can be horizontally self-transferred to a recipient cell by conjugation (Bellanger et al., 2014). Other chromosomal elements, including integrative and mobilizable elements (IMEs), which encode a recombinase and only some conjugation proteins, and some genomic islands (GIs), which encode a recombinase but do not encode any conjugation proteins, were recently found to be mobilized in trans by ICEs (Daccord et al., 2010) and might have played crucial roles in bacterial evolution.

The erm(B) gene was originally identified on a 5,266 bp transposon Tn917 from Enterococcus faecalis (Tomich et al., 1979). In human streptococci strains, the erm(B)-containing Tn917 was usually integrated into Tn916 (designated as Tn3872), which also carries the tetracycline resistance gene tet(M) (Brenciani et al., 2007; Varaldo et al., 2009). Further, two other erm(B)-containing elements, erm(B) element and macrolide–aminoglycoside–streptothricin element, were frequently inserted into tet(M)-carrying Tn916-like structure (e.g., Tn6002/Tn6003, Tn1545, Tn2009/Tn2010) (Varaldo et al., 2009; Marosevic et al., 2017). This genetic linkage between erm(B) and tet(M) on different MGEs was considered to be the primary mechanism for the spread of streptococcal bacteria that are resistant to both macrolide and tetracycline antimicrobials (Brenciani et al., 2007; Cochetti et al., 2008; Xu et al., 2010). However, in the zoonotic pathogen Streptococcus suis, the linkage between erm(B) and tet(O) was more frequently detected in different countries (Martel et al., 2005; Gurung et al., 2015; Huang et al., 2015; Bojarska et al., 2016; Pan et al., 2019), suggesting that MGEs responsible for macrolide and tetracycline resistance might be different from other streptococci (Huang et al., 2016b,c). S. suis is a key antibiotic resistance gene reservoir and a major zoonotic pathogen responsible for severe economic loss to the swine industry. This bacterium causes specific diseases in humans after contact with infected animals or derived food products. It caused human infection outbreaks in China in 1998 and 2005, respectively, and sporadic cases of S. suis infections in humans have occurred occasionally worldwide (Hui et al., 2005; Mazokopakis et al., 2005; Yu et al., 2006; Mai et al., 2008; CDC, 2013; Huang et al., 2019). Recent studies have demonstrated that the erm(B) and tet(O) genes co-existed on different ICEs in S. suis isolates of both pig and human origins (Holden et al., 2009; Zhang et al., 2011; Huang et al., 2016a,c). Previous results from our laboratory and other investigators have confirmed the intra-species transfer of the erm(B)- and tet(O)-carrying ICEs by conjugation (Huang et al., 2016a,c; Zhou et al., 2017; Pan et al., 2019). However, knowledge about types of erm(B) elements responsible for widespread macrolide resistance remains rare. In the present study, we identified three erm(B)-carrying transferable elements, including two erm(B)- and tet(O)-harboring putative ICEs, belonging to the ICESa2603 family, and a novel erm(B)-carrying GI, which can be horizontally transferred among S. suis strains with different serotypes.



MATERIALS AND METHODS


Bacterial Strains and Culture Condition

In this study, a total of 320 S. suis isolates obtained from humans and pigs in China from 2005 to 2018 were included. All S. suis strains were routinely cultivated on Todd–Hewitt broth (THB) or Todd–Hewitt agar (THA) plates supplemented with 5% calf serum at 37°C.



Genomic DNA Extraction and PCR Amplification

The crude genomic DNA was prepared using boiling extraction. The bacterial cultures were centrifuged (6,000g for 5 min at room temperature), and the pellets were harvested and resuspended in TE buffer (10 mM Tris–HCl, 1 mM EDTA, pH = 8.0). The mixtures were boiled for 10 min and incubated with ice for 10 min, then the mixtures were centrifuged, and the supernatants were collected. The extracted DNA was used as the template for PCR. All S. suis isolates were subjected to screen for the resistance genes of erm(B) and tet(O) in PCR analysis. The ICESa2603 family conserved genes of Inttyr and virB4 were characterized by a PCR mapping assay. To investigate the presence of circular/integrate forms of ICE and GI, two specific primer pairs (P1–P4 for ICESsuYSB17_rplL and P5–P8 for GISsuJHJ17_rpsI) were designed and used in PCR experiments. All the PCR primers were listed in Supplementary Table S1. Amplification reactions were performed in a total volume of 25 μl containing 12.5 μl 2 × Taq Plus Master Mix II (Vazyme, China), 1 μl of each primer (10 μM), 1 μl genomic DNA, and 9.5 μl water. The PCR assay was carried out in a thermocycler, comprising 5 min of pre-incubation at 94°C, followed by 35 cycles of 30 s at 94°C, 30 s at 50–60°C (determined by primers), and 1 min at 72°C. The final extension was performed for 10 min at 72°C.



Antibiotic Susceptibility Testing

Antimicrobial susceptibility testing was performed for determining the minimum inhibitory concentrations (MICs) to the corresponding antimicrobial agents according to the CLSI M100-ED28 guideline (CLSI, 2018). Staphylococcus aureus ATCC 29213 was used for quality control.



Transfer and Retransfer Experiments

We randomly selected six non-serotype 2 S. suis strains carrying the erm(B), tet(O), virB4, and Inttyr genes that were used as donors (rifampicin and fusidic acid susceptibility and erythromycin resistance) (Supplementary Table S2). S. suis P1/7RF (rifampicin and fusidic acid resistance and erythromycin susceptibility) described in a previous study (Huang et al., 2016a) was utilized as recipients, which was considered to be not competent until the comRS system was activated. For a long time, S. suis was thought to be a bacterium unable to transformation. However, recently, the natural competence of S. suis under laboratory conditions was demonstrated with the addition of a comX-inducing peptide (Zaccaria et al., 2014). S. suis SH28CIP and NP4CIP (ciprofloxacin resistance and erythromycin susceptibility) were used as recipients in retransfer experiments. Transfer and retransfer experiments were performed by filter mating as described previously (Li et al., 2011; Huang et al., 2016b), with minor modifications. In brief, donor and recipient strains were grown separately at 37°C. The bacterial cultures were centrifuged to harvest at the end of the exponential growth phase and then mixed at a ratio of 1:10 (donor to recipient). The mixtures were placed on sterile nitrocellulose filters on THA plates and incubated at 37°C for 4 h. Bacteria were removed from the filters by washing with 2 ml THB medium. Transconjugants were selected by THA plates containing appropriate antibiotics (50 mg/l erythromycin with 100 mg/l rifampicin and 100 mg/l fusidic acid in transfer assays or 100 mg/l ciprofloxacin in retransfer assays) and further confirmed the presence of the erm(B), tet(O), and type IV secretion system (T4SS) core genes by PCR. To rule out spontaneous mutation and the contribution of transformation to the genetic exchange during transfer, filter mating experiments were carried out in the presence of 10 μg/ml DNase I in transfer and retransfer assays, with donor and recipient control plates included. The residual DNA with the treatment of DNase I was quantified by quantitative PCR (qPCR) using primers targeting the virB4 gene in wash buffer. The conjugation experiments were done in triplicate. The transfer frequency was calculated based on the number of observed transconjugants divided by the donors’ initial number.



PFGE and DNA Hybridization

To determine the location of the erm(B) or tet(O) genes, genomic DNA from each of the donor strains, the recipient strains, and the corresponding transconjugants was digested with SmaI endonuclease and subjected to pulsed-field gel electrophoresis (PFGE) as previously described (Vela et al., 2003; Huang et al., 2015), followed by southern blotting and DNA hybridization analysis using erm(B)- or tet(O) probes with specific primers (Supplementary Table S1).



Whole-Genome Sequencing and Analysis

Bacterial cells were centrifuged, and the pellets were harvested and resuspended in TE buffer (10 mM Tris–HCl, 1 mM EDTA, pH 8.0). Total genomic DNA was extracted using an Omega Bacteria DNA Kit (OMEGA, China) according to the manufacturer’s instructions. Purified genomic DNAs were submitted for 150 bp paired-end whole-genome sequencing (WGS) on the Illumina Hiseq 2000 platform (Biozeron, Shanghai, China). ABySS v2.0.2 was used for genome assembly with multiple-Kmer parameters (Jackman et al., 2017). The genomes were annotated using the Rapid Annotation of microbial genomes using Subsystems Technology (RAST) annotation server2 (Overbeek et al., 2014), and the genetic elements were predicted using the ICEfinder3. ICEs and GI were identified by comparison with other MGEs from GenBank and were visualized using Mauve and Easyfig 2.2.2 (Sullivan et al., 2011).



Growth Curve and Fitness Measurements

The fitness difference between transconjugants and the recipient strains was calculated by in vitro growth and competition assays as described previously (Gagneux et al., 2006; Kodio et al., 2019). In in vitro growth assay, a single colony of each strain was picked from the agar plate and incubated overnight at 37°C Cultures were adjusted into the same optical density (OD), diluted 1:100 in fresh THB medium, and aliquoted to 1 ml at an interval of every hour, and the OD600 of bacterial cultures was measured for 24 h.

In in vitro competition assay, cultures of each competitor were adjusted to OD600 = 0.1, mixed in a 1:1 ratio, and diluted to 1:100 in 10 ml at 37°C for 24 h. The mixtures at both startpoint (0 h) and endpoint (24 h) were plated on THA plates without or with 50 mg/l erythromycin and incubated at 37°C for 48 h. The relative competitive fitness W was calculated using the formula W = ln(Rf/Ri)/ln(Sf/Si). Ri and Si indicate the number of transconjugant and recipient cells at 0 h, respectively, and Rf and Sf indicate the number of transconjugant and recipient cells at 24 h, respectively.



GenBank Accession Numbers

The complete nucleotide sequences of ICESsuYSB17_rplL and GISsuJHJ17_rpsI have been deposited in the GenBank database under accession numbers MN876247 and MN876248, respectively.



RESULTS


Co-transfer of erm(B) With Other Antimicrobial Resistance Genes

There is a strong association between erm(B) and tet(O) in S. suis isolated from China and worldwide (Huang et al., 2015, 2016c). In this study, 221 S. suis strains (86.33%, 221/320) were co-existed of erm(B) and tet(O). In order to test the co-transfer frequency of erm(B) with tet(O), we randomly selected six S. suis strains as donors for conjugative transfer, which were all co-harboring the erm(B), tet(O), and T4SS core genes (Supplementary Table S2). Transconjugants were observed from strains YSB17, YSJ15, and JHJ17 under erythromycin selection with or without DNase I treatment. The residual DNA with the treatment of DNase I in mating experiments was detected by qPCR using primers targeting the virB4 gene in wash buffer but with a negative result. For each strain, about 30–50 transconjugant clones were picked and detected to be positive for the erm(B), tet(O), and T4SS core genes by PCR. Retransfer assays using S. suis SH28CIP and NP4CIP as recipients were performed, but no transconjugant was obtained.

Two strains, YSB17 and YSJ15, successfully transferred the erythromycin and tetracycline resistance to recipient S. suis P1/7RF, with a calculated transfer frequency of (5.75 ± 1.18) × 10–8 and (3.84 ± 1.29) × 10–8. The two transconjugants, designated as SScYSB17 and SScYSJ15, respectively, exhibited macrolide and tetracycline resistance phenotypes and were tested positive for erm(B) and tet(O) (Table 1). The transfer frequency of the third transconjugant SScJHJ17 was (4.31 ± 1.53) × 10–8, and SScJHJ17 showed erythromycin, streptomycin, and spectinomycin resistance but tetracycline-sensitive phenotype. It acquired not only erm(B) and aadE from donor strain JHJ17, which is responsible for erythromycin and high-level streptomycin resistance, respectively, but also spw-like, which exhibited 96.58% identity to spw in E. faecalis strain E211 (MK784777) (Wendlandt et al., 2013), and might mediate resistance to spectinomycin in S. suis SScJHJ17. However, tet(O) carried by donor strain JHJ17 was not detected in this conjugant strain.


TABLE 1. Characteristics of strains included in the filter mating conjugation experiments performed in this study.

[image: Table 1]
Following PFGE separation, southern blotting, and hybridization with the erm(B) or tet(O) probes, the sizes of the transferable DNA fragments were deduced by comparing the profiles of the donor strains, the recipient strains, and the transconjugants. SmaI-PFGE analysis of YSB17 and JHJ17 conjugation pairs showed differences in three bands between the recipients and transconjugants (Supplementary Figure S1). An ∼460 kb fragment existed in the recipient P1/7RF but could not be detected in transconjugant SScYSB17. Instead, two fragments, with the sizes of ∼390 and ∼140 kb, were present in SScYSB17. These results suggested the successfully transferred element with an estimated size of approximately 70 kb, most probably ICE that carried erm(B) and tet(O), into the recipient’s genome. Subsequent DNA hybridization revealed that the genes erm(B) and tet(O) were located on the different fragments, indicating the presence of SmaI restriction sites within this element (Supplementary Figure S1A). Similarly, the maximal fragment of recipient P1/7RF was replaced with two smaller fragments of transconjugant SScJHJ17, and the erm(B) gene was located in one of the fragments that differed from the recipient P1/7RF (Supplementary Figure S1B).



Characterization of Two erm(B)- and tet(O)-Carrying ICEs and an erm(B)-Carrying GI

To better understand the genetic context of the erm(B)-carrying elements, we determined the whole genomes of the donors YSB17, YSJ15, and JHJ17 and their respective transconjugants by WGS. In both YSB17 and its transconjugant SScYSB17, a single putative ICE carrying erm(B) and tet(O) in the chromosome was identified using the ICEfinder and designated as ICESsuYSB17_rplL. The hyd and rplL (Figure 1A, black color) are located at the terminals of ICESsuYSB17_rplL, which encoded a predicted hydrolase and 50S ribosomal protein L7/L12, respectively. ICESsuYSB17_rplL is 69,442 bp in length, with an average G + C content of 38%, and consists of 68 putative open reading frames (ORFs). A SmaI site existed at 4,843 bp downstream of the erm(B) gene and 9,665 bp upstream of the tet(O) gene, which is consistent with the SmaI-PFGE and hybridization results (Figure 1A). A 15-bp conserved sequence (5’-TTATTTAAGAGTAAC-3’) was presented at both the left (L) and right (R) ends of the integrated ICESsuYSB17_rplL element. ICESsuYSB17_rplL was integrated into the 3’-end of the rplL gene and contained all 30 conserved core genes compared with ICESa2603. In addition, three intergenic hotspots (HS-1, HS-2, and HS-3) and three additional insertion sites were presented (Figure 1A). Among the three insertions, one was inserted in a previously identified site I-1, and one reverse transcriptase gene and one integrase gene were integrated within the SNF2 protein gene sequence, whereas erm(B) and tet(O) are located in HS-2 and I-1 variable regions, respectively. To trace the derivation of the resistance genes, comparative genome analyses were performed for HS-2 and I-1. The 5,869 bp HS-2 segment shared higher similarity with the corresponding sequences of the S. suis 9401240 (LR738724), ICESsu32457 (FR823304), ICESsuYS108 (MK211815), and S. suis (MN437484) (Supplementary Figure S2A). The content of 10,906-bp I-1 segment showed identical nucleotide sequence with the S. suis NSUI060 (CP012911), Blautia hansenii DSM 20583 (CP022413), Enterocloster clostridioformis FDAARGOS_739 (CP050964), Enterococcus cecorum NCTC12421 (LS483306), Streptococcus pyogenes NCTC12057 (LS483331), and Eubacterium hallii EH1 (LT907978). The only difference is that the I-1 region contained an additional ORF (1,503 bp) encoding IS4 family transposase (Supplementary Figure S2B). Comparison of ICESsuYSB17_rplL with some other erm(B)- and tet(O)-carrying ICEs revealed highly conserved core genes but differed greatly in non-conserved regions (Supplementary Figure S3). In YSJ15 and its transconjugant SScYSJ15, we also detected a putative ICE, designated as ICESsuYSJ15_rplL, neatly identical to ICESsuYSB17_rplL with only five nucleotide differences. In JHJ17 but not the transconjugant SScJHJ17, a tet(O)-carrying putative ICE with all conserved modules was integrated into the 3’-end of the rplL gene (data not shown).


[image: image]

FIGURE 1. Genetic features of the mobile genetic elements ICESsuYSB17_rplL and GISsuJHJ17_rpsI. The direction of the arrow indicates the direction of transcription. Homologous regions are shaded in gray. Genes are shown in different colors: the ICE and GI flanking chromosomal genes were shown in black, the 30 conserved core genes of the ICESa2603 family backbone and GISsuJHJ17_rpsI backbone are in orange, and variable genes are in light gray. Integrase/transposase/recombinase genes were highlighted in blue, erm(B) is marked in red, tet-resistant genes are in pale blue, and other resistant genes are labeled in pink. (A) Comparison of ICESsuYSB17_rplL/ICESsuYSJ15_rplL with ICESa2603 and 89K. Intergenic hotspots HS-1, HS-2, and HS-3 and insertion site I-2 were indicated. SmaI restriction site is marked by a black arrow. (B) GISsuJHJ17_rpsI from S. suis JHJ17 and linear DNA comparison against part of ICESsuNC286 and fragments of S. suis NSUI002. The two vertical black diagonal lines on the left of NC286 indicate that there is still a part of the sequence that is not shown.


In both JHJ17 and its transconjugant SScJHJ17, a 16,195-bp sequence with 34% GC content was considered a putative GI and designated as GISsuJHJ17_rpsI. GISsuJHJ17_rpsI carried the erm(B) gene and was found to be integrated into a locus rpsI, the 3’-end of the gene encoding the ribosomal protein S9. Apart from a gene coding an integrase, no other putative conjugative elements, such as coupling proteins or elements participating in T4SS, were observed in GISsuJHJ17_rpsI. GISsuJHJ17_rpsI encodes 22 putative ORFs, 19 of them with the same direction of transcription as that of erm(B). An 8-bp conserved direct repeat sequence (5’-CCTGGTTT-3’) was detected at both flanking of the GISsuJHJ17. BLAST analysis of GISsuJHJ17_rpsI showed that it had the highest similarity to GISsuNC286 (KU215704) and the genomic sequence of S. suis NSUI002 (CP011419) (Figure 1B). In addition to the erm(B) gene (two copies), GISsuJHJ17_rpsI also contained the high-level streptomycin resistance gene aadE and the spectinomycin resistance gene spw-like. These genes are in agreement with the resistance profile of JHJ17 (Table 1).



Detection of the Extrachromosomal Circular Intermediate Forms of ICESsuYSB17_rplL and GISsuJHJ17_rpsI

ICEs and GIs can be excised from the chromosome with the aid of the integrase to generate the extrachromosomal circular form, which is the first step of its transfer lifecycle. In this study, two specific primer pairs (P1–P4 for ICESsuYSB17_rplL and P5–P8 for GISsuJHJ17_rpsI, the location of the primers were shown in Supplementary Figures S4A,B, respectively), were designed to detect the integrated and the extrachromosomal circular forms of ICESsuYSB17_rplL and GISsuJHJ17_rpsI (Supplementary Table S1). More specifically, P1/P2 and P3/P4 amplify the integrated form of ICESsuYSB17_rplL left and right terminals, respectively. P2/P3 detects whether there is a circular form of ICESsuYSB17_rplL. After ICESsuYSB17_rplL excision, P1/P4 detects an empty att site. For GISsuJHJ17_rpsI identification, the pairs used for P5–P8 are analogous to P1–P4. The results confirmed the presence of both the integrated and the extrachromosomal circular forms of ICESsuYSB17_rplL and GISsuJHJ17_rpsI in the original donors and the transconjugants, but absent in the recipient strain S. suis P1/7RF (Supplementary Figures S4C,D). The relatively low probability of occurrence of an excised form of ICESsuYSB17_rplL and GISsuJHJ17_rpsI, as reflected by the shallow bands of P2/P3 and P6/P7 PCR amplification, might be one of the causes of low frequency for transfer of these genetic elements. Analysis of the attICE/attB and attL/attR amplicon sequences identified the 15-bp identical sequence (5’-TTATTTAAGAGTAAC-3’). Both the circular and excised forms of GISsuJHJ17_rpsI contained a copy of the 8-bp conserved sequence corresponding to the direct repeat sequence (5’-CCTGGTTT-3’) site (data not shown).



Fitness of SScYSB17 and SScJHJ17

The biological cost of the horizontal acquisition of ICESsuYSB17_rplL or GISsuJHJ17_rpsI was investigated by in vitro growth and competition assays. During the in vitro growth assays, no significant differences were observed between the recipient S. suis P1/7RF and the two transconjugants SScYSB17 and SScJHJ17, suggesting that the acquisition of ICESsuYSB17_rplL (Figure 2A) and GISsuJHJ17_rpsI (Figure 2B) did not affect bacterial growth in THB medium, although both S. suis P1/7RF and the transconjugants showed growth delay compared with the donors and the original S. suis P1/7 strain.
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FIGURE 2. The biological cost of the horizontal acquisition of ICESsuYSB17_rplL or GISsuJHJ17_rpsI. (A) Growth curves of the YSB17, P1/7RF, and SScYSB17 under the same conditions in vitro. (B) Growth curves of the JHJ17, P1/7RF, and SScJHJ17 under the same conditions in vitro. (C) The relative competitive fitness W of recipient P1/7RF and two transconjugants SScYSB17 and SScJHJ17 strain. The values are represented as mean ± SD of 10 independent experiments.


In vitro competition assays showed that the transconjugants SScYSB17 and SScJHJ17 had relative fitness values W of 0.977 ± 0.085 and 0.982 ± 0.108, respectively, when compared with the recipient strain P1/7RF (Figure 2C). These results further suggest that there was no visible fitness cost when recipient strain acquired ICESsuYSB17_rplL or GISsuJHJ17_rpsI.



DISCUSSION

Macrolide-resistant Streptococcus pneumoniae, S. pyogenes, and Streptococcus agalactiae are 3 of the top 18 drug-resistant threats as declared by the Centers for Disease Control and Prevention (CDC) in the United States in 2013 (CDC, 2013). Previous studies have suggested that S. suis is a reservoir of antimicrobial resistance (AMR) genes for other streptococcal pathogens (Palmieri et al., 2011; Huang et al., 2016a). The erm(B) gene is the most prevalent determinant conferring resistance to macrolide in streptococci clinical isolates (Chu et al., 2009; Haenni et al., 2018; Ichikawa et al., 2020). However, knowledge about the transfer of erm(B) as well as the related MGEs in S. suis remains unclear. In this study, we reported the co-transfer of erm(B) with other AMR genes among S. suis strains mediated by ICEs or GI, which could reveal the reason for the fast spread of macrolide-resistant S. suis in recent years in China.

Co-transfer of erm(B) and tet(O) was confirmed in two strains of S. suis serotype 21, which is co-located on ICEs of the ICESa2603 family. ICESa2603 family is highly prevalent in major Streptococcus species (Davies et al., 2009; Ambroset et al., 2015; Huang et al., 2016b). A variety of resistance genes responsible for resistance to tetracyclines, macrolides, or phenicols have been shown to be transferred inter-strains or inter-species by this family of ICEs (Chen et al., 2007; Palmieri et al., 2012; Marini et al., 2015; Huang et al., 2016b,c; Libante et al., 2019; Pan et al., 2019). Since erm(B) and tet(O) are located on two different variable regions, namely, HS-2 and I-1, and these two segments showed nearly identical sequence similarity to the corresponding sequences in S. suis and other Gram-positive cocci (Supplementary Figure S2), it is reasonable to speculate that ICESsuYSB17_rplL was evolved from acquisition of erm(B)-carrying HS-2 and tet(O)-carrying I-1 elements through a multi-step process. These results revealed the important role of the acquisition of AMR genes in ICEs diversity and evolution.

Co-transfer of erm(B) and aadE-spw-like elements was mediated by a novel GI, GISsuJHJ17_rpsI, which is integrated at the rpsI site, a conserved hotspot in Streptococcus species that was commonly integrated by IMEs and ICEs (Ambroset et al., 2015; Coluzzi et al., 2017; Libante et al., 2019). GIs are usually detected integrated into the 3’-end of the tRNA gene. However, two GIs were found in the rpsI gene, one carrying the ant(9)–lnu(C)–erm(B) genes (Libante et al., 2019) and another carrying the aadE-lnu(B)–lsa(E)–spw-like genes (Huang et al., 2016c). Moreover, GIs integrated into rpsI could be mobilized by subverting the relaxase and mating apparatus of a co-resident ICE (Libante et al., 2019). In this study, we also confirmed that GISsuJHJ17_rpsI was able to transfer from a S. suis serotype 29 isolate to serotype 2. We speculated that the transfer of GISsuJHJ17_rpsI was mobilized by a tet(O)-carrying ICE that harbored a fully functional mobilization module. It needs to be further proven by the inactivation of the tet(O)-carrying ICE. Studies have shown that some GIs not only need conjugative elements to promote their own transfer but also influence the transfer or stability of the helper co-resident elements (Guedon et al., 2017).

ICEs could integrate into the chromosome of bacteria and are capable to transfer to a new host uponconjugative transfer (Johnson and Grossman, 2015; Santoro et al., 2018). Functional ICEs were shown to excise from chromosome by site-specific recombination between attL and attR recombination sites, thus producing a covalently closed circular form of the ICE and a chromosomal excised attB site (Puymege et al., 2013). Under normal growth conditions, ICESsuYSB17_rplL and GISsuJHJ17_rpsI are mainly integrated into the chromosome. To check this integration state, we used primer pairs P1 + P2 and P3 + P4 to detect ICESsuYSB17_rplL in the chromosome and primer pairs P5 + P6 and P7 + P8 for GISsuJHJ17_rpsI. However, both MGEs could be excised from the bacterial genome and generated the extrachromosomal circular forms of ICESsuYSB17_rplL and GISsuJHJ17_rpsI, which identified the product by primers of P2 + P3 and P6 + P7, respectively. Furthermore, the empty rplL attB or rpsI attB’ sites were detected by primers P1 + P4 and P5 + P8, respectively (Supplementary Table S4). This suggests that ICESsuYSB17_rplL and GISsuJHJ17_rpsI are functional and thus have the potential to be transferred. Previous studies have shown that excision of ICEs could be induced under environmental stress, including antimicrobials, such as ciprofloxacin and tetracycline (Beaber et al., 2004; Liu et al., 2017; Scornec et al., 2017). Considering the extensive use of antimicrobials in livestock and poultry, it is of great significance to evaluate the selection stress, especially antimicrobials, which are involved in inducing the excision and thereafter the transfer of the ICEs/GIs.

The acquisition of MGEs was thought to impose an immediate biological cost (Leon-Sampedro et al., 2016). However, the acquisition of ICESsuYSB17_rplL or GISsuJHJ17_rpsI in this study showed negligible fitness cost (Figure 2), which is consistent with our previous study (Huang et al., 2016b). In addition, the AMR-carrying ICEs or GIs enhance their survival under the corresponding antimicrobials. Those may explain the observation that the AMR-carrying ICESsuYSB17_rplL, GISsuJHJ17_rpsI, and similar ICEs are widely distributed in streptococci (Ambroset et al., 2015; Libante et al., 2019).

In summary, we identified three erm(B)-carrying transferable elements, including two erm(B)- and tet(O)-harboring ICEs of the ICESa2603 family and a novel erm(B)-carrying GI, which can be transferred between S. suis of different serotypes. The intraspecific transfer of erm(B)-carrying MGEs among different serotypes of S. suis strains might have contributed to the worldwide spread of macrolide resistance. This reinforces the need for strategies that inhibit the horizontal gene transfer of AMR-carrying MGEs.
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The role of livestock animals as a putative source of ESBL/pAmpC E. coli for humans is a central issue of research. In a large-scale pan-European surveillance, 2,993 commensal Escherichia spp. isolates were recovered from randomly collected fecal samples of healthy cattle, pigs and chickens in various abattoirs. One-hundred Escherichia spp. isolates (0.5% from cattle, 1.3% pigs, 8.0% chickens) fulfilled the criteria for cefotaxime and ceftazidime non-wildtype (EUCAST). In silico screening of WGS data of 99 isolates (98 E. coli and 1 E. fergusonii) revealed blaSHV–12 (32.3%), blaCTX–M–1 (24.2%), and blaCMY–2 (22.2%) as predominant ESBL/pAmpC types. Other types were blaSHV–2 (1.0%), blaCTX–M–2/–14/–15 (1.0/6.1/1.0%), and blaTEM–52 (5.1%). Six isolates revealed AmpC-promoter mutations (position −42 (C > T) and one carried mcr-1. The majority (91.3%) of ESBL/pAmpC genes were located on plasmids. SHV-12 was mainly (50%) encoded on IncI1α plasmids (pST-3/-26/-95), followed by IncX3 (12.5%) and IncK2 (3.1%). The blaTEM–52 genes were located on IncI1α-pST-36 (60%) and IncX1 plasmids (20%). The dominant plasmid lineage among CTX-M-1 isolates was IncI1α (pST-3/-295/-317) (87.5%), followed by IncN-pST-1 (8.3%). CMY-2 was mostly identified on IncI1α (pST-12/-2) (54.5%) and IncK2 (31.8%) plasmids. Several plasmids revealed high similarity to published plasmids from human and animal Enterobacteriaceae. The isolates were assigned to phylogroups A/C (34.7/7.1%), B1 (27.6%), B2 (3.1%), D/F (9.2/10.2%), E (5.1%), and to E. clades (3.0%). With 51 known and 2 novel MLST types, a wide variety of STs was found, including STs previously observed in human isolates (ST10/38/117/131/648). ESBL/AmpC types or STs were rarely correlated with the geographic origin of the isolates or animal species. Virulence gene typing identified extraintestinal pathogenic E. coli (ExPEC; 2.0%), avian pathogenic E. coli (APEC; 51.5%), and atypical enteropathogenic E. coli (EPEC; 6.1%). In conclusion, the high diversity of STs and phylogenetic groups provides hardly any hint for clonal spread of single lineages but hints toward the dissemination of cephalosporin resistance genes in livestock via distinct, globally successful plasmid lineages. Even though a number of isolates could not be assigned to a distinct pathotype, our finding of combined multidrug-resistance and virulence in this facultative pathogen should be considered an additional threat to public health.

Keywords: Escherichia coli, livestock, ESBL, AmpC, virulence, sequence type, plasmid, pathotype


INTRODUCTION

Since the turn of the century, the prevalence of infections due to extended-spectrum cephalosporin-resistant (ESC-R) Enterobacteriaceae increased globally both in hospitals and in the community, entailing a major public health concern. At the same time, the prevalence of ESC-R Escherichia coli has been increasingly reported in livestock, in the food chain, and in companion animals (Ewers et al., 2012; Kaesbohrer et al., 2019). Consequently, there has been a controversial discussion about the role of animals as a putative source of ESC-R E. coli for humans either by direct contact or consumption of contaminated food for many years (Carattoli, 2008; Ewers et al., 2012).

Resistance to third and fourth generation cephalosporins, which are rated highest priority critically important antimicrobials as defined by the World Health Organisation (WHO, 2019), is frequently conferred by the hydrolytic activity of extended-spectrum β-lactamases (ESBL) and plasmid-mediated AmpC-β-lactamases (pAmpC). The most clinically significant ESBL variants belong to the CTX-M, TEM and SHV families, pAmpCs are mostly represented by the CMY family (Bush and Fisher, 2011; Ewers et al., 2012; Carattoli, 2013). The frequent localization of blaESBL and blaAmpC genes on plasmids and their common association with mobile genetic elements, like transposons and insertions sequences, contributes to their successful spread. Horizontal transfer facilitates easy transmission of ESBL/pAmpCs between bacteria of the same or closely related species, including commensals and pathogens, and including the intestinal microbiota of animals and humans (Ewers et al., 2012; Carattoli, 2013; Liebana et al., 2013; Madec et al., 2017; Rozwandowicz et al., 2018). ESBL-/pAmpC-encoding plasmids determined in the European Union (EU) frequently belong to the incompatibility groups (Inc) F, A/C, N, HI2, I1, and K, which differ in their host range and self-transmissibility (EFSA Panel on Biological Hazards (BIOHAZ), 2011; Liakopoulos et al., 2016). To understand the spread of ESC-R E. coli it is not only essential to consider the genetic context of ESBL/pAmpC plasmids but also the phylogenetic epidemiology and pathogenic potential of the bacterium.

E. coli comprises non-pathogenic commensals and strains that cause a variety of diseases in humans and animals. E. coli strains capable of causing extraintestinal infections, such as urinary tract infection, blood stream infection and soft tissue damage, are termed extraintestinal pathogenic E. coli (ExPEC), whereas strains that lead to intestinal diseases are designated as intestinal pathogenic E. coli (InPEC). While the classification of InPEC into different pathovars follows defined genetic criteria, i.e., concrete virulence-associated genes (VAGs) and/or phenotypic features, a wide range of VAGs have been associated with ExPEC and its various pathovars. It is assumed that ExPEC reside in the normal gut microbiota of healthy mammals and birds (Ewers et al., 2009; Koehler and Dobrindt, 2011; Starcic Erjavec and Zgur-Bertok, 2015). The combination of antimicrobial resistance (AMR) and virulence in E. coli strains constitutes a significant public health risk as exemplified by the successful global dissemination of ESBL-ExPEC lineages ST131 und ST648 (Ewers et al., 2014a; Schaufler et al., 2019), or by the CTX-M-15 producing enteroaggregative and Shigatoxin producing E. coli O104:H4 strains that caused the large German EHEC outbreak in 2011 (Karch et al., 2012).

In this study, we determined the prevalence of ESC-non-susceptible (ESC-non-S) and ESC-R isolates in a European collection of presumptive ESBL/pAmpC-producing E. coli and characterized ESBL/pAmpC plasmids and AMR genes as well as the clonal diversity and serotype of the strains based on whole genome sequence (WGS) analysis. Virulence gene profiles were determined to facilitate classification into ExPEC and InPEC pathovars in order to assess the pathogenic potential of antimicrobial resistant strains.



MATERIALS AND METHODS


Bacterial Isolates

The European Antimicrobial Susceptibility Surveillance in Animals (EASSA) monitors the antimicrobial susceptibility of zoonotic and commensal bacteria in healthy food-producing animals at slaughter across Europe (de Jong et al., 2013). The EASSA project includes the major countries of production of beef cattle, slaughter pigs and broiler chickens in the EU. Five or six countries were selected per animal species with ≥4 slaughterhouses in each country providing samples (usually about 200 per animal species). Colon and cecal samples were randomly collected from each of the major food-producing animal species. At most one isolate of each bacterial species was retained from each animal, which was randomly selected as being representative of a whole herd or flock. Our study comprised 2,993 non-repetitive E. coli isolates from broiler chicken (n = 1016), cattle (n = 841), pig (n = 1136) isolated in Belgium (n = 167), Denmark (n = 208), France (n = 588), Germany (n = 426), Hungary (n = 328), Poland (n = 182), Spain (n = 410), the Netherlands (n = 387), and the United Kingdom (n = 297) isolated from February 2013 to March 2015 (2013, 1,181 isolates; 2014, 1,588 isolates; 2015, 224 isolates).



Antimicrobial Susceptibility Testing and Verification of Bacterial Species

Of the total Escherichia spp. collection 100 isolates fulfilled the criteria for cefotaxime and ceftazidime non-wild type according to EUCAST criteria, i.e., reduced susceptible or resistant to one or both cephalosporins [isolates with MICs of cefotaxime and/or ceftazidime ≥ 1 mg/L; EUCAST (The European Committee on Antimicrobial Susceptibility Testing), 2015; Table 1]. MALDI-TOF MS analysis (Bruker Daltonics, Bremen, Germany) confirmed 99 of these isolates as E. coli and one isolate as E. fergusonii.



TABLE 1. ESBL/pAmpC types in ESC-R E. coli (n = 99) and E. fergusonii (n = 1) from the EASSA collection 2013–2015.
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The 100 isolates were further investigated for their susceptibility to 16 antimicrobials/antimicrobial combinations comprising 12 antibiotic classes used in human and/or veterinary medicine including the β-lactam antimicrobials ampicillin, cefepime, cefotaxime, ceftazidime and cefoxitin by using agar dilution according to Clinical Laboratory Standard Institute standards (CLSI, 2013). Minimum inhibitory concentrations (MICs) were interpreted according to CLSI criteria (CLSI, 2018), except those for colistin and tigecycline which were interpreted according to EUCAST guidelines [EUCAST (The European Committee on Antimicrobial Susceptibility Testing), 2015]. The E. coli strain ATCC 25922 was used for quality control. Multi-drug resistance (MDR) of an isolate was defined as clinical resistance to at least one agent in three or more antimicrobial classes (Magiorakos et al., 2012). The antimicrobials (and classes) included were ampicillin (penicillins), cefoxitin (cephamycins), cefotaxime, ceftazidime, and cefepime (extended-spectrum cephalosporins), ciprofloxacin (fluoroquinolones), chloramphenicol (phenicols), colistin (polymyxins), gentamicin (aminoglycosides), meropenem (carbapenems), trimethoprim/sulfamethoxazole (folate pathway inhibitors), sulfisoxazole (sulfonamides), tetracycline (tetracyclines), and tigecycline (glycylcyclines).



Whole Genome Sequencing

Ninety-nine cefotaxime and ceftazidime non-wild type Escherichia spp. isolates (one isolate was excluded due to repeated DNA degradation) were whole genome sequenced. DNA was extracted from the isolates using the DNA Blood and Tissue Kit according to the manufacturer‘s instruction (Qiagen, Hilden, Germany), followed by library preparation, using Nextera XT library (Illumina, San Diego, United States). DNA was sequenced by using an Illumina NextSeq 550 with multiplexing of 70 samples per flow cell using 150 bp paired end reads and a minimum of 70-fold coverage. Raw reads were adapter-trimmed by Flexbar v.3.0.3 (Resource Identification Portal RRID: SCR_013001), corrected using BayesHammer and assembled de novo using SPAdes v3.12.1 (RRID: SCR_000131). Assembled draft genomes were annotated using Prodigal (Prodigal, RRID: SCR_011936).



Resistance Gene Screening and Integron Typing

The web-based tool ResFinder 3.21, hosted at the Center for Genomic Epidemiology (CGE), was used to identify resistance genes and chromosomal mutations related to β-lactam (ampC promoter mutation), fluoroquinolone (mutations in gyrA, gyrB, parA, and parC), and colistin resistance (pmrAB) based on WGS (Zankari et al., 2012). Resistance gene screening was carried out by BLASTn (90% identity and 90% query coverage) analysis against homologous genes present in the Comprehensive Antibiotic Resistance Database2.

To investigate the distribution of class 1, class 2, and class 3 integrons with prevalent arrays in the genomes of our Escherichia spp. isolates, we performed BLAST search against the available databases GenBank and INTEGRALL 1.2, using filter parameters of more than 90% nucleotide identity and at least 80% query coverage.



Plasmid Analysis

PlasmidFinder 2.1 and pMLST 2.0 (Carattoli et al., 2014) were applied to determine plasmid replicon types and plasmid multilocus sequence types (pST). To further characterize the identified ESBL and pAmpC gene harboring contigs, all contigs were aligned using Geneious (v. 8.1.9, Biomatters Ltd., Auckland, New Zealand) (Geneious, RRID: SCR_010519) to the respective genes (ESBL genes: blaCTX–M–1 gene, GenBank accession no. DQ915955.1; blaCTX–M–2, EU622041.1; blaCTX–M–14, AF252622.2; blaCTX–M–15, DQ302097.1; blaSHV–2, AF282921.1; blaSHV–12, AF462395.1; blaTEM–52, AF027199.1; pAmpC gene: blaCMY–2, X91840.1). Contigs containing one of these genes were aligned to publicly available ESBL-/pAmpC plasmids of different incompatibility groups (Inc) from GenBank (GenBank, RRID: SCR_002760) (Supplementary Table S1). All contigs of a respective isolate were then aligned to the reference plasmid that revealed highest similarity. In addition, contigs were mapped to the selected reference plasmids using the Geneious Map to Reference (Geneious, RRID: SCR_010519). In silico constructed plasmids were further examined for mobile genetic elements, using ISfinder (RRID: SCR_003020).

To display circular comparisons between plasmids we used the blast ring image generator software BRIG Version 0.95 (RRID: SCR_007802).

To test whether ESBL and AmpC-β-lactamase genes were transferable, conjugation was performed by the broth filter mating method at 37°C on 40 isolates which represented different ESBL/pAmpC genes and plasmid replicon types using plasmid-free sodium azide resistant E. coli J53 (J53 AziR) as recipient. Transconjugants were selected on Mueller Hinton agar plates supplemented with 100 mg/L sodium azide and 4 mg/L cefotaxime (Sigma-Aldrich, Germany). To confirm successful plasmid transfer, antimicrobial susceptibility testing of transconjugants and PCR for ESBL/pAmpC genes were performed. In addition to WGS analysis, plasmid sizes and location of ESBL/pAmpC genes were determined for all 99 isolates by S1 nuclease-restriction followed by pulsed-field gel electrophoresis and subsequent southern blotting. To verify the genomic location of ESBL and pAmpC genes we further performed an in silico search of whole genome sequences with mlplasmids v. 1.0.0 (Arredondo-Alonso et al., 2018).



Phylogenetic Analysis

Phylogenetic groups were determined by using the ClermonTyping method and its associated web-interface ClermonTyper, that allows a given strain sequence to be assigned to E. albertii, E. fergusonii, Escherichia clades I-V, E. coli sensu stricto as well as to the seven main E. coli phylogroups A, B1, C, E, D, F, and B2 (Clermont et al., 2013; Beghain et al., 2018). MLST 2.03 (Larsen et al., 2012) was applied to identify the multilocus sequence type (RRID: SCR_010245) of E. coli isolates following the Achtman scheme4, which represents a 7-gene-scheme including genes adk, fumC, gyrB, icd, mdh, purA, and recA.



Detection of Serotype and Virulence-Associated Genes

The sero(geno)type of E. coli strains was determined using the web-based serotyping tool SerotypeFinder 2.05 (Joensen et al., 2015). Screening for VAGs was carried out by NCBI BLASTn (RRID: SCR_004870) analysis against homologous genes present in an in-house database of 800 VAGs, gene variants or genomic islands from a subset of the VirulenceFinder database and in-house created and manually curated VAG reference sequences. Coverage length and sequence identity thresholds were 80 and 90%. We searched for genes that were previously linked with intestinal and extraintestinal pathogenic E. coli pathovars and that belonged to different categories (adhesin, toxin, iron uptake system, capsule synthesis, auto-transporter, and secretions system). A VAG score was definded as the total number of VAGs within an isolate. In case a VAG was detected multiple times within a single isolate, it was only counted once. The kpsM, afa/dra, and sfa/foc operons were considered present if any of the corresponding genes or allelic variants were identified. All E. coli isolates were further analyzed for the presence of fimH gene and allele type by aligning to a FimH database using FimTyper 1.06.



Determination of Associations Between E. coli Host, Country of Origin, Phylogroups, VAGs, and AMR Genes

The clustering of binary matrix indicating the presence and absence of antibiotic and virulence classes was performed by using package Rtsne version 0.15 (RRID: SCR_016900) with 5000 iteration and perplexity 15 in R version 3.6.1 (R Project for Statistical Computing, RRID: SCR_001905). Microreact version 5.93.0 was applied to visualize the clustering pattern in association with the metadata of the strains (Argimon et al., 2016). Kruskal-Wallis test as well as χ2 and Fisher’s exact test (IBM SPSS Statistics 27) were used to determine whether proportions for one variable (AMR gene, VAGs) were different between phylogroups and isolate origin (host and country). P-values < 0.001 were considered as statistical significant.



Core Genome Analysis

Phylogenetic and population genetic relationships were determined by applying a gene-by-gene approach on the dataset to generate a core genome alignment and subsequently a phylogenetic tree. The core genome alignment was assembled by a gene-wise alignment with Mafft v7.407 (RRID: SCR_011811), of 1,366 core genes that were present in at least 99% of the strains (sequence similarity min. 70%, sequence coverage min. 90%) and were concatenated afterward. The resulting alignment was used to infer a phylogeny with 100 bootstrap replicates using RAxML v.8.2.10 (RAxML, RRID: SCR_006086) with a General Time Reversible model and gamma correction for among site rate variation. iTOL v5 (RRID: SCR_018174) was used to visualize the population structure in the context of available metadata.




RESULTS


Antimicrobial Susceptibility

Of the total collection of 2,993 presumed E. coli isolates, 100 (3.3%) isolates fulfilled the criteria for cefotaxime and ceftazidime non-wild type, i.e., reduced susceptible (ESC-non-S) or resistant (ESC-R) to one or both cephalosporins [EUCAST (The European Committee on Antimicrobial Susceptibility Testing), 2015; CLSI, 2018]. Spain (46 out of 100 ESC-non-S/ESC-R isolates; 46/410 = 11.2% within-country rate) and Hungary (23/328 = 7.0%) were the main sources of ESC-non-S/ESC-R isolates followed by France (12/588 = 2.0%), the Netherlands (10/387 = 2.6%), Germany (5/426 = 1.2%), Belgium (2/167 = 1.2%), Poland (1/182 = 0.6%), and United Kingdom (1/297 = 0.3%) while no ESC-non-S/ESC-R isolate was retrieved from 208 E. coli strains from Denmark. Most of the ESC-non-S/ESC-R isolates originated from poultry (81/100 = 81%), followed by pigs (15/100 = 15%), and cattle (4/100 = 4%) (Table 1). Also with regard to the total number of isolates investigated, ESC-non-S/ESC-R isolates were more prevalent in chickens (n = 81/1016; 8.0%) compared with pigs (n = 15/1136; 1.3%) and cattle (n = 4/841; 0.5%).

Percentages of clinical resistance of 100 ESC-non-S/ESC-R Escherichia spp. isolates to compounds other than cefotaxime and ceftazidime were in decreasing number: ampicillin 100%, sulfisoxazole 78%, tetracycline 68%, nalidixic acid 67%, trimethoprim/sulfamethoxazole 37%, ciprofloxacin 32%, cefoxitin 27%, chloramphenicol 27%, gentamicin 4%, and colistin 1%. All strains were susceptible to meropenem and tigecycline.

Almost all isolates (97%) revealed MDR. The most frequent MDR phenotype was combined resistance to penicillins, cephalosporins, tetracycline, sulfisoxazole, and either phenicols or folate pathway inhibitors (n = 8 each). Different proportions of isolates showed resistance to two (3%), three (18%), four (27%), five (23%), six (19%), seven (7%), and eight (3%) antibiotic classes. On average, isolates from cattle, chickens and pigs revealed a mean number of resistance to 4.3, 3.5, and 3.0 antibiotic classes, respectively. Thirty-four phenotypic AMR patterns (based on resistance of isolates to 12 antibiotic classes) were distinguished (Supplementary Table S2). Eleven of these patterns were unique; the remaining patterns were dispersed among a number of 2–8 isolates. AMR patterns appeared to be unrelated to host and country origin of the E. coli isolates.



Antimicrobial Resistance Genes and Integrons

The genomes of 99 out of 100 ESC-non-S/ESC-R isolates were sequenced successfully. One isolate from a chicken in Spain turned out to belong to the species E. fergusonii. Ninety out of these 99 isolates (90.9%) possessed one or more ESBL/pAmpC genes (Table 1). Another six isolates that lacked ESBL/pAmpC genes revealed mutations in the promoter of the chromosomally encoded ampC gene when compared with the wildtype E. coli K12 sequence (ATCC 25922; NZ_CP009072.1). Mutations were located at positions −42 (alternate −35 box, C > T), −18 (alternate −10 box, G > A), + 81 (AmpC coding region, A > G), and outside functional promtoter elements and AmpC coding region (−1, C > T; + 58, C > T). In three ESBL- and AmpC negative isolates, namely IHIT31981, IHIT31985 (both from chicken in the Netherlands) and IHIT32069 (pig, Netherlands), the genetic background of the ESC-R phenotype remained unclear.

Eight different ESBL/pAmpC genes were detected among the 99 Escherichia spp. isolates (98 E. coli, one E. fergusonii) from chickens (n = 80), pigs (n = 15), and cattle (n = 4) (Figure 1A). BlaSHV–12 was the most prevalent ESBL gene (32.3%) with the highest frequency observed among isolates from chickens (29/80 = 36.3%), followed by swine (3/15 = 20.0%). With regard to the geographical origin, isolates from Spain (25/46 = 54.3%) and from the Netherlands (3/9 = 33.3%) most frequently harbored blaSHV–12 (Figure 1B).
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FIGURE 1. Distribution of ESBL/pAmpC genes and AmpC promotor mutations among 99 ESC-non-S/ESC-R E. coli isolates with regard to livestock species (A) and country of origin (B).



The genes blaCTX–M–1 (24/99, 24.2%) and blaCMY–2 (22/99, 22.2%) were the second and third most identified ESBL/pAmpC genes among the 99 Escherichia spp. isolates. The genes were nearly equally present among isolates from chickens (blaCTX–M–1: 18/80 = 22.5%; blaCMY–2: 20/80 = 25.0%). The blaCTX–M–1 gene showed the highest frequency in ESC-non-S/ESC-R isolates from pigs (33.3%), while with 25.0% of the four cattle isolates harbored this gene. With respect to country origin, the CTX-M-1 encoding gene was predominant in isolates from France (11/12 = 91.7%) while it was the only ESBL gene detected among isolates from Germany and the United Kingdom. Two isolates revealed co-presence of ESBL/pAmpC genes: blaCMY–2 and blaSHV–12 (chicken, Hungary) and blaCMY–2 and blaCTX–M–1 (chicken, France). Other ESBL types observed were blaSHV–2 (1/99 = 1.0%), blaCTX–M–2/–14/–15 (1, 6, and 1 out of 99 = 1.0, 6.1, and 1.0%), and blaTEM–52 (5/99 = 5.1%) (Figures 1A,B).

Besides ESBL/pAmpC genes, we observed several other genes among the 99 Escherichia spp. isolates. Additional β-lactamase genes identified were blaTEM–1 (32.3%) and blaOXA–9 (1.0%). Different proportions of isolates harbored genes encoding for resistance to aminoglycosides (aadA1, 43.4%; aadA2, 27.3%; aadA5, 11.1%; aadA15 (2.0%); aadA24 (2.0%), aac(6‘)-Ib, 2.0%; strA/strB, 28.3%; aac(3)-IId, 1.0%; aac(3)IVa, 4.0%; aph(3′)-Ia, 1.0%; aph(3′)-Ic, 3.0%), tetracyclines [tet(A), 52.5%; tet(B), 15.2%], folate pathway inhibitors (dfrA1, 24.2%; dfrA7, 1.0%; dfrA8, 1.0%; dfrA12, 4.0%; dfrA16, 1.0%; dfrA17, 12.1%; sul1, 24.2%; sul2, 44.4%; sul3, 25.3%), phenicols (catA1, 9.1%; catB2 1.0%; catB3, 2.2%; cmlA, 22.2%; floR, 2.0%), lincosamides [Inu(F), 2.0%], and macrolides [mph(A), 2.0%; mph(B), 9.1%, mef(B), 1.0%]. Apart from tet(A) and mef(B), the isolates commonly harbored other genes encoding efflux pumps and/or products involved in membrane permeability, such as acrAB (100%), acrAD (96.0%), acrEF (93.9%), mdtAB (98.0%), and mdtEF (98.0%). Almost 40% of the resistance plasmids revealed co-carriage of ESBL/pAmpC and AMR genes encoding tetracycline, aminoglycoside, phenicol, and fluoroquinolone resistance. Detailed results from resistance gene screening are provided in Supplementary Document S1A.

Aminoglycoside, trimethoprim and sulfonamide resistance genes were frequently located on integrons. More than half of the isolates harbored gene cassettes (GC) associated with integron class I (55.6%). Integron class II was less prevalent (3.0%) and integron class III was not present. The 58 integron-positive isolates revealed phenotypic resistance (mean value) to 5.5 antibiotic classes compared to 3.5 classes for isolates without integrons. In total, 17 and 2 different GCs were found on class I and class II integrons, respectively. The most common class I integron GC was estX-psp-aadA2-cmlA1-aadA1-qacI embedded in the genetic platform tnp440-sul3-orf1-ygkA-yusZ-orf1-?mef(B)-tnp26 (7/55 integron class I isolates; 12.7%). It was almost identical with the GC present in SHV-12-IncI1α plasmid pCAZ590 (GenBank LT669764.1) from an E. coli isolate from chicken in Germany (Alonso et al., 2017). Other frequently identified class I integron GCs were dfrA1-aadA1-qacEdelta1-sul1 (18.2%), and dfrA17-aadA5-tnp-orf1-orf5-sul2 (14.6%). Eleven other GCs were distributed among the remaining 14 isolates, which is detailed in Supplementary Document S2.

10 isolates (10.1%) carried plasmid-mediated quinolone resistance (PMQR) gene qnrS1. Sixty-six strains (66.7%) had at least one mutation in GyrA [D87Y (n = 2), S83L (n = 33), S83L and D87H (n = 1), S83L and D87N (n = 29)], and 55.0% of these strains possessed at least one additional mutation in ParC [mostly S80I (n = 26)] (Supplementary Document S2). All isolates with wildtype GyrA and ParC sequences (n = 33) were phenotypically susceptible to ciprofloxacin, even though three of these isolates harbored the qnrS1 gene (MICs 0.5–1.0 mg/L). On the other hand, resistance to ciprofloxacin was usually (97.7%) associated with mutations in gyrA and parC genes, irrespective of the presence of qnrS1 in the isolates.

Furthermore, we identified the plasmid-mediated colistin resistance gene mcr-1 in one colistin resistant strain isolated from a broiler chicken sample in the Netherlands in 2013. Other mcr variants (mcr-2–mcr-10) or alleles were not present.



Genomic Location of ESBL, pAmpC and mcr-1 Genes and Plasmid Analysis

The most frequent replicon types identified were Col (MG828, RNAI, 156, pVC, 8282, BS512, MGD2, E10, MP18) (n = 161), FIB (n = 78), FII (n = 67), I1 (n = 65), FIC (n = 31), P0111 (n = 23), X1 (n = 20), and B/O/K/Z (n = 19), Q1 (n = 15), and FIA (n = 14). Among the replicon types that were found less than 10 times were I2 (n = 8), N (n = 6), X4 (n = 6), Y (n = 5), HI2 (n = 4), X3 (n = 4), and A/C2 (n = 2). Contig alignment to several completely assembled plasmids from GenBank database carrying the different ESBL-/AmpC/mcr-1 genes identified in this study, together with mlplasmid analysis results and data from S1 nuclease digestion and Southern Blot hybridization enabled the identification of blaESBL/pAmpC and mcr-1 gene location and calculation of plasmid sizes.

The majority of strains (83/91; 91.2%) carried their ESBL/pAmpC/MCR-1 genes on plasmids. For 30 isolates, there was a link between ESBL/pAmpC genes and replicon sequences on the same de novo assembled contig. In the remaining isolates, WGS-based reconstruction, i.e., a mapping of contigs to previously published plasmid sequences together with plasmid prediction of contigs by using mlplasmids was performed to deduce the respective plasmid contigs. In some cases, we could not reconstruct the entire plasmid backbones. Consequently, Inc types of ESBL/pAmpC encoding plasmids could either not (n = 3 isolates Inc not typable) or only partially (n = 7 isolates non-IncI1-type) be assigned Supplementary Document S2. Transconjugation assays with 40 selected strains confirmed the transferability of ESBL/pAmpC/MCR-1 plasmids and phenotypic resistance (beta-lactam or colistin) for all strains and transconjugants, respectively (data not shown).


CTX-M Type β-Lactamases

The most common gene-plasmid combination was IncI1α-blaCTX–M–1 (n = 21) (Table 2). Plasmid sizes ranged between 100 and 137 kb. The dominant plasmid lineage was pST-3 (CC3), followed by pST-295 (CC2) and the novel pST-317 (CC3) (ardA_19, pilL_2, repI1_2, sogS_1, trbA_4) that was identified in a chicken isolate from Spain. IncI1-pST-3 plasmids revealed three different resistance gene patterns: blaCTX–M–1 and sul2, blaCTX–M–1 and sul2 and tet (A), and blaCTX–M–1 and sul2 and aadA5 and dfrA17.



TABLE 2. Genomic location of ESBL/AmpC and MCR-1 genes and assignment to Inc groups.
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Twenty of these plasmids showed the genomic backbone of pC60-108, a 108.6 kb plasmid determined in an E. coli strain from chicken in Switzerland in 2013 (Wang et al., 2014; Supplementary Document S3 and Supplementary Figure S3). Another two isolates from pigs in France and Germany revealed blaCTX–M–1 on IncN/pST-1 plasmids that were 42.4 kb in size and showed a similarity of 98.7% to IncN/pST-1 plasmid pL2-43 (Supplementary Document S3 and Supplementary Figure S4). Like pL2-43 (E. coli, lamb, Switzerland, 2013), our plasmids harbored macrolide resistance gene mph(A) in addition to blaCTX–M–1 (Wang et al., 2014).

In four avian E. coli isolates from Spain, we located the blaCTX–M–14 gene on a plasmid with unknown replicon type. The CTX-M-14 plasmids were about 110 kb in size and showed partial similarity with 55.1 kb CMY-2 plasmid 2016C-3936C1-unnamed2 (GenBank: CP018772) (Supplementary Document S3 and Supplementary Figure S5).

The only ESBL-producing strain identified among E. coli isolates from Poland (cattle, ST617, phylogroup C) was at the same time the only strain that harbored CTX-M-15. The blaCTX–M–15 gene was located on the chromosome and the genetic environment shows high similarity to that of human intra-abdominal infection ST4981 E. coli strain CH611_eco (CP017980.1) from China (data not shown). Although we could verify plasmid location of the blaCTX–M–2 gene of a bovine isolate from Belgium, a comparison with published plasmid sequences revealed no significant results.



SHV-12

The blaSHV–12 genes (n = 32) were predominantly located on IncI1α plasmids (50.0%), followed by IncX3 (12.5%), and IncK2 (3.1%) (Table 2). For seven isolates, we could not reconstruct plasmid sequences. According to results from sequence and S1-nuclease restriction analysis we termed them “non-IncI1”plasmids. Three isolates carried the blaSHV–12 gene on the chromosome. IncI1α plasmids (95.4–119 kb) were assigned to pST-26/CC2 (n = 6; Spain and France) pST-3/CC3 (n = 7; Spain), and pST-95/CC9 (n = 3; Netherlands). ST-26 and ST-95 plasmids co-harbored resistance genes sul3, tet(A), cmlA, aadA1, and aadA2b, whereas pST-3 plasmids only possessed the blaSHV–12 gene. Plasmid backbones of SHV-12 IncI1α plasmids revealed similarity to that of blaSHV–12-carrying plasmid pCAZ590 (GenBank: LT669764.1) that was identified in an E. coli isolate from chicken in Germany in 2011 (Supplementary Document S3 and Supplementary Figure S6).

The SHV-12 IncX3 plasmids were 46.3–46.4 kb in size and were highly similar (99.9%) to each other and to the reference plasmid pEC-244 GenBank: KX618704) (Supplementary Document S3 and Supplementary Figure S7). Like pEC-244 (E. coli, chicken feces, Netherlands), our plasmids harbored PMQR gene qnrS1 in addition to blaSHV–12. The IncX3 plasmids also showed significant similarity to the plasmid backbone of the SHV-12 plasmid pUHKPC33 (K. pneumoniae, human patient, United States) (GenBank: NZ_CP011992).



TEM-52

Of five blaTEM–52 genes observed, three were encoded on a 89.5 kb IncI1α pST-36/CC-3 plasmid. These plasmids showed > 99% identity to reference plasmid pESBL-117 (urine, human patient, the Netherlands) (GenBank: CP008734.1) (Supplementary Document S3 and Supplementary Figure S8) and carried no additional resistance genes. One chicken isolate from Spain harbored the blaTEM–52 gene on a 38.7 kb IncX1 plasmid with 99.7% identity to reference plasmid pDKX-TEM-52 (JQ269336.1) that was isolated from chicken meat in Denmark in 2006 (Johnson et al., 2012).



CMY-2

The blaCMY–2 gene that was present on plasmids with replicon types IncI1α (n = 12), IncK2 (n = 7), and IncA/C (n = 1) (Table 2). The 95–122 kb CMY-2 IncI α plasmids were classified into pMLST types pST-12 (n = 10) and pST-2 (n = 2), and carried not additional resistance gene.

Nine pST-12 plasmids revealed high similarity to the 99 kb-plasmid p11-004736-1-7_99 (S. Heidelberg, cattle, Canada, 2011) (Supplementary Document S3 and Supplementary Figure S9; Labbe et al., 2016). IncI1α/pST-2 plasmids from chickens in Spain and Hungary showed > 99% similarity to plasmid pSA01AB09084001_92 (S. Heidelberg, chicken, cecal content, Canada, 2009) (Supplementary Document S3 and Supplementary Figure S10; Labbe et al., 2016). The backbone of IncK2-CMY-2 plasmids (83–86 kb) was highly similar to the blaCMY–2-carrying plasmid pDV45 (85.9 kb) from poultry retail meat (Supplementary Document S3 and Supplementary Figure S11; Seiffert et al., 2017). While CMY-2 plasmids of the IncI1α and IncK2 replicon types encoded no further resistance genes, the IncA/C-pST-3 plasmid (99.9 kb) observed in a bovine E. coli isolate from Belgium carried resistance genes dfrA12, tet(A), aadA2, aph(3″)-Ib, aph(6)-Id, floR, sul1, and sul2 in addition. It revealed a plasmid backbone of the 135.2 kb plasmid pSH163_135 (S. Heidelberg, turkey, United States, 2002) (Supplementary Document S3 and Supplementary Figure S12; Han et al., 2012). It also showed high similarity to the 96 kb K. pneumoniae plasmid pKP_Goe_024-2, which was isolated from the abdominal drainage fluid from a human patient in Germany in 2014 and carried a blaOXA–48 instead of a blaCMY–2 gene. Two avian isolates from Spain and Hungary carrying CMY-2 plasmids without known replicon types revealed a genomic backbone of 55.1 kb-plasmid 2016C-3936C1 unnamed2 (E. coli O157, human, United States) (GenBank: CP018772) (Supplementary Document S3 and Supplementary Figure S13).



MCR-1

The mcr-1 gene in avian E. coli isolate IHIT31981 was encoded on a 33.3 kb IncX4 plasmid that was almost identical (99.9% nucleotide sequence identity) with other globally distributed MCR-1 IncX4 plasmids, such as pMCR-1-CT (GenBank: CP018773.2), determined in an E. coli isolate from a human patient in the United States.




Phylogenetic Grouping

Using the ClermonTyping method and its associated web-interface ClermonTyper, 98 isolates were verified as E. coli and one, as expected, as E. fergusonii. The majority of the 98 E. coli isolates were assigned to phylogenetic groups A (34.7%) and B1 (27.6%). Group C, a newly defined phylogroup within the formerly highly diverse group A (Clermont et al., 2013), was identified in 7.1% of the isolates. Phylogenetic groups B2 (3.1%), D (9.2%), and F (10.2%), the latter one representing a novel group D-related cluster, were less prevalent. Three isolates (3.0%) from chickens in Spain belonged to clade I. Five isolates (5.1%) were assigned to phylogenetic group E (Figure 2A). All phylogroups B2 and D and 90% of group F isolates, often referred to as extraintestinal pathogenic E. coli (ExPEC) groups, were from chickens. Those phylogroups regarded as commensals (A, B1, C) were detected in 62.5% of chicken, 100% of cattle, and in 93.3% of pig isolates.
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FIGURE 2. Distribution of phylogenetic groups among 99 ESC-non-S/ESC-R Escherichia spp. isolates with respect to animal host (A) and ESBL/pAmpC genes and AmpC-promoter mutations (B).



The distribution of ESBL/pAmpC types revealed no significant association to the phylogenetic group of a strain (Figure 2B). Among 12 antibiotic classes tested, phylogroup B1 strains showed the highest mean number of resistance (resistant to 5.19 ± 1.36 classes), followed by isolates belonging to group E (4.8 ± 0.87), A (4.79 ± 1.28), clade I (4.67 ± 1.33), F (4.4 ± 1.05), and D (4.11 ± 1.04). Group C (3.71 ± 0.89) and B2 (3.67 ± 0.33) isolates revealed the lowest antimicrobial resistance with regard to different antibiotic classes.



Distribution of Serotypes

Overall, 48 different serotypes were identified among the 99 ESC-non-S/ESC-R isolates (Supplementary Document S2). Fifteen isolates, including E. fergusonii, were O not typable. Twenty-nine serotypes appeared as singletons. Twenty-one isolates revealed serotypes that are frequently associated with ExPEC including O1, O2, and O6 (n = 2 each), O7 (n = 6), O8 (n = 8), and O78 (n = 1) (Ewers et al., 2007). In addition, the CMY-2-ST131 isolates revealed serotype O25b:H4, which is highly linked with this ST. Moreover, one CMY-2 producing isolate (IHIT32055, ST533) from a chicken in Hungary revealed serotype O157:H10, which is frequently observed among enterohemorrhagic strains. Other serotypes that are commonly recorded from EHEC and EPEC (O26, O103, O111, and O145) or from ETEC (O45, O138, O139, O141, O147, and O149) were only rarely detected (two TEM-51 O149:H20 isolates from chickens in Hungary; two avian O45 isolates from Spain (CMY-2) and France (CTX-M-1).



Distribution of Virulence-Associated Genes (VAGs) and Pathotyping

We tested our 99 Escherichia spp. strains for 800 VAGs associated with intestinal and extraintestinal pathogenic E. coli pathovars. More than 300 of these VAGs, belonging to the categories adhesion (n = 98), iron acquisition (n = 45), invasion and protection (n = 42), secretion system (n = 115), and autotransporter/toxin (n = 19) were identified in the isolates with different frequencies (Supplementary Document S1).


Mean Number of VAGs

The mean number (± SD) of VAGs detected was 113.04 ± 15.84. The VAG content was highest in phylogroup D isolates (134.4 ± 13.7), followed by groups E (130.8 ± 14.1), C (127.1 ± 14.9), B2 (119. 7 ± 2.7), F (115.6 ± 12.1), B1 (113.7 ± 13.3), clade I (113.0 ± 2.0), and group A (102.6 ± 14.0). Mean VAG numbers according to ESBL/pAmpC genes carried by the isolates were in decreasing order: 125.2 ± 11.6 (AmpC-promoter mutation); 119.5 ± 16.7 (CMY-2); 114.5 ± 22.0 (CTX-M-1); 113.0 (SHV-2, one isolate); 113.0 ± 6.0 (TEM-52); 111.4 ± 10.1 (SHV-12); 104.0 (CTX-M-15, one isolate); 99.2 ± 16.7 (CTX-M-14); 84.0 (CTX-M-2, one isolate) (Supplementary Table S4). Isolates from pigs (117.0 ± 17.5) and chickens (113.5 ± 14.9) harbored significantly higher numbers of VAGs than isolates from cattle (89.5 ± 9.6).



InPEC-Related VAGs

The majority of isolates carried none of the 43 InPEC-related VAGs (Table 3). One or two of these VAGs were present in 43.4% of the isolates, and only 6.1% of the isolates carried 8–12 genes. None of the isolates possessed invasion plasmid antigen gene ipaH, which would indicate the presence of enteroinvasive E. coli (EIEC). Most typical factors associated with the enteroaggregative E. coli (EAEC) pathotype, such as aggregative adherence fimbriae AAF/I to AAF/V (aggA, aafABCD, agg3A, agg4A, agg5A), cytotoxic autotransporter protease Pet (pet), antiaggregation protein dispersin (aap, aatPABDC), or a type IV secretion system (aai), as well as the global regulator of these genes, AggR (aggR, agg variants), were also not present. Only three factors that are commonly, though not exclusively, present in EAEC, namely enteroaggregative heat-stable enterotoxin EAST-1 (EAST-1, 31.3%), serine protease/mucinase Pic (pic, 6.1%) and the enteroaggregative immunoglobulin repeat protein Air (air, 21.2%), were detected in our isolates. Due to the absence of genes for cytotoxic necrotizing factors (cnf1-cnf3) and cytolethal distending toxins (cdtA-cdtC) and of shiga toxin genes (stx1 and stx2 variants) the presence of NTEC (necrotoxigenic E. coli) and STEC (Shigatoxin-producing E. coli) was excluded (Supplementary Document S1).



TABLE 3. Distribution of InPEC- and ExPEC-related virulence-associated genes (VAGs) in ESC-non-S/ESC-R E. coli isolates.
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None of our isolates carried ETEC-related toxin genes (esta, estb, eltA, eltB). Few isolates harbored genes for ETEC-related fimbriae F4 (fae, 4.0%, 2 × chicken, 1 × cattle, 1 × pig), F5 (fan, 3.0%, 3 × chicken), and F17 (f17, 1.0%, 1 × cattle), while F6 and F18 fimbriae genes were not detected. Other VAGs often reported for ETEC were found in 31.0% (EAST-1—heat-stable enterotoxin 1 gene), 30.3% (aidA–AIDA-I-like adhesion gene), 5.1% (iha–bifunctional enterobactin receptor adhesin protein gene), and 4.0% (tia—toxigenic invasion locus gene) of the isolates.

Six isolates (6.1%) represented atypical enteropathogenic E. coli (aEPEC) as they harbored intimin gene eae and lacked bundle-forming pili adhesin genes bfpA-L, which together with eae are indicative for typical EPEC (Table 3). Intimin genes revealed ≥ 99.8% nucleotide sequence identity to eae type β1 (GenBank AF200363.1). All strains additionally harbored the tir (translocated intimin receptor) gene, and most isolates additionally possessed several genes encoding for type III secretion proteins, effectors, and regulators (esc, ces, epa, epr, etgA, mpc, sepDL), for locus of enterocyte and effacement (LEE) regulator gene ler, and for non-LEE-encoded type III effector genes (nle). The ST10 chicken isolate IHIT32040 was the only aEPEC strain that carried genes for the AIDA-I-like adhesin protein (aidA) and for Stg fimbriae (stgABCD). Three of the aEPEC strains additionaly harbored the porcine attaching and effacing-associated gene paa that promotes adherence to intestinal epithelial cells in a characteristic A/E pattern (Batisson et al., 2003).



ExPEC-Related Genes

More than half of the 99 isolates fulfilled the criteria to be classified as avian ExPEC, also termed avian pathogenic E. coli (APEC). In detail, 51.5% of our isolates harbored at least three of the five VAGs iroN, iss, iutA, ompT, and hlyF that have been suggested to define APEC (Table 3; Johnson et al., 2008). A few years earlier, Johnson and Russo (2005) defined the group of ExPEC on the basis of the presence of ≥ 2 VAGs or gene combinations, including genes for P fimbrial genes (papAH and/or papC), S and FIC fimbriae (sfa/focDE), Dr. antigen-binding adhesin (afa/draBC), group II capsule polysaccharides (kpsMTII), and ferric aerobactin receptor (iutA) (Johnson and Russo, 2005). This definition includes all pathotypes that were primarily “ill-defined,” including uropathogenic E. coli (UPEC), neonatal meningitis-associated E. coli (NMEC), sepsis-causing E. coli (SEPEC), and APEC. Following this definition, only two of our isolates qualified as ExPEC, namely a CMY-2-positive avian isolate from Spain (phylogroup D, ST38) and a CTX-M-1-producing porcine isolate from Germany (phylogroup B1, ST453).

As current evidence suggests that no single virulence determinant renders an ExPEC isolate capable of causing site-specific disease, we additionally screened our isolates for an extensive set of 49 VAGs (Supplementary Table S3) that have previously been linked with different ExPEC pathovars in order to categorize them as ExPEC-like pathovar (Dale and Woodford, 2015). Seven isolates, all from chicken, possessed 21–26 ExPEC-related VAGs and belonged to phylogroups F (n = 4), B2 (n = 3), and C (n = 1). Another 17 isolates, including A, B1, C, and D strains, harbored 16–20 genes. The majority of strains harbored 6–10 (31.3%) or 11–15 (35.4%) of the VAGs tested. All strains were negative for afimbrial adhesin Afa (afaA-G), Dr. fimbriae (draA-E, draP) and S-fimbriae (sfaA-H, sfaS), as well as for toxin genes cnf1-3 and sat, i.e., for virulence determinants that are frequently observed among UPEC. Invasion-related gene gimB, which has been reported for APEC and NMEC, was also not detected. Genes detected only once were α-hemolysin gene hlyA and hlyD, salmochelin receptor gene iutA, and Expec adhesin gene yqi. Other ExPEC-related genes, encoding P fimbriae (pap; 4.0%), K1 capsule synthesis (neu; 4.0%), uropathogenic specific factor (usp; 8.1%), serine protease Pic (pic; 6.1%), vacuolating autotransporter toxin Vat (vat; 3.0%), adherence protein Iha (iha; 5.1%), invasion factor IbeA (ibeA; 6.1%), or antigen 43 (agn43; 6.1%) occurred in 2–8 of the isolates. Between 91.0 and 99.0% of the isolated possessed Curli fiber (csg) and type I fimbriae (fim) genes. The most often detected iron acquisition genes were ent (98.0%), sit (66.7%), iuc (54.5%), and iro (46.5%), coding for enterobactin siderophore, iron transport system, aerobactin siderophore, and a salmochelin siderophore system, respectively. Among the protectins, increased serum survival protein iss (77.8%) and outer membrane exclusion protein traT (75.8%) were most prevalent (Supplementary Table S3).




Clonal Diversity

With 51 known and two novel types, we found a wide variety of multilocus sequence types (STs) among our strains. For isolates from broilers (n = 80), pigs (n = 15) and cattle (n = 4) we determined 42, 14, and 3 different STs, respectively (Table 4). Thirty-two of these STs have been assigned to 18 clonal complexes (CCs), while 21 STs did not cluster within one of the CCs defined in the Enterobase E. coli database (Supplementary Document S2)7. The most often identified STs were ST117 and ST10 (n = 6 each), ST665 (n = 5) ST23, ST38, ST155 (n = 4 each), ST101, ST354, ST4980, ST752, ST770, and ST88 (n = 3 each). ST648 and ST131, two globally distributed lineages that are frequently associated with ESBL/AmpC production were identified in a CTX-M-1-producing chicken isolate from Spain (ST648) and in two CMY-2 positive chicken ST131 isolates from different farms in Hungary. A correlation between STs and animal species or country of origin was not evident. In addition, ESBL and AmpC β-lactamase types, as well as plasmid replicon types showed a random distribution among the different STs.



TABLE 4. Multilocus sequence types and ESBL/AmpC types of 99 ESC-non-S/ESC-R Escherichia spp. from livestock animals.


[image: Table 4]

We further determined the relatedness of strains from different animal species and countries by WGS comparison. Although the application of comparative core genome analysis of 98 E. coli isolates, based on 1,330 orthologous genes, achieved a much higher resolution regarding the genetic relatedness of the ESBL/pAmpC/MCR-1 strains (SNP-based comparison of 1,330 genes vs. allele-based comparison of seven MLST genes), it basically reflected the high genetic diversity observed by MLST analysis (Figure 3). As expected, isolates forming one ST and/or CC by based on MLST data as well as isolates that shared the same phylogenetic groups almost always clustered together in the cgMLST scheme. In contrast, neither ESBL/AmpC-types nor plasmid Inc types followed the phylogenetic distribution of the isolates but were broadly distributed among the different cgMLST clusters.
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FIGURE 3. Maximum-likelihood tree of 98 E. coli genomes (E. fergusonii isolate IHIT32041 was not included). The phylogeny is based on 1336 orthologous genes and was calculated by RAxML. Graphical visualization was achieved by iTOL v5. Colored rings represent (from inner to outer ring the (i) phylogroup, (ii) ESC-non-S/ESC-R resistance determinant, (iii) ESBL/AmpC/MCR-1 plasmid replicon type, (iv) country of isolation, and (v) host.





Correlation of Antimicrobial Resistance and VAG Pattern With Metadata of the Isolates

We first visualized the clustering pattern, i.e., AMR genes categorized according to their mode of action with the metadata of isolates (Supplementary Figure S1). As expected, there was an association between the category “antibiotic inactivation” and ESBL/pAmpC types (p < 0.001). In addition, single AMR genes showed associations with either host (e.g., floR, aph(3)-Ia, aph(3)-Ib, aph(6)-Id, and mphA to cattle; aph(3)-Ib, aph(6)-Id, dfrA12, and pmrE to chicken), country, ESBL/AmpC-type, and phylogenetic group.

The same analysis was done using VAGs grouped into different categories as the clustering pattern (Supplementary Figure S2). Significant associations were predominantly observed between VAGs and the phylogenetic group. In total 36 adhesion-related, 11 autotransporter and toxin genes, 22 invasion and protectin genes, 14 iron acquisition genes and 33 secretion systems genes revealed several P-values < 0.001. In contrast, only 14, 21, and 7 VAGs showed significant associations with the variables host, country, and ESBL/AmpC type.




DISCUSSION

This study focused on the identification and investigation of ESBL and pAmpC genes in ESC-non-susceptible/ESC-resistant commensal E. coli isolates. Special attention was paid to the antimicrobial resistance phenotype of the isolates and their plasmids with regard to replicon type and genetic plasmid structure. We further investigated the molecular epidemiology of E. coli isolates with respect to their genome-based phylogeny and assignment to intestinal and extraintestinal E. coli pathotypes. The presence of potentially virulent and antimicrobial resistant ESBL/pAmpC-producing E. coli originating from healthy production animals could be a significant issue for human and animal health.

One hundred ESC-non-susceptible/ESC-resistant isolates were identified among 2,993 commensal E. coli isolates collected over a time period of 25 months (February 2013–March 2015) from different livestock species and European countries. The highest rate of ESC-non-susceptible/ESC-resistant isolates was detected in poultry (8.0%), whereas pigs (1.3%) and cattle (0.5%) revealed comparable low numbers of such isolates. These findings are fairly in agreement with the numbers reported by the European Food Safety Authority (EFSA) and the European Centre for Disease Prevention and Control (ECDC). Here the number of presumptive ESBL and AmpC phenotypes identified in indicator E. coli isolates rated to 5.4% for broiler flocks in 2014 [EFSA (European Food Safety Authority) and ECDC (European Centre for Disease Prevention and Control), 2016], and to 1.5 and 2.0% for fattening pigs and calves under 1 year of age, respectively, in 2015 [EFSA (European Food Safety Authority) and ECDC (European Centre for Disease Prevention and Control), 2017]. The lower number observed for cattle in our study might be due to the mixed origin of isolates according to animal age. Different studies could show that veal calves harbor higher proportions of ESBL/AmpC-producing bacteria than beef cattle [Haenni et al., 2014; EFSA (European Food Safety Authority) and ECDC (European Centre for Disease Prevention and Control), 2017]. Recent data from 2017 to 2018 indicated that the occurrence of presumptive ESBL- and/or AmpC-producing indicator E. coli isolates was still generally low in reporting European countries, ranging from 0.6 to 6.3% in isolates from pigs, from 1.2 to 5.3% in isolates from calves and from 0.6 to 7.9% in isolates from broilers [EFSA (European Food Safety Authority) and ECDC (European Centre for Disease Prevention and Control), 2020]. Carbapenemase producing (CP) E. coli were not detected in our study, which may be due to the absence of such isolates and/or the cultivation of the samples on non-selective media. The presence of CP bacteria on livestock farms was first reported in 2012 in Germany (Fischer et al., 2013). Since then, increasingly emerged in different livestock species and countries (Anderson and Boerlin, 2020). Despite of these findings, the overall prevalence of CPs in livestock is still low as shown by the results from the specific carbapenemase producers monitoring in European countries between 2016 and 2018 [EFSA (European Food Safety Authority) and ECDC (European Centre for Disease Prevention and Control), 2020].

Almost all isolates (97.0%) from our study revealed an MDR phenotype, i.e., resistance to antimicrobial agents of at least three classes, and 29.0% of the isolates showed resistance to ≥ six classes of antimicrobial agents. This is consistent with previous studies from different countries. Ninety percent of cefotaxime and/or ciprofloxacin resistant, commensal E. coli isolated from food-producing animals in Belgium were resistant to several other antibiotics (Lambrecht et al., 2018). MDR was also observed in 88.1% of ESBL-producing isolates obtained between 2008 and 2014 from diseased food-producing animals in Germany (Michael et al., 2017). In this study, 39.4% of the isolates, predominantly from cattle, were resistant to six antibiotic classes. Several authors assumed a correlation between antimicrobial usage in food-producing animals and the prevalence of AMR bacteria in those animals. According to publicly available national or international reports from seven European countries, the level of veterinary use of specific antimicrobials strongly correlates to the level of resistance toward these agents in commensal E. coli isolates in pigs, poultry and cattle (Chantziaras et al., 2014). A significant correlation between antimicrobial use and resistance in commensal E. coli was also demonstrated for livestock animals in Belgium (Callens et al., 2018). In our study, isolates were frequently (32–100%) resistant to ampicillin, sulfisoxazole, tetracycline, trimethoprim/sulfamethoxazole, and ciprofloxacin. Antimicrobial agents of such classes are among the most sold agents to veterinarians in different European countries (Lekagul et al., 2018; Roth et al., 2019), indicating that AMR and frequent antibiotic usage could coincide to an extent that remains to be determined.

The identification of eight different ESBL/pAmpC types indicated a high diversity of β-lactamases among our isolates, which is consistent with previous studies (Valentin et al., 2014; Ceccarelli et al., 2019). The two major ESBL genes were blaSHV–12 (35.6%) and blaCTX–M–1 (24.2%), while blaCMY–2 (22.2%) was the only pAmpC gene detected. The CTX-M-1 β-lactamase is the most common ESBL in livestock animals and food, and also SHV-12 ranks among the most predominant ESBL types within Enterobacteriaceae of diverse origins (Ewers et al., 2012; Valentin et al., 2014; Alonso et al., 2017; Liakopoulos et al., 2018). Regarding blaCMY–2, an increasing number of E. coli carrying this gene was reported in the European livestock production in recent years (Ewers et al., 2012; Larsen et al., 2012; Irrgang et al., 2018; Liakopoulos et al., 2018; Pietsch et al., 2018; Ceccarelli et al., 2019; EFSA (European Food Safety Authority) and ECDC (European Centre for Disease Prevention and Control), 2019). Consistent with our findings (25.0% of ESC-R/ESC-non-resistant poultry isolates carried blaCMY–2), a prevalence of more than 30% among global ESC-R E. coli expressed CMY-2, particularly in poultry (Ewers et al., 2012).

ESBL genes blaCTX–M–14 (6.1%, chicken and pig) and blaTEM–52 (5.1%, chicken and pig) were present in lower numbers among our isolates, while blaSHV–2 (chicken), blaCTX–M–2 (cattle) and blaCTX–M–15 (cattle) occurred only once. Together with CTX-M-1 and CTX-M-15, CTX-M-14 represents one of the most common ESBL type in E. coli isolates from cattle and its largely moderate occurrence in E. coli isolates derived from chickens and pigs has also been demonstrated (Ewers et al., 2012; Palmeira et al., 2020).

AmpC activity due to chromosomal ampC promoter mutations was found in 6.1% (6/99) of our isolates. All seven isolates revealed a mutation pattern previously described as ampC type 03 (Mulvey et al., 2005). This type was reported as one of the most prevalent variants among cefoxitin-resistant clinical E. coli isolates in different studies (Mulvey et al., 2005; Peter-Getzlaff et al., 2011). The ampC promoter alterations created an alternate displaced promoter whose mutation at position −42 (C > T) is thought to have strong effect on promoter strength and consequently on hyperproduction of ampC (Caroff et al., 2000).

The majority of the 70 ESBL and 22 pAmpC genes determined in this study were plasmid located (84/92; 91.3%). IncI1α was the most represented plasmid family (52/92; 56.5%) that occurred in 57.5% (46/80) of chicken and in 40.0% (6/15) of pig isolates, followed by IncK2 (8/92; 8.7%; all from chicken), IncX3 (4/92; 4.3%, chicken), IncN (2/92; 2.2%, pigs), IncA/C (1/92; 1.2%, cattle), and IncX1 (1/92; 1.2%, chicken). For 17.4% (16/92) of our ESBL/pAmpC plasmids, we could not assign a definite Inc type. Previous studies highlighted the challenge in reconstructing plasmids encoding resistance genes from WGS, mostly due to the lack of long reads (Orlek et al., 2017; Arredondo-Alonso et al., 2018; Ludden et al., 2019).

CTX-M-1-producing isolates belonged largely (75.0%) to IncI1α/pST-3 plasmids, which represent a globally distributed, genetically highly similar plasmid lineage that is disseminated in livestock animals and humans in Europe (Carattoli, 2008; Zurfluh et al., 2014; Irrgang et al., 2018; Touzain et al., 2018).8 IncI1 plasmids are highly conjugative, and transmission from commensal to pathogenic bacteria poses a risk for animal and human health (Carattoli, 2013). One of our CTX-M-1 plasmids was assigned as pST-295, a plasmid type that was first identified in a commensal CTX-M-1 ST1604 E. coli isolate from chicken in Denmark in 2015 (Liu et al., 2019). In that study, four novel CTX-M-1 IncIα plasmid lineages (pST-293–pST-296) were determined among livestock isolates. Together with our finding of novel type pST-317, this could reflect a possible diversifying evolutionary process in these otherwise highly conserved plasmids. Noteworthy, the plasmid transfer of several plasmid types, including IncI1-pST3-CTX-M-1 and IncI1-pST295-CTX-M-1 could be significantly increased in vitro in a strain-dependent manner following exposure to the antibiotics cefotaxime, ampicillin, and ciprofloxacin (Liu et al., 2019).

The diverse population of E. coli isolates carrying CTX-M-1 IncI1 plasmids (21 IncI1 plasmids among 18 different MLST types) suggests that the dissemination of this ESBL gene is not due to the spread of single clonal lineages but is more likely the result of vertical transmission of plasmids by horizontal transfer. Also Irrgang and co-workers (2018) reported 51 different STs among 89 CTX-M-1 producing E. coli isolates from German food samples.

In agreement with recent reports, SHV-12 was mainly encoded on IncI1α plasmids (50%) in our isolates, followed by IncX3 (12.5%) and IncK2 (3.1%) (Huijbers et al., 2014; Alonso et al., 2017; Apostolakos et al., 2020). When typing 23 SHV-12 positive E. coli from human, animal and food sources, Alonso et al. (2017) identified IncI1 as predominant replicon type (73.9%), while IncK2 (13.0%) and IncX3 (4.3%) were less prevalent (Alonso et al., 2017). IncI1-pST-3-SHV-12 was suggested as a poultry-associated plasmid lineage, whereas IncI1-pST26-SHV-12 plasmids were associated with a wide host range contributing to the spread of blaSHV–12 genes among different environments (Accogli et al., 2013; Alonso et al., 2017). We cannot conclude such an association from our data, as all pST-26 plasmids were from chicken isolates and pST-3 plasmids from chicken and pig isolates. However, this lack of correlation may be due to the predominance of chicken isolates among our collection.

Our SHV-12 IncX3 plasmids were almost identical in plasmid backbone and blaSHV–12 flanking region to pEC-244, which was the first completely sequenced IncX3 plasmid of animal origin. In this study, IncX3 plasmids from humans and animals exhibited remarkable synteny in their backbone and differed only in their blaSHV–12-flanking region (Liakopoulos et al., 2018). IncX3 plasmids are conjugative and highly stable, while they exert no fitness cost on their bacterial host, thus highlighting the epidemic potential of these plasmids.

In eight E. coli isolates from chickens, blaCMY–2 (n = 7) and blaSHV–12 (n = 1) has been linked to plasmids of the recently defined incompatibility group IncK2 (Seiffert et al., 2017). IncK2 plasmids are mainly associated with the spread of blaCMY–2 and blaCTX–M–14 genes in Europe, particularly in Spain and the United Kingdom, and are frequently reported from E. coli from livestock sources (Dhanji et al., 2012; Rozwandowicz et al., 2018; Apostolakos et al., 2020). de Been et al. (2014) identified blaCMY–2 carrying IncK2 plasmids in human and poultry isolates belonging to evolutionary distinct backgrounds, suggesting that these plasmids efficiently spread through E. coli populations of different reservoirs. We also identified IncK2 plasmids in isolates belonging to different phylogenetic groups (B2, D, E, and F) and to six different MLST types, including ST38, ST117, and ST131. The most frequent replicon type identified among blaCMY–2 carrying plasmids in our study was IncIα (n = 12 isolates from Netherlands, Hungary, and Spain). IncI1α and IncK2 were also found as major replicon types of blaCMY–2 carrying plasmids from E. coli isolates from humans, animals and food in Germany (Pietsch et al., 2018). Due to high sequence identity of plasmids, also shown for several plasmids in our study, the authors suggested that plasmid-mediated, rather than clonal spread likely plays an important role for emergence and transmission of blaCMY–2 between aminals and humans.

Some of the clones (ST10/A, ST23/C, ST38/D, ST117/F, and ST155/B1) detected in our study more than once have been previously associated with ESBL/pAmpC phenotypes and are widely spread among different environments, including clinical settings (Ewers et al., 2012; de Been et al., 2014; Alonso et al., 2017; Hussain et al., 2019; Ludden et al., 2019). Only two CMY-2 positive isolates belonged to phylogroup B2 and to ST131. The isolates from chickens in Hungary represented the B2-O25b-H4-ST131-fimH22-clade B lineage that is mostly composed of fluoroquinolone susceptible isolates, and has been associated with poultry and human bloodstream infections (Pitout and DeVinney, 2017). Several other STs found in our study, including ST88/C, ST93/A, ST101/B1, ST135/B2, ST617/A, ST648/F, and ST1431/B1, have frequently been determined in ESBL- and AmpC-producing E. coli from human and animal sources (Ewers et al., 2012; de Been et al., 2014; Pietsch et al., 2018; Schaufler et al., 2019; Apostolakos et al., 2020).

Thirty-one isolates revealed 10 of the sequence types (ST10, ST117, ST131, ST23, ST354, ST38, ST58, ST617, ST648, and ST88) that belong to the top 20 ExPEC STs, as previously determined based on a meta-analysis including 169 global studies (Manges et al., 2019). However, the classic ExPEC STs ST73 and ST95 that are successful extraintestinal pathogens but have also be reported as persistent intestinal colonizers in humans and animals were not present among our collection (Riley, 2014). It is commonly accepted that ExPEC lineages, such as ST95, ST73, ST12, and ST127 exhibit lower multidrug resistance levels, while only few are capable of combining MDR and virulence, like ST648, ST131, and ST410 (Ewers et al., 2014a, 2016; Schaufler et al., 2016; Manges et al., 2019).

The virulence potential of ESBL- and AmpC-producing E. coli originating from healthy livestock animals could be a significant issue for public health. Nevertheless, data on extensive virulence gene typing of AMR E. coli from livestock animals, including a rigorous screening for a set of > 800 VAGs related with intestinal and extraintestinal pathotypes, are scarce (Hussain et al., 2019; Apostolakos et al., 2020). We identified the intimin gene eae, which is a surrogate for atypical EPEC and several other InPEC-related genes, including the translocated intimin receptor gene tir in five ESBL- (SHV-12 and TEM-52) and one CMY-2-producing chicken E. coli isolates belonging to four different STs. Mueller et al. determined the eae gene in 3.6 and 2.9% of ESBL-producing E. coli isolates from livestock (n = 28) and healthy humans (n = 34), respectively. Consistent with our findings, they did not identify genes indicating the presence of EIEC (ipaH), ETEC (sta, stb, est), and STEC (stx1, stx2), suggesting a low prevalence of intestinal pathotypes among MDR bacteria from livestock (Mueller et al., 2016). Although bovines are the primary reservoir of STEC, previous reports confirm a low prevalence of ESBL-producing STEC among cattle and other livestock animals (Ewers et al., 2014b; Pietsch et al., 2018). Apostolakos et al. (2020) could assign the majority of 100 ESBL/pAmpC-E. coli isolated from the broiler production pyramid in Italy to defined ExPEC or InPEC pathotypes by virulence gene analysis. They identified 56% of their isolates as atypical EAEC, based on the presence of aatA and the absence of aggR. Both typical and atypical EAEC, that have been predominantly associated with pediatric diarrhea in developing countries, were not present in our isolates as they all lacked the pathotype-specific genes aatA, aggR, and aaiC (Bamidele et al., 2019).

Regarding ExPEC, distinct sequence types, particularly ST131, ST648, and ST410 have been reported as successful pandemic lineages that combine multidrug-resistance and virulence (Ewers et al., 2014a, 2016; Schaufler et al., 2016; Manges et al., 2019). Whether an E. coli isolate falls into the category of ExPEC, likely depends on the definition proposed by different authors. More than half of our 99 isolates fulfilled the criteria to be classified as avian ExPEC (APEC), including 19.6% isolates from non-avian sources. Apostolakos et al. (2020) identified 39 ESBL-E. coli broiler isolates (39%) belonging to 13 different STs as APEC. While they APEC group mainly (38.5%) consisted of ST744 and ST429/ST9298, our APEC strains were even more diverse (31 STs among 51 isolates) and only few STs were not unique, including ST117 (n = 6), ST23 (n = 4), ST38 (n = 3), ST88 (n = 3), and ST101 (n = 3). While we had no indication for a co-location of APEC-VAGs and ESBL-/AmpC genes on plasmids, others identified several virulence genes, including sitA-D, iucA-D, iutA, hlyF, ompT, iss, iroN, cvaA-C, and cvi on blaCMY–2 IncF plasmid obtained from a diseased French broiler, suggesting a putative threat for the easy dissemination of ExPEC virulence factors and resistance determinants (Touzain et al., 2018).

Only two of our isolates (CMY-2-ST38 and CTX-M-1-ST453) could be classified as ExPEC, whereas 67.7% of the isolates were considered as ExPEC-like (>10 ExPEC genes). Using the same criteria we applied, Apostolakos et al. (2020) identified 51% of their isolates belonging to 12 STs from different production chains of an integrated broiler company in Italy as ExPEC. In a study from Brazil, 58% of ESBL E. coli isolates from chicken carcasses harbored 3–5 of the ExPEC VAGs iutA, hlyF, iss, iroN, and ompT (Cyoia et al., 2018). The authors suggested that chicken meat is a potential reservoir of MDR E. coli strains harboring resistance and virulence genes that could pose a serious threat to human public health. This is further corroborated by a study dealing with ESBL-E. coli from poultry and human in India. Among 15 ExPEC-associated genes (papA/C/E/F/G, fimH, pic, sat, tsh, vat, iutA, ireA, iroN, fyuA, and usp) Hussain et al. (2019) identified comparable numbers in broiler (median 4) and human isolates (median 3) and overlaps in the AMR and VAG profile and phylogenetic background of a subset of strains.

Interestingly, several isolates harbored both InPEC- and ExPEC-related genes (Supplementary document S1), resembling what has previously been reported as hybrid pathotype, which is probably best exemplified by EHEC as a long-standing EPEC/STEC hetero-pathogen (Santos et al., 2020). Our aEPEC strains additionally harbored 9–12 InPEC related genes, such as ColV plasmid gene cvi, iron acquisition gene fyuA, iucA-D, irp2, and sitA-D, increased serum survival protein gene iss, and haem acquisition protein gene hma, which plays a critical role in the colonization of the urinary tract. The ExPEC and APEC strains carried up to four InPEC-related genes, including those encoding for AidA-I adhesin-like protein invasion-associated protein Tia, long polar fimbriae Stg, serine protease Pic, iron-related haem receptor Iha, and ETEC F4 and F5 fimbriae. Apostolakos et al. (2020) identified 30 ESBL/AmpC broiler isolates that displayed an aEAEC/ExPEC pathotype. They suggested that the virulence gene repertoire of ESBL/pAmpC E. coli may explain their adaptation to and persistence in different niches. As the capacity for genome interrogations is constantly rising, it seems obvious that various VAGs, previously either linked with InPEC or ExPEC pathotypes, will be found among different E. coli pathotypes to which they have not traditionally been associated (Santos et al., 2020). This, together with the availability of extensive AMR data based on an ever growing number of genome sequences may help to predict the emergence of novel multidrug resistant and virulent strains.



CONCLUSION

Our data suggest that cephalosporin resistance genes are mainly disseminated in livestock animals via distinct plasmids. Plasmid backbones within different plasmid lineages were often almost identical and were shared by phylogenetically unrelated isolates from chickens, cattle, and swine. In addition, they revealed significant similarity to plasmids from human isolates. We could demonstrate that E. coli of various phylogenetic groups and STs can combine antimicrobial resistance and virulence, even though a number of isolates could not be assigned to a distinct pathotype. In summary, this work significantly contributes to the understanding of the epidemiology and virulence potential of cephalosporin-resistant E. coli from livestock animals.
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FOOTNOTES

1 https://cge.cbs.dtu.dk/services/ResFinder/

2 https://card.mcmaster.ca

3 https://cge.cbs.dtu.dk/services/MLST/

4 https://pubmlst.org/mlst/

5 https://cge.cbs.dtu.dk/services/SerotypeFinder/

6 https://cge.cbs.dtu.dk/services/FimTyper/

7 https://enterobase.warwick.ac.uk/

8 https://pubmlst.org/plasmid/
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Extended-spectrum beta-lactamase (ESBL)-producing bacterial isolates are emerging within the last years. To understand this emergence, a thorough genome-based analysis of ESBL isolates from different sources (One Health approach) is needed. Among these, analysis of surface water is underrepresented. Therefore, we performed a genome-based analysis of ESBL-producing Escherichia coli isolates from surface water samples. Water samples were collected from eleven different surface water sites (lakes, river). ESBL-producing E. coli were recovered from these samples using filters and chromogenic media. Whole-genome sequencing of ESBL-producing E. coli was performed followed by determination of the multilocus sequence type (ST), ESBL-type, and virulence genes. Phylogenetic analysis was done using single nucleotide analysis. From all water samples taken, nineteen ESBL-producing E. coli were recovered. All of them harbored an ESBL gene. Nine different multilocus STs were determined, among which ST-949 was the ST detected most frequently. Phylogenetic analysis of ST-949 isolates revealed that all those isolates were closely related. In addition, they harbored an identical chromosomal insertion of blaCTX–M–15, indicating a clonal relationship among these isolates. Genetic comparison with isolates from all over the world revealed that these isolates were closely related to human clinical isolates derived from New Zealand and Sweden. An ESBL-producing E. coli ST-949 clone was detected in German surface waters. Its close relationship to human clinical isolates suggests its ability to colonize or even infect humans. Our findings reveal that water sources indeed may play a hitherto underreported role in spread of ESBL-producing isolates.

Keywords: CTX-M-15, ST-949, ESBL-E. coli, water samples, WGS


INTRODUCTION

Extended-spectrum beta-lactamase (ESBL)-producing bacterial isolates are emerging in the last years (Peirano and Pitout, 2019). The spread of ESBL-producers is a clear One Health issue, as they have been found to be present in different sources, animals, humans, and environment (Hooban et al., 2020). This is true for Germany as well. In Germany, 6.3% of humans are colonized with ESBL-producing Escherichia coli isolates (Valenza et al., 2014). In diseased food-producing animals, the prevalence of ESBL-producing E. coli ranges between 0.8 and 11.2% depending on the animal species (Michael et al., 2017).

The commonly accepted opinion is that all different sources play a role in the spread of ESBL-producing bacteria. To be able to track the transfer routes of ESBL-producers among different sources, a thorough understanding of the epidemiology of these bacteria is needed. The method of choice to perform an in-depth epidemiological analysis is to use whole genome sequence-based methods. They have been used a lot in human and veterinary medicine (in particular to track outbreaks), but genome-based data from water sources are still very rare. Few epidemiological studies have been performed to analyze the genomes of ESBL-producing isolates from water samples. These studies showed a high identity between ESBL producers from water samples and clinical samples indicating a spread from either clinical to water sources or vice versa (Fagerström et al., 2019).

In order to gain more insight into this topic, an investigation was performed that included water samples from official and unofficial bathing sites at lakes and a river in Hesse, Germany.



MATERIALS AND METHODS


Sampling Procedure

During the bathing season 2018, samples were taken from swimming lakes in Hesse (n = 10). According to the European Bathing Water Directive (BWD; EG 2006/7) the sites were checked at least monthly for the presence of coliform bacteria. Additionally, samples from unofficial bathing sites of the Hessian river Lahn around Marburg and Giessen were taken (n = 9). Procedures for sampling as well as preparation, filtration, and enumeration were performed conforming with the DIN EN ISO 9308-2 (K6-1) 07-2014, DIN EN ISO 19458 (K19), DIN EN ISO 8199 (K20) 01-2008, and DIN EN ISO 9380-1: 2014 (K12) regulations within 24 h.



Characterization of ESBL-Producing Isolates

For detection of ESBL-producing isolates, water samples were filtered and the filters put onto BrillianceTM ESBL chromogenic medium (OXOID, Wesel, Germany). For isolates growing on the chromogenic agar, species confirmation was performed using MALDI-TOF-MS (Biomérieux, Nürtingen, Germany). Antibiotic susceptibility testing and ESBL phenotype confirmation was performed using the VITEK 2 System (AST-N263 cards, Biomérieux, Nürtingen, Germany). Classification of the antibiotic resistance/susceptibility was performed according to EUCAST criteria1.



Whole-Genome Sequencing

Short-read whole genome sequencing was performed for all E. coli isolates growing on the chromogenic medium (n = 21). DNA from overnight cultures was isolated using the Purelink genomic DNA kit (ThermoFisher, Dreieich, Germany). Short read sequencing was performed on a NextSeq 500 machine (Illumina, Eindhoven, Netherlands) using a Nextera XT sequencing library with an average read length of 115 nt and an average coverage of 33.5 x. Raw reads were processed using the ASA3P pipeline using default parameters (Schwengers et al., 2020).

Long-read sequencing of a representative E. coli ST-949 isolate (EDCC5518) was performed using the Nanopore technology. The library was prepared using the native barcoding kit (EXP-NBD103, Oxford Nanopore Technologies Ltd., Oxford, United Kingdom) and 1D chemistry (SQK-LSK108). Sequencing was performed using the SpotON Flow Cell Mk I R9 Version (FLO-MIN106) on a MinION/MinIT machine with an average read length of 4,137 nt. Basecalling was performed directly on the MinIT machine. Demultiplexing was performed using Porechop (v. 0.2.32). Hybrid assembly was performed using Unicycler (v. 0.4.7) (Wick et al., 2017) and the short and long reads with default parameters.



Genome-Based Analyses

In silico multilocus sequence typing of E. coli isolates was performed using the scheme presented by Wirth et al. (2006). Antibiotic resistance genes, plasmid incompatibility groups and fimH types were determined using the bacterial analysis pipeline of the Center for Genomic Epidemiology3. Insertion elements were determined using ISFinder (Siguier et al., 2006). Virulence gene determination was performed using ASA3P (Schwengers et al., 2020). Comparative genome analysis was performed using the HarvestSuite package (Treangen et al., 2014). Publicly available assembled E. coli genomes of the multilocus sequence type (ST) ST-949 were downloaded using Enterobase (as of 8th June 2020, Supplementary Table 1) (Zhou et al., 2020). Geographical representation of sampling sites was visualized using MicroReact (Argimón et al., 2016).



RESULTS AND DISCUSSION


Detection and Phenotypic Characterization of ESBL-Producing Escherichia coli Samples

During the bathing season of 2018 (June–August), fifty-five samples from nineteen sampling sites were collected. Of these samples, forty-four did not show growth of isolates on ESBL chromogenic agar. Notably, the 2018 summer was a comparatively hot summer4 resulting in low water levels. From the remaining water samples (n = 11, Figure 1), nineteen ESBL-producing bacterial isolates were detected (Table 1). Only E. coli isolates were detected. Environmental data and characterization of the sampling sites are shown in Table 1.
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FIGURE 1. Distribution of sampling sites. The figure was generated using microreact (Argimón et al., 2016).



TABLE 1. Environmental data and enumeration results of sampling sites with ESBL-positive samples.

[image: Table 1]For all E. coli isolates growing on the chromogenic plates, the ESBL phenotype was confirmed. Phenotypic resistance to antibiotics other than beta-lactams was detected very seldom and included resistance to fluoroquinolones (4/21) and trimethoprim/sulfamethoxazole (5/21) (Supplementary Table 2). The isolates were not resistant to carbapenems. According to the classification proposed by Magiorakos et al. (2012), all isolates were multidrug-resistant (resistant to ≥3 different antibiotic classes; Supplementary Table 2).



Genome-Based Analysis of Escherichia coli Isolates

All E. coli isolates harbored an ESBL gene (Table 2). The most common ESBL gene detected was blaCTX–M–15 (n = 17) followed by blaCTX–M–1 (n = 2) and blaCTX–M–27 (n = 2). The predominance of blaCTX–M–15 in our study is concordant with the results in other studies performed in Europe (Kittinger et al., 2016; Jorgensen et al., 2017). The E. coli isolates encoded other antibiotic resistance genes conferring resistance to aminoglycosides (7/21), fluoroquinolones (15/21, qnrS1), sulfonamide (5/21), trimethoprim (5/21), and tetracycline (2/21) (Table 2). In concordance with previous reports (Rodríguez-Martínez et al., 2011), the presence of qnrS1 did not lead to high-level fluoroquinolone resistance (MIC > 0.5 mg/L) in our isolates.


TABLE 2. Results of the genome-based analysis of the ESBL-producing E. coli isolates.

[image: Table 2]Multilocus sequence typing revealed that nine different STs were present (Table 2 and Figure 2). Of these, three were detected more than once: ST-949 (n = 11), ST-131 (n = 2), and ST-1431 (n = 2). E. coli ST-949 and ST-1431 isolates harbored blaCTX–M–15, while E. coli ST-131 isolates harbored blaCTX–M–15 or blaCTX–M–27.
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FIGURE 2. Core-genome-based comparison of the E. coli isolates analyzed in this study. Boxes depict the ESBL gene present in these isolates. For a representation of the isolate geographical location and the phylogeny, please see the following link: https://microreact.org/project/bELapwXL1Fi8ZdznzZHF1H.


To our knowledge, E. coli ST-949 have been reported in only five publications worldwide, indicating that this ST is less frequent and might represent an emerging clone (Oh et al., 2014; Potron et al., 2017; Potel et al., 2018; Fagerström et al., 2019; Sedrati et al., 2020). The total number of publicly available E. coli ST-949 isolates in the Enterobase database is 41 [as of 11th August 2020 (Zhou et al., 2020)], a very low number compared with frequent multilocus STs as e.g., ST-131 (n = 9202, as of 11th August 2020).

ESBL-producing ST-1431 E. coli isolates have been detected more often in animal sources (livestock, pets, wild animals) than in humans (Rocha-Gracia et al., 2015; Bachiri et al., 2017; Seiffert et al., 2017).

In this study, we detected two ST131 isolates. E. coli ST-131 are frequently associated with human clinical infections (Nicolas-Chanoine et al., 2014), in particular those depicting the fimH type H30 and harboring CTX-M-15 or CTX-M-27 (Nicolas-Chanoine et al., 2014; Stoesser et al., 2016). EDCC5529 depicted the fimH41 fimH-type and harbored blaCTX–M–15. EDCC5535 depicted a fimH30 fimH type and characteristic properties of the ST-131 C1-M27 clade (Matsumura et al., 2016): blaCTX–M–27, the GyrA S83L/D87N and ParC S80I/E84V mutations leading to fluoroquinolone resistance and the M27PP1 phage. Therefore, it is a member of the C1-M27 clade usually associated with human isolates (Matsumura et al., 2016; Ghosh et al., 2017). Thus, EDCC5535 might have originated from human sources.



Deeper Analysis of Escherichia coli ST-949 Isolates

The most common ST within the ESBL E. coli was ST-949 (Table 2 and Figure 2). Therefore, we analyzed these isolates in more detail. E. coli ST-949 is known to be associated with carbapenem-resistance (Potron et al., 2017; Potel et al., 2018) or ETEC pathotypes (Oh et al., 2014). They have been isolated from environmental samples (water samples) collected in Sweden, where the authors could show that the water isolates were highly related with isolates derived from a hospital that was adjoining the water source (Fagerström et al., 2019).

Because E. coli ST-949 are known to be pathogenic (Oh et al., 2014), we analyzed all available E. coli ST-949 isolates for the presence of virulence genes. The ST-949 isolates from this study harbored only ExPEC virulence genes (e.g., iron acquisition genes, Enterobactin, Supplementary Figure 2). The isolates detected in New Zealand and Sweden harbored the same sets of virulence genes. Other ST-949 harbored also toxins (Shigatoxin) and hemolysins indicating that ST-949 isolates differ widely in their virulence capabilities.

A whole-genome-based analysis of the E. coli ST-949 isolates from this study and those from Enterobase revealed two different findings (Figure 3 and Supplementary Table 1): Firstly, ST-949 isolates are divided into two different clusters. Cluster A (including our isolates) consists of isolates found in water, human, and livestock samples, while cluster B includes also isolates from companion animals. Secondly, only cluster A isolates contain CTX-M-15, while Cluster B isolates harbor either CTX-M alleles other than CTX-M-15, or AmpC beta-lactamases. Cluster B harbored two ST-949 isolates from Germany from livestock and an unknown source.
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FIGURE 3. Core-genome-based phylogenetic tree of E. coli ST-949 isolates from this study and Enterobase (as of 8th June 2020). For a representation of the isolate sampling site, please see Supplementary Figure 1.


The E. coli ST-949 isolates from this study (Cluster A, n = 11) were highly related to ST-949 isolates found in New Zealand (ESC_FB9670AA_AS, human isolate) and Sweden (n = 4, water and human isolates, Figure 3). All these 16 isolates harbored a complex antibiotic resistance gene region including not only the blaCTX–M–15 gene, but also the fluoroquinolone resistance gene qnrS1 and several different insertion sequences (Supplementary Figure 3). The antibiotic resistance region was inserted in the chromosome at an identical location in the isolates from this study and the isolates from New Zealand, while the isolates from Sweden harbored the identical region inserted at a different location of the chromosome. This finding indicates that the acquisition of blaCTX–M–15 in the two different clones was presumably from a different source and was independent in both clones.

The epidemiological link between Germany and New Zealand is not clear. It may indicate that the ST-949 clone found in Germany is present worldwide, but this is only an assumption as the total number of ST-949 isolates throughout the world is very low. It remains to be clarified whether ST-949 is an emerging ST and whether it is present in other sources.

The epidemiological link between ST-949 isolates from our study is partly explainable. All ST-949 river isolates originate from the same river (sampling sites 10, 11, 16, and 17), indicating a common source of contamination. Possible sources of contamination along the river might be either agriculture, two large university hospitals whose cleared wastewater end up in the river itself or human influence through tourism, as the river is frequently used for recreational purposes. Sampling site 6 is located close to the sampled river, indicating a possible contamination through the river by flooding. What is not completely clear, is the epidemiological link between sampling site 1 and the other sites. They are not interconnected by any water flows. A possible connection between those might have been movement of humans or animals (in particular birds).

ST-949 isolates have never been reported in Germany. Therefore, this is the first study detecting ST-949 E. coli in Germany. Its predominance in our study indicates that either ST-949 E. coli might resemble E. coli isolates only present in water sources or a new emerging multilocus ST in Germany. To prove this hypothesis, more studies are required.



CONCLUSION

In this study, we characterized ESBL-producing E. coli isolates from water samples. Our results show that the main MLST type is ST-949, reported in only a few number of very recent publications. In addition, it has been associated with human disease. This indicates that it might be an emerging ST with human pathogenic potential that could spread through water sources.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, PRJNA656216.



AUTHOR CONTRIBUTIONS

ED designed the study. AN and SH collected samples and data. ED performed antibiotic resistance determination. LF, AN, JF, and ED analyzed the data. LF, AN, and ED wrote the manuscript that was critically reviewed and approved by all authors.



FUNDING

This study has been funded through the Hessian Competence Center for Clinical Hygiene (HuKKH) funded by the Hessian Ministry for Education and Research and the German Center for Infection Research (Grant # 8032808811) funded by the Federal Ministry of Education and Research.



ACKNOWLEDGMENTS

We would like to thank Silke Zechel-Gran and Christina Gerstmann for excellent technical assistance.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.617349/full#supplementary-material


FOOTNOTES

1
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Multi-drug resistant (MDR), gram-negative Enterobacteriaceae, such as Escherichia coli (E. coli) limit therapeutic options and increase morbidity, mortality, and treatment costs worldwide. They pose a serious burden on healthcare systems, especially in developing countries like Rwanda. Several studies have shown the effects caused by the global spread of extended-spectrum beta-lactamase (ESBL)-producing E. coli. However, limited data is available on transmission dynamics of these pathogens and the mobile elements they carry in the context of clinical and community locations in Sub-Saharan Africa. Here, we examined 120 ESBL-producing E. coli strains from patients hospitalized in the University Teaching Hospital of Butare (Rwanda), their attending caregivers as well as associated community members and livestock. Based on whole-genome analysis, the genetic diversification and phylogenetics were assessed. Moreover, the content of carried plasmids was characterized and investigated for putative transmission among strains, and for their potential role as drivers for the spread of antibiotic resistance. We show that among the 30 different sequence types (ST) detected were the pandemic clonal lineages ST131, ST648 and ST410, which combine high-level antimicrobial resistance with virulence. In addition to the frequently found resistance genes blaCTX–M–15, tet(34), and aph(6)-Id, we identified csg genes, which are required for curli fiber synthesis and thus biofilm formation. Numerous strains harbored multiple virulence-associated genes (VAGs) including pap (P fimbriae adhesion cluster), fim (type I fimbriae) and chu (Chu heme uptake system). Furthermore, we found phylogenetic relationships among strains from patients and their caregivers or related community members and animals, which indicates transmission of pathogens. Also, we demonstrated the presence and potential transfer of identical/similar ESBL-plasmids in different strains from the Rwandan setting and when compared to an external plasmid. This study highlights the circulation of clinically relevant, pathogenic ESBL-producing E. coli among patients, caregivers and the community in Rwanda. Combining antimicrobial resistance with virulence in addition to the putative exchange of mobile genetic elements among bacterial pathogens poses a significant risk around the world.

Keywords: ESBL—E. coli, whole-genome sequencing, Rwanda, virulence factors, phylogenetic analysis


INTRODUCTION

The versatility of Escherichia coli (E. coli) is based on the diversity of genetic substructures within this species (Whittam et al., 1983). In addition to commensal strains, which are an essential part of the non-anaerobic intestinal microflora of humans, other mammals and birds, pathogenic variants occur. The dissimilarity of these pathotypes depends also on their virulence attributes, resulting in a wide range of pathologies in both humans and animals. The intestinal pathogenic E. coli (InPEC) express characteristic virulence factors that allow to adhere and invade intestinal cells, causing specific enteric and diarrheal diseases. While InPEC are obligate pathogens, extraintestinal pathogenic E. coli (ExPEC) are part of the intestinal microbiome but exhibit a heterogeneous composition of virulence factors to colonize niches such as the urinary tract (Kaper et al., 2004). They can thus cause infections in almost any organ or non-intestinal site, regardless of the state of the host’s immune system (Russo and Johnson, 2000). However, a strict differentiation of pathogenic and commensal E. coli is difficult, provided by their rapid geno- and phenotypic adaptation to changing environmental conditions, for example through horizontal gene transfer (Pallen and Wren, 2007). Despite the plasticity of the genome, phylogenetic studies have shown some clonality within the population structure of E. coli, from which seven distinct phylogenetic groups were derived (Jaureguy et al., 2008; Touchon et al., 2009; Clermont et al., 2013). Usually, commensal strains and obligatory pathogens belong to the phylogroups A and B1, whereas strains with extended virulent attributes (mainly ExPEC) are part of the phylogroups B2, D, and F, with the latter as a sister group of B2 (Escobar-Páramo et al., 2004; Clermont et al., 2013). Multi-locus sequence typing (MLST) allows additional classification and several phylogenetic studies suggest the spread of pandemic high-risk clonal lineages including primarily sequence type (ST) 131 (Nicolas-Chanoine et al., 2008; Ewers et al., 2010; Hussain et al., 2012), ST648 (Ewers et al., 2014; Schaufler et al., 2019), ST410 (Schaufler et al., 2016b; Zurita et al., 2020), putatively ST405 (Manges et al., 2019), and others.

The management of zoonotic infections caused by antibiotic-resistant bacteria has become a multidisciplinary challenge for all modern healthcare systems and is nowadays often approached in a holistic One Health context. Bacterial pathogens spread through direct contact among humans and animals, indirectly by (environmental) pollution and also through non-living and living vectors (Rahman et al., 2020). One example for the latter are houseflies, which have been demonstrated to carry antibiotic-resistant pathogens including extended-spectrum beta-lactamases-(ESBL)-producing E. coli (Rahuma et al., 2005; Heiden et al., 2020b; Tufa et al., 2020) non-susceptible to third-generation cephalosporins (e.g., cefotaxime) and monobactams (e.g., aztreonam) (Bevan et al., 2017). Notably, ESBL enzyme production is often accompanied by cross- and co-resistances (Cantón and Coque, 2006; Hidron et al., 2008; Pitout, 2012) resulting in multi-drug resistant (MDR) representatives (Beceiro et al., 2013).

Both pandemic clonal lineages including the aforementioned ST131, ST648 and others, as well as mobile genetic elements (i.e., ESBL-plasmids) drive the spread of antibiotic resistance and virulence-associated genes (VAGs) (Cantón and Coque, 2006). Interestingly, previous studies suggest that ESBL-plasmid carriage does not ineluctably reduce bacterial fitness, which seems particularly true for specific clonal lineages (McNally et al., 2016; Schaufler et al., 2016a; Ranjan et al., 2018; Monárrez et al., 2019; Schaufler et al., 2019). The combination of MDR with high-level bacterial virulence and fitness leads to the emergence of these pandemic, high-risk clonal lineages and subsequently contributes to treatment failures, increasing morbidity, and mortality (Melzer and Petersen, 2007; Schwaber and Carmeli, 2007; Tumbarello et al., 2007; Beceiro et al., 2013; Schaufler et al., 2019; Heiden et al., 2020a).

The One Health concept—addressing human, animal and environmental health—encounters some challenges, especially in low-income countries like Sub-Saharan Africa/Rwanda. On the one hand, the lack of surveillance systems may result in inadequate establishment and implementation of hygienic strategies and therapy guidelines (Muvunyi et al., 2011; Ntirenganya et al., 2015; Carroll et al., 2016). On the other hand, uncontrolled over-the-counter sale of partially counterfeit and substandard antibiotic drugs (Kayumba et al., 2004; Carroll et al., 2016) as well as close human-livestock contact and household crowding might contribute to the broad occurrence and interspecies transmission of MDR bacteria in Sub-Saharan Africa.

This study aimed to investigate whether (i) ESBL-producing E. coli circulate among patients, caregivers, the community, and animals in Rwanda, (ii) some of these belong to pandemic high-risk clonal lineages and how they are phylogenetically related, (iii) they demonstrate virulence-associated features, (iv) their mobile genetic elements contribute to the spread of antibiotic resistance.



MATERIALS AND METHODS


Bacterial Strains

The E. coli strains investigated in this study were sampled over a time period of 8 weeks at the University Teaching Hospital of Butare (Rwanda) in 2014 (previously described by Kurz et al., 2017). Rectal swabs (Sarstedt AG & Co. KG, Nümbrecht, Germany) were collected from patients and caregivers at admission and discharge as well as from several community members and animals. Each patient had their own caregiver, who were usually relatives accompanying the patient upon admission. They stayed in the patient’s room and were involved in personal care of the patient and food preparation. This is a common practice in African hospitals (Hoffman et al., 2012; Ugochukwu, 2013). Sample groups consisting of a patient and related caregiver, and associated family members, neighbors and/or pets were included in the same study-ID. The samples were plated onto chromogenic agar (CHROMagar-ESBL, Mast Diagnostica GmbH, Reinfeld, Germany) supplemented with 2 μg/mL cefotaxime (Cayman Chemical Company, Ann Arbor, United States) and incubated at 37°C. For putative ESBL-positive colonies, the production of ESBL and/or ampicillinase (AmpC) was verified (ESBL-AmpC-Detection Test, Mast Diagnostica GmbH, Reinfeld, Germany) and all strains positive for AmpC only were excluded. The strains were stored at –80°C in LB broth (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) supplemented with 20% (V/V) glycerol (Merck KGaA, Darmstadt, Germany). Originally, we have obtained overall 289 ESBL-producing E. coli strains (from patients, caregivers, community members, and animals), with 120 selected strains (based on related study-IDs) that were whole-genome sequenced. Additionally, flies caught with fly traps at different wards of the hospital examined in a previous study (Heiden et al., 2020b) were partly included in this study (Supplementary Table 1).



Whole-Genome Sequencing

One single E. coli colony was cultured in LB broth supplemented with 2 μg/mL cefotaxime overnight and the total DNA was extracted using the MasterPureTM DNA Purification Kit for Blood, Version II (Lucigen, Middleton, United States) according to the manufacturer’s instructions. DNA was purity-controlled and quantified using NanoDropTM 2000 (Thermo Fisher Scientific Inc., Waltham, United States). WGS was performed in collaboration with LGC (LGC Genomics GmbH, Berlin, Germany) with 150 bp paired-end-reads using Illumina NextSeq 500/550 V2.



Genomic Analysis

Raw reads were quality-trimmed, adapter-trimmed and contaminant-filtered using BBDuk from BBTools v. 38.861. After de novo assembly (at a maximum coverage of 100×) using shovill v. 1.1.02 in combination with SPAdes v. 3.14.1 (Bankevich et al., 2012), draft genomes were polished by mapping all trimmed reads back to the contigs with bwa v. 0.7.17 (Li and Durbin, 2009), processing SAM/BAM files marking optical duplicates with Samtools v. 1.10 (Li et al., 2009) and calling variants with Pilon v. 1.23 (Walker et al., 2014) (Supplementary Table 2).

Plasmid sequences of all strains were manually extracted using similarity searches (BLASTN Megablast) against the NCBI nucleotide collection for visualization in BRIG v. 0.95-dev.0004 (Alikhan et al., 2011). The in silico MLST, antibiotic resistance/virulence gene and single-nucleotide polymorphism (SNP) detection was carried out using mlst v. 2.19.03, ABRicate v. 1.0.04, and snippy v. 4.6.05. We inferred core SNP phylogenies for pandemic sequence types. Alignments were filtered for recombinations using Gubbins v. 2.4.1 (Croucher et al., 2015) and core SNPs extracted using snp-sites v. 2.5.1 (Page et al., 2016) [core SNP sites filtered out: 1,219 (ST131); 0 (ST354); 5,370 (ST405); 2,940 (ST410); 3,564 (ST648)]. The final core SNP alignments contained 208 (ST131; reference: PBIO440), 20 (ST354; reference: PBIO388), 177 (ST405; reference: PBIO397), 154 (ST410; reference: PBIO289), and 135 (ST648; reference: PBIO368) sites (Supplementary Table 3). Maximum likelihood trees were inferred with RAxML-NG v. 1.0.0 (Kozlov et al., 2019) using GTR + G (discrete GAMMA model of rate heterogeneity with 4 categories) and searching from 500 random and 500 parsimony-based starting trees. The best-scoring maximum likelihood tree supplemented with support values from 1,000 non-parametric bootstrap replicates was midpoint-rooted and visualized with iTOL v. 5.7 (Letunic and Bork, 2019). To assess the population structure of all available genomes, we inferred an additional phylogeny constructed with JolyTree v 2.0.19092ac (Criscuolo, 2019) of all 120 strains from this study and 13 housefly isolates previously published (Heiden et al., 2020b). A synteny plot comparing ST38 chromosome- and plasmid-derived contigs was created with genoPlotR v 0.8.9 (Luan and Li, 2004).



Minimum Inhibitory Concentration of Colistin

When the genotype was positive for colistin resistance (presence of mcr genes), we evaluated the resistance phenotype by determining the minimum inhibitory concentration (MIC) using MICRONAUT MIC-Strip Colistin (Merlin Diagnostika GmbH, Bornheim, Germany) according to the manufacturer’s instructions and interpreted the results according to the published breakpoints of EUCAST (The European Committee on Antimicrobial Susceptibility Testing, 2021). Experiments were performed thrice.



RESULTS


Phylogenetic Grouping and Multi-Locus Sequence Typing

The largest fraction of the 120 ESBL-producing E. coli originated from rectal swabs of patients (50.8%; 61/120), followed by caregivers (38.3%; 46/120), neighbors (5.0%; 6/120), family members (4.2%; 5/120), and animals (1.7%; 2/120) (Figure 1 and Supplementary Table 1). The majority of strains belonged to phylogroup A (30.8%; 37/120), which usually comprises commensal strains. The remaining strains were distributed among the phylogroups D (21.7%; 26/120), F (20.0%; 24/120), and B2 (14.2%; 17/120) as well as phylogroups B1 (6.7%; 8/120) and C (6.7%; 8/120), based on Clermont’s revised E. coli phylotyping method (Clermont et al., 2013).
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FIGURE 1. MLST-based distribution of investigated strains. Distribution of all investigated strains including genomes of ESBL-producing E. coli carried by houseflies (Heiden et al., 2020b; n = 133) and associated sequence types (STs). The five most prevalent STs are in bold.


Multi-locus sequence typing (MLST) from genomic data revealed 30 different STs. In total, sixty percent (18/30) of identified STs were present more than once and 10 or more strains belonged to 4 main STs (13.3%; 4/30) including the high-risk ST131 and ST648 E. coli lineages. These most frequently encountered STs were ST405 (15.0%; 18/120), ST131 (12.5%, 15/120), ST354 (9.2%; 11/120) and ST648 (8.3%; 10/120), which accounted for 45.0% (54/120) of all strains. Including the pandemic ST410 lineage, more than half of all strains (50.8%; 61/120) belonged to one of the five most prevalent STs in this study (Figure 1). These sequence types belonged to phylogroups B2 (ST131), D (ST405), and F (ST354, ST648) as well as phylogroup C (ST410), thus underlining the heterogeneity of phylogenetic backgrounds among ESBL-producing E. coli.



Phylogenetic Relationships

To elucidate phylogenetic relationships, we constructed a tree in an alignment-free manner for all investigated genomes (Supplementary Figure 1). Additionally, we inferred phylogenies, which are based on SNPs in the core genome of strains belonging to the five predominant STs of this study to assess potential transmission scenarios (Figure 2). For comparative reasons, we included 13 genomes of ESBL-producing E. coli isolated from houseflies (Heiden et al., 2020b) originating from the same Rwandan hospital.
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FIGURE 2. Midpoint-rooted maximum likelihood core SNP phylogenies of the five dominating sequence types. Reference isolates for ST131 (PBIO440; A), ST354 (PBIO388; B), ST405 (PBIO397; C), ST410 (PBIO289; D), and ST648 (PBIO368; E) are highlighted in bold. The trees are based on alignments with 208 (A), 20 (B), 177 (C), 154 (D), and 135 (E) sites. Sub-clades are highlighted in gray. Circles at branches display bootstrap proportions ≥50% (1,000 replicates). Symbols besides the tree depict isolation sources as given in the legend.


The phylogenetic analysis (Supplementary Figure 1) shows that the E. coli strains were distributed among six distinct phylogroups and grouped into several clades according to their sequence type. Within these ST-associated phylogenies, several sub-clades were defined with genomes interspersed in patients, caregivers, related community members as well as animals and flies, which suggests common phylogenetic backgrounds (Clermont et al., 2011) potentially based on interspecies transmission. For example, PBIO458 (study-ID 60) and PBIO459 [(study-ID 133)—both ST38 isolated from two animals—clustered with four different strains from patients, family members and neighbors, PBIO272 (patient admission, study-ID 60), PBIO451 (neighbor, study-ID 60), PBIO455 (family member, study-ID 60), and PBIO467 (patient follow-up, study-ID 60)]. These findings are corroborated by results of two of our previous studies, where we demonstrated the likely transmission of ESBL-producing E. coli ST38 among humans and animals (Guenther et al., 2017; Schaufler et al., 2018). Note, however, that in this current study, only one representative of ST38 [PBIO302 (caregiver admission, study-ID 131)] carried a chromosomally encoded blaCTX–M–15 gene and the before mentioned strains carried plasmid-encoded ESBLs (Supplementary Figure 1), which is contrary to our previous findings. We then compared the blaCTX–M–15 gene-carrying chromosomal contig of PBIO302 to two of the plasmid-encoded blaCTX–M–15 sequences of ST38 (PBIO272 and PBIO459; Supplementary Figure 2). The chromosomal sections of PBIO302, PBIO272, and PBIO459 were highly similar, except the chromosomal insertion of blaCTX–M–15 in PBIO302. This resistance gene was flanked by transposable elements, as described below.

In addition, strains with the numbers PBIO1939, PBIO1942, PBIO1945, PBIO1946, and PBIO1947 from houseflies were in the same sub-clade as strains isolated from different human sources indicating the potential role of living vectors in the spread of pathogenic bacteria.

For the phylogenetic trees of the five predominant STs of this study (Figure 2) it is interesting to notice that some genomes stemming from different sources were more closely related than genomes from the same source. For example, PBIO283 [(study-ID 92) Figure 2A, ST131, sub-clade 1], which originates from a caregiver at admission differed in 0.2 ± 0.0003 SNPs/Mbp with strains isolated from the related patient at admission [PBIO286 (study-ID 92)] as well as discharge [PBIO285 (study-ID 92)] and unrelated patients at discharge [PBIO293 (study-ID 114) and PBIO296 (study-ID 117)]. Moreover, PBIO440 [(study-ID 133) Figure 2A, ST131, sub-clade 2], isolated from a community member, only varied in 0.2 SNPs/Mbp compared to a follow-up strain of an already discharged patient [PBIO405 (study-ID 434)]. Notably, all strains belonging to ST354 (Figure 2B, sub-clade 3) only differed in 1.0 ± 0.4 SNPs/Mbp including one strain carried by a housefly (PBIO1945). Also interesting was the difference between PBIO368 [(study-ID 335) Figure 2E, ST648, sub-clade 4], originating from a patient at discharge, and strains of distinct sources [PBIO354 (caregiver admission, study-ID 265), PBIO355 (patient discharge, study-ID 265), and PBIO367 (caregiver admission, study-ID 288)], differing in 0.9 ± 0.1 SNPs/Mbp. These numbers of SNPs were up to 10-fold lower than described for clonal EHEC strains during an outbreak in Germany (1.8 SNPs/Mbp) (Grad et al., 2012; Been et al., 2014), suggesting the circulation of only a handful of sequence types in this African setting, which interestingly happen to mostly be international high-risk clonal lineages. In addition, some strains from identical STs were carried by both flies and humans, for example PBIO1945 and PBIO374 (caregiver discharge, study-ID 401; Figure 2B), again indicating the role of flies in the spread of antibiotic-resistant pathogens.



Antimicrobial Resistance Determinants

The predominant ESBL-gene was blaCTX–M–15 (87.5%; 105/120). Furthermore, 76 strains (63.3%; 76/120) carried blaOXA–1 and eight (6.7%; 8/120) blaCTX–M–27. Previous studies reported the co-occurrence of blaCTX–M–15 and blaOXA–1, whereas other members of the CTX-M family (e.g., blaCTX–M–27) and blaOXA–1 appear to be mutually exclusive (Schaufler et al., 2016b; Livermore et al., 2019; Bodendoerfer et al., 2020). Here, almost all strains carrying the blaOXA–1 gene (98.7%; 75/76) carried the blaCTX–M–15 gene in addition and none showed the combination of blaOXA–1 and another CTX-M gene. The co-occurence of distinct CTX-M genes was not detected. For the majority of blaCTX–M-positive strains (71.1%; 81/114), the corresponding gene was encoded on a plasmid (Supplementary Figure 1). Interestingly, all strains of phylogroup F (20.0%; 24/120) were carriers of blaCTX–M–15 genes, of which 87.5% (21/24) were located on the chromosome (all strains belonging to ST648 and ST354). These chromosomally encoded genes were flanked by an insertion sequence ISEcp1 upstream and a Tn2 downstream. Also note that the strains PBIO242 and PBIO245 (ST354) showed two of these motifs consecutively. The blaCTX–M–15 gene of the ST410 strains PBIO288, PBIO289, and PBIO290 were found in proximity to an upstream-located ISEcp1 only. Previous studies have already demonstrated the diversity and global distribution of these complex transposable units in enterobacteria (Poirel et al., 2005; Lartigue et al., 2006; Decano and Downing, 2019; Ludden et al., 2020; Yoon et al., 2020).

Genes encoding for carbapenem-hydrolyzing enzymes, like blaOXA–48 or blaNDM–1, were not present.

A growing body of ESBL-producers is MDR (Cantón and Coque, 2006; Hidron et al., 2008; Pitout, 2012; Beceiro et al., 2013). In our study, all investigated strains (100.0%; 120/120) were carriers of genes conferring resistance to three or more different classes of antimicrobial agents, thus exhibiting a MDR genotype (Magiorakos et al., 2012). In total, 120 strains (100.0%; 120/120) carried resistance genes to tetracyclines (tet), followed by genes encoding for aminoglycoside (aac, aad, and aph [98.3%; 118/120]), sulfonamide [sul (90.0%; 108/120)], trimethoprim [dfr (89.2%; 107/120)], chloramphenicol [cat (72.5%; 87/120)], and fluoroquinolone [aac(6′)-Ib-cr and qnr (71.7%; 86/120)] resistances. Two strains (1.7%; 2/120) belonging to ST181 and ST540 were carriers of mcr-9 but showed phenotypic susceptibility to colistin, which is a last-resort antibiotic (MIC of both strains: 0.5 μg/mL). Interestingly, previous studies suggest that this latest member of the mcr gene family does not always confer phenotypic resistance to colistin in clinical isolates, although overexpression in E. coli TOP10 cells leads to increased MICs (Carroll et al., 2019; Kieffer et al., 2019; Tyson et al., 2020).

In addition to the resistances described, genes encoding for efflux pumps were found frequently, with mdfA in all (120/120) and acrB in 85.8% (103/120) of all genomes.



Virulence-Associated Genes

As previously demonstrated by us and others, the combination of MDR and high-level bacterial virulence seems to be a hallmark of pandemic high-risk clonal lineages (Hussain et al., 2012; Ewers et al., 2014; Shaik et al., 2017; Schaufler et al., 2019). To investigate the strains’ genetic virulome, we analyzed the genomes of the predominant ST131 (n = 15), ST648 (n = 10), ST354 (n = 11), ST405 (n = 18), and ST410 (n = 7) for these features (Figure 3).
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FIGURE 3. Presence/absence of virulence factors (VAGs) among ESBL-producing E. coli belonging to the five most prevalent sequence types (STs). Color-filled boxes show the presence of genes (coverage and identity ≥ 65%) encoding for different VAGs.


The strains belonging to the five predominant STs carried several VAGs, mainly associated with adherence, antiphagocytosis, biofilm formation, invasion, iron uptake and bacterial secretion. The ability to attach to surfaces/cells and form biofilms is a common strategy used by bacterial populations to resist antibiotic treatment and host defense mechanisms as well as cause infection (Moser et al., 2017; Amanatidou et al., 2019). In particular, genes for the P fimbriae adhesion cluster [pap operon (70.5%; 43/61)], Dr family of adhesins (4.9%; 3/61) and type I fimbriae [fim (100%; 61/61)], which are necessary for uroepithelia cell adhesion and invasion, and, thus, for causing urinary tract infection (Mulvey, 2002), were frequently found. Notably, strains belonging to ST354 and ST410 showed a lack of pap genes, which is consistent with previous findings (Vangchhia et al., 2016; Zogg et al., 2018; Schaufler et al., 2019). Furthermore, we detected several members of the csg gene family in all genomes (100%; 120/120). These genes encode curli fibers, which are essential components of bacterial biofilms (Hammar et al., 1995; Evans and Chapman, 2014).

The ability to acquire intracellular heme and hemolysin, which is based on the expression of iron uptake-associated genes [e.g., Chu heme uptake system (88.5%; 54/61), yersiniabactin (86.9%; 53/61), and aerobactin (65.6%; 40/61)], is an effective strategy for iron utilization during infection (Fischbach et al., 2006) and is another important virulence-associated feature in the repertoire of these bacteria.



Mobile Genetic Elements

We next investigated the occurrence and circulation/transfer of ESBL-plasmids among strains and thus their contribution to the spread of antibiotic resistance in the Rwandan setting.

In total, 107 strains (89.5%; 107/120) carried plasmids with incompatibly (Inc) group FIB, followed by IncFIA (75.8%; 91/120) and IncFII (70.8%; 85/120). In particular IncF plasmids are frequently associated with genes encoding ESBL-genes, other resistances as well as virulence features important for iron acquisition (Han et al., 2012), serum resistance (Ranjan et al., 2018), and biofilm formation (Schaufler et al., 2016a).

To better assess similar plasmid backgrounds, we compared the plasmid sequences of all strains that carried a plasmid-borne blaCTX–M–15 gene against the plasmid sequence of PBIO241 (ST405; patient discharge; study-ID 159; Figure 4) as a representative for the most prevalent ST. Keep in mind, however, that the selection of the reference biases the visual representation when a large number of plasmid sequences is absent in the query sequences. On the other hand, plasmid sequences, not present in the reference but in queries, are missing in this approach. The plasmid backbones of other ST405 strains were highly similar to the reference. In contrast, plasmids from strains of other pandemic STs (ST131 and ST410) only showed few similarities when compared to the reference plasmid underlining their genetic diversity. Interestingly, in addition, the plasmid sequences of four ST167 strains [PBIO276 (patient discharge, study-ID 78), PBIO277 (patient admission, study-ID 78), PBIO301 (caregiver discharge, study-ID 131), and PBIO306 (patient discharge, study-ID 131)] were highly similar to the reference. Five other strains [PBIO256 (ST12, patient admission, study-ID 40), PBIO257 (ST12, patient discharge, study-ID 40), PBIO258 (ST1421, patient admission, study-ID 40), PBIO1948 (ST5474, housefly), and PBIO1949 (ST5474, housefly)] showed identical plasmid sequences in parts of the BRIG visualization that were absent in most of the other sequences.
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FIGURE 4. Circular comparison of the plasmid background of strains with plasmid-borne blaCTX–M–15 gene. The BLAST-classified plasmid contigs were searched against plasmid contigs of PBIO241 (ST405) as a reference. Strains are ordered by ST and name in ascending order and depicted in concentric rings from inner to outer. Red and blue arcs show contig boundaries and the outermost ring contains coding sequences (CDS; gray arrows) with the blaCTX–M–15 gene highlighted in black. The comparison was created with BLAST Ring Image Generator (BRIG).


We also compared some of our plasmid sequences of representative strains (criteria: top BLAST-hits) against a publicly available reference plasmid pIV_IncHI2_CTX_M_15 (Marchetti et al., 2020; Supplementary Figure 3). This blaCTX–M–15-containing plasmid has been originally obtained from an E. coli ST58 strain causing a deadly puppy infection in Italy in 2019. Interestingly, the plasmid backbone of PBIO251 (ST155, patient admission, study-ID 153) was nearly identical when compared to this external Italian plasmid. The plasmids of PBIO275 (ST540, caregiver admission, study-ID 78), PBIO385 (ST3494, patient discharge, study-ID 434), and PBIO1943 (ST5474, housefly) also showed high similarities to the reference and thus among each other.

The presence of similar resistance plasmids in strains of distinct sequence types and sample groups indicates the potential transmission of mobile genetic elements and the growing prevalence of successful plasmid families (Carattoli, 2011).



DISCUSSION

In contrast to Europe, the United States of America and Australia, only little information is available concerning the exact characteristics and distribution of ESBL-producing E. coli in Africa. This study reveals the broad occurrence and potential circulation of several international high-risk clonal lineages in a hospital and associated locations in Rwanda, following up on a publication by Kurz et al. (2017). Despite the potential bias due to the analysis of both admission and discharge strains of the same patient and/or caregiver, it is remarkable that our sample set was dominated by ST131, ST648, and ST410, which have been frequently reported from humans, animals and the environment (Nicolas-Chanoine et al., 2008; Ewers et al., 2010, 2014; Hussain et al., 2012; Schaufler et al., 2016b, 2019) and which are “classic” pandemic, high-risk clonal lineages. In addition to these, we found ST354 to be the third most detected sequence type in this study. Its emergence has been previously described globally except for the African continent (Manges et al., 2019). This locally restricted accumulation of one single ST in combination with a small number of other STs indicates re-entering and circulation of dominant bacterial lineages in the Rwandan hospital and among family members/neighbors and animals.

Interestingly, within the ST-associated clades, some genomes without genetic differences were interspersed in humans (hospitalized patients and caregivers as well as community members) and animals. This putative lack of host adaptation and the close phylogenetic relationships indicate the colonization and rapid transmission of several clones within the community and the potential transmission into the clinical setting and vice versa, underlined by the high acquisition rates of ESBL-producing E. coli during hospitalization as described previously (Kurz et al., 2017).

The resistance genes found in this study confer resistances to antibiotics frequently used in veterinary medicine and/or in sub-therapeutic doses as food supplements and growth promotors in Africa (Eagar et al., 2012; Adesokan et al., 2015; Mainda et al., 2015; Manishimwe et al., 2017). When also considering the zoonotic character of ESBL-producing E. coli, it is not surprising that we found clonal strains with similar patterns of resistance features in the different sample groups. Transmission likely occurred among patients and caregivers/family members and was also influenced by livestock animals due to close human-animal contact (Klous et al., 2016).

Two strains of this study carried the mcr-9 gene but were phenotypically susceptible to colistin. This phenomenon was first reported in 2019 (Carroll et al., 2019; Kieffer et al., 2019). Due to the structural heterogeneity compared to other mcr genes (65% amino acid identity with the most closely related mcr-3 gene) and the weak inactivation of colistin, the clinical importance of mcr-9 is unknown (Tyson et al., 2020).

Notably, some of the strains showed extensive, chromosomally encoded virulence-associated features. The CNF-1-encoding gene (cnf1) detected in strain PBIO350 (ST648), for example, is associated with causing neonatal meningitis (Khan et al., 2002). In addition to the major virulence factors of meningitis-associated and uropathogenic E. coli (like P fimbriae adhesion cluster, K1 capsule, heme utilization systems, and the secreted autotransporter toxin), the strains showed VAGs typical for InPEC (especially the various bacterial secretion systems) underlining the clinical relevance of these pathogens.

Finally, we demonstrate that similar plasmid sequences were present in strains from different sample groups, thus likely indicating mobile genetic element transmission, and underlining the importance of plasmid-driven spread of antimicrobial resistance independent of the host’s phylogenetic background (Schaufler et al., 2016a; Ranjan et al., 2018). Interesting in addition to similarities among strains from the Rwandan setting is in particular the close relationship to an external plasmid, which has been obtained only recently (Marchetti et al., 2020). This highlights the sometimes global spread of such mobile genetic elements and their bacterial hosts.



CONCLUSION

In this study, we investigated and identified the presence of clinically relevant ESBL-producing E. coli that circulate among patients, caregivers, the community and animals in a Rwandan setting. The findings contribute to the understanding of the global dissemination of bacterial high-risk clonal lineages, their virulence features as well as plasmid transmissions. They also underline the potential role of houseflies in this harmful dynamic.
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Whole genome sequencing (WGS) has had widespread use in the management of microbial outbreaks in a public health setting. Current models encompass sending isolates to a central laboratory for WGS who then produce a report for various levels of government. This model, although beneficial, has multiple shortcomings especially for localised infection control interventions and patient care. One reason for the slow rollout of WGS in clinical diagnostic laboratories has been the requirement for professionally trained personal in both wet lab techniques and in the analysis and interpretation of data, otherwise known as bioinformatics. A further bottleneck has been establishment of regulations in order to certify clinical and technical validity and demonstrate WGS as a verified diagnostic test. Nevertheless, this technology is far superior providing information that would normally require several diagnostic tests to achieve. An obvious barrier to informed outbreak tracking is turnaround time and requires isolates to be sequenced in real-time to rapidly identify chains of transmission. One way this can be achieved is through onsite hospital sequencing with a cumulative analysis approach employed. Onsite, as opposed to centralised sequencing, has added benefits including the increased agility to combine with local infection control staff to iterate through the data, finding links that aide in understanding transmission chains and inform infection control strategies. Our laboratory has recently instituted a pathogen WGS service within a diagnostic laboratory, separate to a public health laboratory. We describe our experience, address the challenges faced and demonstrate the advantages of de-centralised sequencing through real-life scenarios.
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Introduction – Pathogen Whole Genome Sequencing: Current Situation and Future Directions

Outbreaks of multi-drug resistant (MDR) pathogens represent a constant threat to healthcare systems worldwide. Infections with MDR pathogens are associated with higher morbidity and mortality rates than susceptible pathogens due to limited available treatment options (Scott, 2009; Vincent et al., 2009; Gandra et al., 2019). Effective infection control is therefore important for mitigating potential outbreaks.

Pathogen whole genome sequencing (WGS) has been demonstrated as a useful tool for identifying outbreaks and indicating points of intervention (Arnold, 2015; Gilchrist et al., 2015; Brown et al., 2019). WGS has become progressively available due to its increased affordability, which has led to its improved uptake for pathogen WGS in a clinical diagnostic space (Deurenberg et al., 2017; Berry et al., 2020). This technology is constantly evolving with some of the more recent advancements including a more rapid turn-around time of results, especially in relation to technologies such as Oxford Nanopore Technologies (Tyler et al., 2018).

Currently, pathogen WGS follows a centralised sequencing approach modelled off a public health process where isolates are sequenced at a centralised laboratory, analysed and a generic analysis report produced (Grant et al., 2018). Although this model is beneficial, by reducing the costs associated with WGS, the turnaround time can be quite long, effectively reducing the practicality of using WGS data in outbreak investigations. Further, there is disconnect between those requesting the data and those analysing and interpreting it, limiting its useability.

A transition to WGS at a local level would therefore be more suitable for use in a diagnostic laboratory, as data can be generated and analysed in near real-time. Uptake of WGS at a local level, however, has mostly been hindered by the lack of staff with the necessary bioinformatics skills needed for the analysis of data generated. Furthermore, establishment of necessary regulations are still under development to try and standardise this technology across multiple sites.

Here we review our experience with implementing a pathogen WGS service at a localised level in a clinical diagnostic space and demonstrate the benefits of establishing such a service at a local vs a centralised level.



Centralised vs Localised Sequencing – Shortcomings of a Public Health Model in a Clinical Diagnostic Setting

Improvements in next generation sequencing (NGS) technologies, including development of benchtop sequencing and remote cloud computing and data storage, are helping to support a move to a decentralised model. Our laboratory currently houses an Illumina MiSeq, an Illumina iSeq and more recently an Oxford Nanopore MinION platform. These instruments take up a relatively small benchtop area of between 3.8, 1.0 m2 and the size of the computer used to run the MinION platform respectively. Our laboratory started sequencing bacterial isolates in 2017 and since then has undergone a successful accreditation review by the Australian regulatory body; National Association of Testing Authorities, Australia (NATA) in 2019.

Our sequencing service currently serves our hospital, a quaternary 900-bed referral hospital that provides several state-wide services, including liver transplantation. Bacterial isolates are sequenced in our laboratory for a number of purposes including outbreak investigations, confirmation of species identification and investigation and confirmation of antibiotic resistance and virulence genes. Sequencing requests are made by our infectious disease specialists with both the wet- and dry-lab procedures undertaken by our microbiologists on site. Our laboratory performs pathogen WGS on approximately 1000 bacterial isolates per year. Pathogen WGS is incorporated into our routine laboratory workflow. In brief, bacterial cultures are first identified by species through matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry (MS). Susceptibility testing is then performed using the Vitek and complimented with disc diffusion and E-tests. Further confirmatory testing is performed by our molecular department using PCR for confirmation of vancomycin resistance genes, methicillin-resistant Staphylococcus aureus (MRSA), and confirmation of carbapenem resistance genes in Enterobacteriaceae isolates with a raised meropenem MIC. Following WGS, bioinformatic analysis of the samples are performed on site using an in-house bioinformatics pipeline by a qualified microbiologist and a customised report generated. A schematic overview of our laboratory process is presented in Figure 1. There are several major benefits that are experienced by sequencing at a local level compared to centralisation. First, reduced turnaround time is the most significant improvement as samples do not have to be transported to external sites for sequencing. Moreover, current clinical microbiology practice involves several processes which can take several days for culturing, species identification and susceptibility testing, and weeks for molecular typing. For slow growing bacteria, results can take months to be obtained. WGS can produce all this information in as little as a week (Didelot et al., 2012). Prioritisation of samples at a centralised laboratory is often based on a first-in first-served basis due to the large quantities of samples received which also adds to the turnaround time. At a localised level, samples can be selected based on priority. Fast turnaround times, so the data can be assessed and interpreted in real-time, are especially important in assessing outbreaks, maximising the benefits of utilising WGS technology.




Figure 1 | Schematic overview of the laboratory process for WGS.



In a centralised laboratory, there is a major disconnect between the samples sequenced and their associated metadata, limiting connections that can be made between isolates. In our laboratory, we undertake a cumulative analysis approach whereby each successive isolate of the same bacterial species is analysed as a group in addition to individual case studies. This allows connections between isolates to be established which may not necessarily be obvious due to large timespans between collection and sequencing. Further, with centralised sequencing and generation of a generic report there is limited ability for interpretation. At a localised level there is a greater degree of communication between clinicians, microbiologist and bioinformaticians allowing shared knowledge and greater understanding of the data generated.

An additional strength of sequencing at a local level is the small number of samples that are considered important. In our setting, a single MRSA from NICU is considered worthy of sequencing with detection of an extended outbreak over time. In a centralised setting, such as in public health, the importance of a single isolate is not recognised and would not warrant sequencing unless a cluster of isolates with suggested links are identified.

The largest bottleneck presented to decentralisation of WGS is the bioinformatics. This is becoming less of an issue as more graphical user-friendly interfaces are being developed (e.g., Galaxy, Illumina’s Basespace). Development of effective semi-automatic pipelines have also allowed those with basic bioinformatics skills to analyse data. However, for a more in-depth or customised analysis, some knowledge of Unix-systems is required in order to utilise the large number of free bioinformatics software packages available. Furthermore, scientific knowledge of the biology of various micro-organisms that are investigated as well as their important genomic features are essential for a comprehensive analysis.

The final obstacle for a decentralised model is development of an accreditation process to standardise testing across multiple laboratory sites. This is still in the development phase, but as more and more laboratories decide to uptake this technology, the accreditation process will become more streamlined and robust. Some of the caveats to accreditation include both wet- and dry-lab parts requiring validation, the methods of WGS are applicable to all microbial species so standardisation needs to be broad and validation of the WGS workflow may have to be performed using a selection of species as opposed to every species. As WGS is far superior to many of the technologies currently used in the laboratory, it can also provide multiple pieces of information such as phylogeny, antibiotic and virulence genes and MLST, with each of these aspects requiring verification.



Requirements and Regulation of Pathogen Whole Genome Sequencing

NATA is the regulatory body responsible for certifying laboratories across Australia that they comply with regulatory standards and give confidence in the data and reports produced to those seeking their services. A number of criteria are required to be met for a laboratory to receive certification and are based on relevant international standards (e.g., ISO/IEC 17025, ISO 15189, ISO/IEC 17020). The process of accreditation involves a number of steps including first an enquiry followed by an advisory visit, application, document review, assessment and finally accreditation. After the accreditation process is complete, scheduled reassessments and surveillance visits become incorporated into the laboratory process to ensure continued compliance. To help laboratories ensure they comply with NATA, the accreditation process is administered jointly with the RCPA (Royal College of Pathologist Australasia).

WGS has been used routinely in human medical genomics, with standards well established within this field (ISO 15189 Medical Laboratories – Requirements for quality and competence, Requirements for human medical genome testing utilising massively parallel sequencing technologies). Currently, there is no specific guidance regarding quality issues, validation and requirements of supervision using massively parallel sequencing technology in relation to microbial sequencing.

One of the major differences when applying frameworks used in medical genomics is the focus of reporting and sequencing directed at target regions or genes with strict guidelines for the interpretation of mutations. For pathogen WGS, this is less straight forward as the whole genome of micro-organisms are being assessed. The data is somewhat open to interpretation and requires educated judgement for interpreting the results and for making decisions.

As with any other microbiology test demonstrating ongoing quality proficiency is necessary. Although programs exist, these are likewise directed at public health laboratories. A pilot program has been established by RCPA for assessing WGS of infectious agents, with ambitions to continue this program into the future.

Overall, for pathogen WGS to transition to a localised level, it is important that these requirements and regulations become well established. This will assist diagnostic laboratories in the set up and formation of pathogen WGS in their own facilities. It will also ensure the services provided at different locations become standardised, providing more confidence in a decentralised model over a centralised one.



Benefits of Onsite Sequencing – Case Studies

Pathogen WGS has been routinely performed in our hospital for the last two years. This has been beneficial in a clinical diagnostic space. The reasons for testing can be categorised into three broad categories: patient-centred, hospital-centred and/or investigational.

Patient-centred sequencing directly impacts patient care or outcomes for example, we sequence all Burkholderia cepacia complex isolates from respiratory tract samples of cystic fibrosis patients to confirm speciation. These results influence decisions around suitability for lung transplantation.

Similarly, in hotel quarantine, decision about care and release from quarantine are based on SARS-CoV-2 genomics. Our laboratory thus began using WGS sequencing to identify variants of concern (VOC) of SARS-CoV-2 in real-time. To enable a faster throughput and ability to sequence a single isolate, SARS-CoV-2 WGS long-read sequencing is performed using Oxford Nanopore Technologies (ONT) (Bull et al., 2020). One of the major advantages of introducing this technology has been the real time monitoring of genome coverage allowing us to generate a lineage report within 8 hours.

Other patient-centred applications included antimicrobial resistance testing, antiviral resistance testing and metagenomics, although the later remains under investigation. Additional examples of the uses of pathogen WGS are outlined in some of our recent publications listed in Table 1.


Table 1 | Recent publications demonstrating applicability of bacterial WGS in clinical diagnostic microbiology.



To highlight how pathogen WGS at a local level has benefited our infection control team (hospital-centred sequencing) we outline an outbreak investigation that spanned over a 17-month period (Figure 2). Our laboratory routinely sequences Enterobacteriaceae isolates with a raised meropenem MIC, indicative of carbapenem resistance. From January 2018 until July 2018, our hospital detected several patients colonised with NDM-1 producing Klebsiella pneumoniae. Analysis of the sequencing data in conjunction with the epidemiological data provided by our infection control staff we were able to confirm an outbreak. Genomic linkages were also fed back leading to additional reviews of bed movements and exploration of possible “missed” transmission events. With near real-time analysis we were able to direct interventions and identify areas for environmental testing.




Figure 2 | Maximum likelihood phylogeny of the Salmonella enterica (S1-S6) and Klebsiella pneumoniae (KP1-KP6) outbreaks. The purple circled isolate (KP3 and S3) originate from the same patient. The coloured arcs in the K. pneumoniae outbreak demonstrate the epidemiological links between patients, with KP6 confirmed as unrelated to the outbreak. The dotted line between KP3 and S3 indicates the movement of the NDM-1 plasmid from K. pneumoniae and S. enterica within patient 3. The NDM-1 plasmid is depicted in the overlayed box with coloured bands representative of different genes (grey: hypothetical, yellow: mobile genetic elements, red: antibiotic resistance genes, and blue: other).



Around 7 months after this outbreak was detected, we had increased incidence of Salmonella enterica in several patients. WGS combined with epidemiological data, similarly, confirmed S. enterica outbreak. Interestingly, one of the patients carried an NDM-1 producing S. enterica and had co-located on the same ward as one of the patients involved in the NDM-1 K. pneumoniae outbreak. We investigated this further and established inter-species transmission of a plasmid carrying the NDM-1 resistance gene had occurred between K. pneumoniae and S. enterica.

The connections determined between these two separate outbreaks would unlikely to have been recognised if these isolates were sequenced at a centralised level, considering the timespan that occurred between these two events. As our infectious disease specialists and scientists responsible for performing WGS communicate closely, links between these two outbreaks became more readily apparent and the analysis was able to be modified accordingly.

Finally, WGS has allowed us to investigate unexpected testing features encountered in the diagnostic laboratory. We noticed an increase in MRSA isolates that were mis-identified as coagulase-negative S. aureus. WGS was able to identify a deletion event in the spa gene that occurred during the emergence of ST45 MRSA in NSW (Figure 3). This deletion made the assay unreliable as a diagnostic test. The company was informed of our results and they were able to modify their diagnostic assay accordingly (Beukers et al., 2020).




Figure 3 | Alignment of the spa gene from ST45 MRSA of various spa types and indicating the detected deletion event contained within the signal sequence and the IgG binding domains. The first sequence shows the various regions present in the spa gene in green whilst the sequences below indicate isolates of different spa types with or without the deletion.





Conclusion

The benefits of onsite pathogen WGS have been clearly demonstrated, with the most advantageous factor of localised compared centralised pathogen WGS an increased turnaround time. As WGS costs continue to decrease and the technology continues to advance, it is becoming more and more feasible for smaller laboratories to implement this technology.
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Whole-genome sequencing (WGS)-based outbreak investigation has proven to be a valuable method for the surveillance of bacterial pathogens. Its utility has been successfully demonstrated using both gene-by-gene (cgMLST or wgMLST) and single-nucleotide polymorphism (SNP)-based approaches. Among the obstacles of implementing a WGS-based routine surveillance is the need for an exchange of large volumes of sequencing data, as well as a widespread reluctance to share sequence and metadata in public repositories, together with a lacking standardization of suitable bioinformatic tools and workflows. To address these issues, we present chewieSnake, an intuitive and simple-to-use cgMLST workflow. ChewieSnake builds on the allele calling software chewBBACA and extends it by the concept of allele hashing. The resulting hashed allele profiles can be readily compared between laboratories without the need of a central allele nomenclature. The workflow fully automates the computation of the allele distance matrix, cluster membership, and phylogeny and summarizes all important findings in an interactive HTML report. Furthermore, chewieSnake can join allele profiles generated at different laboratories and identify shared clusters, including a stable and intercommunicable cluster nomenclature, thus facilitating a joint outbreak investigation. We demonstrate the feasibility of the proposed approach with a thorough method comparison using publically available sequencing data for Salmonella enterica. However, chewieSnake is readily applicable to all bacterial taxa, provided that a suitable cgMLST scheme is available. The workflow is freely available as an open-source tool and can be easily installed via conda or docker.

Keywords: cgMLST, WGS typing, molecular surveillance, comparative microbial genomics, Salmonella


INTRODUCTION

Whole-genome sequencing (WGS)-based typing approaches allow the highly discriminatory comparison of the similarity of bacterial genomes. The results are used for the investigation of disease outbreaks, source attribution, contamination control, and surveillance of bacterial pathogens (Franz et al., 2016; Ronholm et al., 2016; Jagadeesan et al., 2019). A number of sequence-based typing approaches exist, each with their own advantages and drawbacks (Uelze et al., 2020b). Generally, the analysis of single-nucleotide polymorphisms (SNPs) is considered the method with the highest resolution. In particular, the National Center for Biotechnology Information (NCBI) pathogen detection pipeline is an SNP-based molecular typing system for global microbial surveillance based on publically available sequencing data1. Another high-resolution typing approach is the core genome/whole-genome multilocus sequence typing (cg/wgMLST), which was derived from the concept of classic multilocus sequence typing (MLST), with the distinction that the initial seven-gene multi-locus scheme was expanded to hundreds or thousands of gene loci (Maiden et al., 2013). CgMLST is a gene-by-gene approach, which functions by aligning complete or draft genome assemblies to a scheme consisting of a set of loci and a collection of associated numbered allele sequences. One of the advantages of cgMLST is that no outbreak specific reference is required, and therefore, it is a suitable and unbiased method to identify possible clusters from samples from an entire species. During the allele calling step, each locus is searched in the assembly, and if it matches an existing allele sequence, the number of that allele is assigned. In the case that an allele sequence is not yet contained in the scheme, a new allele number is created, and the allele sequence is added for future inquiries. From the set of allele numbers for each locus, a so-called allele profile is derived. The similarity between two or several genomes is estimated by comparing their respective allele profiles and calculating the total number of different alleles. Allele differences are first determined pairwise, before a distance matrix is derived by cross-comparison for all samples. Finally, a phylogenetic tree can be computed from the distance matrix through various clustering techniques such as neighbor-joining, minimum-spanning trees, or hierarchical clustering. Large minimum-spanning trees can be visualized, e.g., with grapeTree2 (Zhou et al., 2018) or PHLYOViZ3 (Francisco et al., 2012).

Core genome multilocus sequence typing clustering results are dependent on the choice of cgMLST scheme, with the number and type of loci being of great importance. The loci for each scheme should be chosen carefully to account for the unique genetic background of different species. Generally, the chosen loci should be part of the core genome (hence the name) of a taxonomic group and as such be present in the majority of all isolates of this group. A number of cgMLST schemes for major species are curated by various (at times commercial) organizations and research groups, such as Enterobase4, Institut Pasteur5, Ridom SeqSphere+6, or chewBACCA7, and can often be obtained freely from their websites.

One major disadvantage of a classic numbered cgMLST allele sequence scheme is that results from different laboratories, even when using the same scheme, are not directly comparable. This is caused by the fact that different local instances of an (initially identical) cgMLST scheme quickly diverge from each other, as new allele sequences are added, leading to the assignment of the same allele number for different allele sequences, or of the same allele sequence to be attributed to two or more different allele numbers. This can only be prevented by real-time synchronization of the local allele database with a (centrally) curated cgMLST allele nomenclature server, as implemented in Ridom SeqSphere and chewieNS (Mamede et al., 2020).

One possible solution is the replacement of chronologically numbered allele numbers with numbers or strings that are directly related to the underlying allele sequence. Using the allele sequence itself is impractical, as it hugely increases the size of an allele profile. Alternatively, allele hashes can be derived directly and unambiguously from the allele sequence. Allele hashes uniquely map the nucleotide sequence into a fixed-size hash value. Thus, independently discovered, identical allele sequences always result in the identical allele hash. This has the major advantage of allowing a decentralized nomenclature-free allocation of sequencing types, with no need for harmonization with a central unit. The practicability of the hashing approach has been demonstrated by the bioinformatic tool SISTR (Yoshida et al., 2016) for the purpose of serotyping Salmonella spp. and for Clostridium difficile in (Eyre et al., 2019).

Existing bioinformatic cgMLST standalone tools differ not only in their implemented cgMLST scheme but also in their specific allele calling algorithm and whether the source code is freely available, i.e., open- or closed-source. Two popular commercial solutions (source code not freely available) with a graphical user interface (GUI), which can be run on Windows systems, are Ridom SeqSphere+8 and Bionumerics9. Both employ a closed system with a central nomenclature server. In comparison, two open-source, command-line tools, MentaLiST (Feijao et al., 2018) and chewBACCA (Silva et al., 2018), allow users to utilize their own cgMLST scheme. ChewBBACA is a comprehensive pipeline for cgMLST calling, as well as for the creation of new cgMLST schemes. The allele calling algorithm of chewBACCA considers the Blast Score Ratio in order to determine the allele sequences. Among the advantages of chewBBACA is that it automatically incorporates novel alleles into a scheme. Its usability has furthermore been demonstrated in numerous studies (Macedo et al., 2019; Lüth et al., 2020; Pinto et al., 2020; Uelze et al., 2020a).

Here, we present chewieSnake, an automated analysis pipeline that encompasses the whole analysis process from reads or draft assemblies to a final user-friendly cgMLST report. The pipeline implements chewBBACA for allele calling and performs allele hashing, computation of an allele distance (AD) matrix, and a minimum-spanning tree, as well as a clustering analysis by AD. The analysis results are summarized in an interactive HTML report.

We demonstrate the workflow’s usability by analyzing a large public database for Salmonella enterica and validate it by comparing it to two publically available, state-of-the-art methods—Enterobase and NCBI pathogen detection. Additionally, we simulate a scenario of decentralized allele calling and central cluster analysis.

Finally, we want to emphasize that the presented method is not restricted to Salmonella spp. but is readily applicable to all bacterial taxa, provided a suitable cgMLST scheme is available.



METHODS


Implementation and Availability

The provided software consists of two workflows—chewieSnake and chewieSnake_join. Additionally, several modules of the software are available on their own and can be applied in conjunction with other analysis workflows. The software is available open-source10 and can be easily installed using bioconda (Grüning et al., 2018) or docker (Merkel, 2014).


ChewieSnake Workflow

ChewieSnake implements a workflow for allele calling, computation of the ADs, and a minimum-spanning tree, with analysis results summarized in an interactive HTML report. Central to the workflow is the concept of allele hashes that allow a nomenclature free comparison of allele profiles (see Figure 1).


[image: image]

FIGURE 1. Schematic representation of the chewieSnake workflow. The workflow starts from a set of assemblies (fasta data) or a set of raw reads (fastq data), which are then assembled into fasta files. On these, cgMLST allele calling is performed using the tool chewBBACA, utilizing a designated cgMLST scheme, to which newly found alleles are added in the process. The resulting allele profiles are converted to hashed allele profiles. All profiles are subsequently combined; and an allele distance matrix and a minimum-spanning tree phylogeny are computed with the tool GrapeTree. Then, cluster types are generated by hierarchical clustering at different allele distance thresholds. Finally, the results are summarized in an interactive HTML report.



Snakemake workflow

The workflow consists of a Snakemake pipeline (Koster and Rahmann, 2012) with a set of assemblies (or sequencing reads) as input listed in a sample sheet. Snakemake resolves all dependencies in a directed acyclic graph (DAG), runs all necessary components for each sample, merges all results, and renders the final HTML report using Rmarkdown (rmarkdown, 2020) (see also Supplementary Figure 1). The design of the workflow is such that samples may be added continuously without the need to re-compute analysis results for previously analyzed samples, thus optimizing the computational time/resources for maintaining an allele profile database containing a large number of samples. Nevertheless, the clustering, phylogeny, and report are updated whenever new samples are provided.



Allele calling

The basis for the central allele calling step is the assembly based allele caller chewBBACA (Silva et al., 2018). Its main concept lies in the identification of coding sequences (CDSs) using prodigal (Hyatt et al., 2010). While existing alleles are detected via exact sequence matching, novel alleles are quality controlled via a BLASTP routine. For the usage of chewBBACA in a Snakemake workflow—and in particular to allow the continuous addition of samples—a fixed version (2.12.0) was included in the chewieSnake repository with minor adaptations to their output: chewBBACA is called for one sample at a time, and the output is stored in a folder with the sample’s name. Possibly conflicting parallel writing to the allele database is blocked.



Allele hashing

The allele profiles as provided from chewBBACA are reformatted into a GrapeTree compatible format; and for each sample, the allele numbers—as provided in the applied cgMLST scheme—are converted into allele hashes. This step guarantees that the same allele hash is assigned for any identical allele sequence. Thus, independent identification of alleles for different samples and on different computing facilities always leads to the same allele hash and therefore clustering result.

The provided function alleleprofile_hasher.py looks up the allele sequence for each allele number in an allele profile in the scheme and computes a CRC32 hash using python’s zlib package, yielding a unique integer.

The function alleleprofile_hasher.py can be used as a standalone program, e.g., if a user prefers to use their own analysis workflow (based on chewBBACA) and thus allows the nomenclature free sharing of allele profiles regardless of the presented chewieSnake workflow.



Unique hashed sequence types

To generate unique sequence types for each sample (hashIDs), the hashing approach is also applied. For each allele profile, the allele hashes (including possibly missing loci) are combined into a single string, and a hash value of the string provides the unique sequence type. It should be noted that this approach is stricter than clustering samples at 0 AD, since missing alleles are explicitly accounted for.

The provided function hashID.py can be used standalone, thus enabling users to infer hashed sequence type for any kind of allele profile.



Allele distance matrix and minimum-spanning tree

Based on the allele profiles, the workflow uses GrapeTree (Zhou et al., 2018) for the computation of the AD matrix. GrapeTree allows the computation of the distance in various ways, which differ in how missing alleles are treated. In addition, GrapeTree is also used to infer the phylogeny of all samples with minimum-spanning trees. The resulting Newick file can be readily rendered with GrapeTree’s graphic visualization software or other phylogenetic visualization tools. This step and all subsequent steps are repeated whenever new sample data are added to the workflow.



Sample clustering

ChewieSnake hierarchically clusters the distance matrix of all samples (using, e.g., single linkage or average linkage hierarchical clustering) using the R-function hclust (R Core Team, 2013). Subsequently, given the clustering, a set of pre-defined thresholds assign cluster numbers to all samples at different thresholds—using dendextend (Galili, 2015). This provides so-called cluster addresses or cluster zip-codes, which allow an additional description of the relatedness of a set of samples. This is a similar approach to SNP addressed in SnapperDB (Dallman et al., 2018) or HierCC in Enterobase (Zhou et al., 2020b).

The function Clustering_DistanceMatrix.R is provided in the scripts directory and can be used standalone for any kind of distance matrix, including SNP distance matrices.



HTML report

After processing and collection of all sample data, the entire dataset is summarized in an interactive user-friendly HTML report. The report is organized into different tabs and designed with the aim to give all scientists (regardless of bioinformatic background) access to the most important results:

In the Allele statistics tab, key quality assessment parameters of the allele calling step are shown for each sample, such as the number of alleles found—as well as the reason for missing alleles. The Allele distance table tab features a searchable table with all pairwise ADs. The Allele distance matrix tab provides a colored and zoomable visualization of the distance matrix. The Clustering tab presents a searchable table of the clustering address at the pre-defined thresholds. Furthermore, single-linkage trees are printed for all identified clusters at the pre-defined cluster threshold. The Minimum-spanning tree tab displays a simple (static) visualization of the phylogenetic tree. Lastly, the tabs Links to files, Config and parameters, and Help give further directions for more detailed analysis and enable optimal reproducibility.

An example report for a small test set can be found at https://bfr_bioinformatics.gitlab.io/chewieSnake/report_chewiesnake.html.



User input and parameter choice

The user has control over a large set of parameters, which are available with the command chewieSnake.py–help.

Importantly, if only reads are available for analysis, chewieSnake can also be given a set of reads as input, which it then trims using fastp (Chen et al., 2018) and subsequently assembles into draft genomes using shovill11, before proceeding with the Snakemake workflow. Further important parameter choices are the GrapeTree distance method (see above), the clustering method, and thresholds, as well as chewBBACA specific parameters. All parameters are transparently saved and included in the report for reproducibility.



Possibilities in chewieSnake for inter-lab –comparison

The chewieSnake workflow contains the –comparison option to compare a set of query data with a pre-computed allele profile. This allows the identification of clusters between query data and comparison data. The workflow processes the query data in the same fashion as described above. When the (hashed) allele profiles are computed, these are joined with the comparison allele profiles. Next, all samples from the comparison allele profiles that match to any of the query data within a predefined joining_threshold are extracted; and a distance matrix, distance table (query vs. comparison data), and a minimum-spanning tree are computed. Again, all findings are summarized in an HTML report, highlighting the matches between the two datasets. In conclusion, this approach allows a quick screening of a potentially large comparison allele database for matches to queries of interest, e.g., in an outbreak situation. This strategy might also be useful when a comparison of newly sequenced data to existing allele data is desired.

An example report is provided at https://bfr_bioinformatics.gitlab.io/chewieSnake/report_chewiesnake_comparison.html.



ChewieSnake_Join Workflow

The central allele hashing concept within the chewieSnake workflow allows the nomenclature-free comparison of allele profiles generated by different laboratories. To facilitate the comparison and establish an inter-laboratory outbreak clustering nomenclature, the chewieSnake_join workflow conducts all necessary steps from individual chewieSnake results to a joined clustering report. The conceptual model is depicted in Figure 2A, whereas the essential steps are shown in Figure 2B. In the following, we describe the core elements of the workflow in more detail.
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FIGURE 2. Schematic representation of the chewieSnake_join workflow. (A) A set of laboratories locally employ the chewieSnake workflow to process incoming raw sequencing data. The resulting allele profiles are stored in individual allele databases, which are subsequently joined with the chewieSnake_join workflow. In addition, the chewieSnake_join workflow computes a joined cgMLST report. (B) Detailed description of the chewieSnake_join workflow. From the joined allele profiles, the allele distance matrix is computed, followed by cluster typing of the entire dataset. Detailed reports for each cluster as well as an overall report summarize the results in an interactive HTML format.



Compiling pre-computed allele data from a set of laboratories

All laboratories setup and run the chewieSnake workflow independently on their set of data. Laboratories can validate their results by inspecting the allele quality and the local clustering results.

The central results (provided in the files allele_profiles.tsv, allele_statistics.tsv, timestamps.tsv) need to be collected from each laboratory. The location of all files is provided in an allele sheet (a tsv file containing each laboratories’ acronym, as well as paths to the allele profiles, allele statistics, and timestamps). This is the input to the chewieSnake_join workflow.

The contributed data can be updated continuously. On each execution of chewieSnake_join, the workflow identifies new samples and repeats subsequent steps automatically where necessary.



Joining allele and associated data

The individual allele profiles (and other files) are joined into single files, and a file tying the laboratory of origin to the sample name is generated. Subsequently, in analogy to the chewieSnake workflow, a distance matrix and minimum-spanning tree are computed on the basis of the full dataset.



Cluster and subcluster identification

The joined AD matrix is input to the clustering module of chewieSnake_join. Again, hierarchical clustering together with a predefined threshold divides the dataset into individual clusters (and unrelated orphan samples). Since the clustering may assign new cluster numbers each time it is invoked, special emphasis is put on a stable clustering nomenclature: The cluster numbers are matched to a list of cluster names (which can be numbers such as CT_0001 or predefined names such as Cluster_Kairo), whenever the clustering is repeated, e.g., after addition of more samples. Hereby, it is guaranteed that the same cluster name is assigned to the same set of samples. Exceptions such as the merging of two or more clusters are considered and handled adequately. In a similar fashion, for the samples in each cluster, a subclustering at a lower subclustering threshold is performed—again using stable names such as alpha and beta—thus allowing an intercommunicable cluster nomenclature at a finer level.



Additional options and parameters

Apart from setting clustering methods and thresholds, a number of additional options can be invoked in chewieSnake_join.

In particular, individual representative samples can be matched to external cluster names (using the –external_cluster_names flag). For instance, the latter can describe epidemiologically defined clusters—independent from the molecular data. ChewieSnake_join links these external cluster names to the internal cluster names, which may aid the tracking of established clusters in the report (see below). Additionally, samples can be assigned to e.g., serovars or larger clades using the –serovar_info flag. Again, this might facilitate the cluster analysis provided in the report. The matching of these additional data proceeds by providing a list of representative samples and their association to external clusters and serovar, respectively. ChewieSnake_join associates these representative samples to the identified clusters, and this association becomes accessible in the report.

The pool of names for the cluster naming can be modified by providing a list of available cluster names with the –cluster_names flag.

All available options and parameters can be inspected using chewieSnake_join.py–help.



Joined HTML report

Central to the facilitation of a joined outbreak analysis is the chewiesnake_join HTML report. This report summarizes all findings from the data aggregation and clustering. It is organized into different tabs, as follows.

The Overview tab condenses the information about samples per laboratories, date of sample analysis, and number of clusters shared between laboratories. The Cluster summary tab provides the central information for the clustering analysis in a first (searchable) table that is organized by cluster. It provides readily accessible information such as cluster size, latest updates, duration (age) of cluster, cluster nomenclature, and the matching to external cluster names and serovar. Another table lists all samples and their respective cluster assignments. The Orphans tab displays all samples that, under the chosen threshold, do not belong to any existing cluster, together with their distance to the closest cluster. The Inter-cluster relation tab describes the more global relationship between clusters. The Allele QC tab allows an inspection of the allele quality for the entire dataset. The tabs Links to files, Config and parameters, and Help provide additional information.

An example report is provided at https://bfr_bioinformatics.gitlab.io/chewieSnake/report_chewiesnake_join.html.

For each identified cluster, a more detailed cluster report is available. This report summarizes the subclusters, the AD matrix of all samples in the cluster, the time evolution of the cluster (according to the timestamps of the analyses), and the cluster’s and all subcluster’s phylogeny.

An example report is provided at https://bfr_bioinformatics.gitlab.io/chewieSnake/clustering/CT_0004/clusterreport.html.



Dataset for Evaluation


Raw Data

In total, 1,263 WGS sequencing data were obtained from BioProject PRJEB31846. The dataset comprises diverse S. enterica serovars collected between the years 1999 and 2019 and sequenced by the National Reference Laboratory for Salmonella using the Nextera XT or DNA Flex kit (Illumina GmbH, München, Germany) on Illumina MiSeq and NextSeq instruments. The data are described in more detail in (Uelze et al., 2019).



Assembly

Data were trimmed [with fastp (Chen et al., 2018), version 0.19.5] and assembled [with shovill-spades (see text footnote 11), version 1.1.0] using the AQUAMIS pipeline12 (version v1.2.0) (Deneke et al., 2021). All samples passed basic quality checks, such as sufficient base quality, coverage depth, genome length, and contig number. Furthermore, no evidence for sample contamination was detected. The assemblies are available under https://zenodo.org/record/4338293.



cgMLST Scheme

The cgMLST scheme for Salmonella was downloaded on June 11, 2018, from Enterobase (Zhou et al., 2020a) using the web API. As the sequencing data were published at a later date, this ensured that the downloaded cgMLST scheme did not already contain allele numbers from our dataset. Only this strategy allows an unbiased analysis of the allele calling process and in particular the assignment/identification of novel alleles, as would be the case for newly generated sequencing data unknown to a specific reference allele database. The scheme is available under https:// zenodo.org/record/4724927.



Allele Calling

The assembled draft genomes were analyzed using the chewieSnake workflow. All parameters and software versions are specified in the Supplementary Data Sheet 2. The resulting chewieSnake report is available under https://bfr_bioinformatics.gitlab.io/chewiesnake_publicationdata/chewiesnake/cgmlst_report.html.



Simulation of Decentralized Analysis

The dataset was split randomly into three non-overlapping sub-datasets. The membership of each sample is listed within Supplementary Data Sheet 1. A cgMLST analysis with chewieSnake (with the same software version and parameters as for the full dataset) was performed separately on each sub-dataset. For each analysis, an identical but separate allele database was employed.

In order to simulate a decentralized surveillance system over a given time span, the timestamp files—which originally contain the date of the analyses—were modified to random dates from the period of January 2020 to October 2020. Other than for visualization purposes, this had no impact on the analyses.

Results were joined using the chewieSnake joining workflow (see above). All parameters are specified in the Supplementary Data Sheet 2. The resulting joined report is available under https://bfr_bioinformatics.gitlab.io/chewiesnake_publicationdata/chewiesnake_join/report.html.



Enterobase Data

Available cgMLST metadata for Bioproject PRJEB31846 were searched and downloaded from https://enterobase.warwick.ac.uk/species/index/senterica on November 2, 2020. The set of allele profiles was downloaded on November 2, 2020, and subsequently filtered for all entries of BioProject PRJEB31846. A total of 1,158 data were also found on Enterobase.

An AD matrix was computed from the allele profiles using GrapeTree in complete analogy to the chewieSnake workflow. Subsequently, the distance matrix was hierarchically clustered, and a cluster address was assigned using the provided script Clustering_DistanceMatrix.R. Thus, all analysis steps from the allele profiles were identical to the chewieSnake workflow.



National Center for Biotechnology Information Data

Salmonella SNP distances were obtained from NCBI Pathogen detection13 on September 10, 2020, corresponding to version PDG000000002.1968. With the use of a custom script, the pairwise SNP distances were filtered such that all distances of pairs originating from Biosamples associated with BioProject PRJEB31846 were retained. Overall, 811 samples were part of an SNP cluster on NCBI pathogen, and the samples were found in 120 distinct SNP clusters. Note that the definition of an SNP cluster on NCBI pathogen does not correspond to the hierarchical clustering studied in this contribution but rather to the set of samples with the same reference for SNP calling.

For this analysis, the SNP distance data were hierarchically clustered, and cluster numbers were assigned to each sample using a custom script in the same fashion as described above.



Methods for Comparison Analysis


Comparison of Pairwise Distances

Pairwise distances of each method were obtained as described in the individual sections above. Each resulting distance matrix was read into R and converted to a linearized table with the pair’s sample names as keys. The linearized distance tables resulting from different methods were matched using the keys, followed by redundancy and self-hits removal. Based on these distance-method-comparison tables (provided in the Supplementary Data sheet 1), the Spearman correlation was computed, and the pairwise distance comparison plots were drawn (Figures 3A,B).
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FIGURE 3. Pairwise distances show very high method congruence. (A) Comparison of allele distance between Enterobase and chewieSnake. (B) Comparison of NCBI_pathogen SNP and chewieSnake allele distance. The gray shading indicates the frequency of observed pairwise distances. Both figures show the very high concordance between the different methods. This is also reflected in the Spearman correlation coefficients (0.984 and 0.973). The slope of a linear fit (red line) to the NCBI_SNP and chewieSnake comparison is ∼1.73; i.e., on average, 1 allele difference corresponds to 1.73 single-nucleotide polymorphisms. For the computation of sensitivity and specificity, the green lines mark clustering thresholds. All points in the lower left quadrant are counted as true positives, and all points in the upper right quadrant as true negatives, whereas the points in the top left and bottom right quadrants are false positives and false negatives, respectively. Using these thresholds also leads to the high adjusted Wallace and adjusted Rand coefficients (see Tables 1, 2). Though overall the agreement is very high, some remaining differences at low distances may still influence interpretation of the very fine-grained phylogeny. Note that for the Enterobase comparison, only distances below 85 AD were displayed.





Computation of Sensitivity/Specificity Values

For each method combination, the pairwise distances of all sample pairs were obtained and a distance threshold was chosen, such that samples could be grouped into possible related clusters. Though no single fixed threshold is sufficient and advisable for the differentiation of outbreak to non-outbreak strains (Simon et al., 2018; Radomski et al., 2019), an allele threshold of 10 is considered suitable for an initial clustering (Besser et al., 2019; Uelze et al., 2021). For comparability with cgMLST clustering results, an SNP threshold of 17 was chosen (see section “Comparison With National Center for Biotechnology Information Pathogen Single-Nucleotide Polymorphism Results” for details), which is in agreement with Pightling et al. (2018). If the pairwise distance was below or above the threshold for both methods under comparison, it was considered as true positive (TP) or true negative (TN), respectively. If the pairwise distance was below the threshold for only one of the methods under comparison, it was considered as false positives (FPs) (method 1) or false negatives (FNs) (method 2) (see also Figure 3). From the TP, TN, FN, and FP values, the corresponding values for specificity and sensitivity were derived.



Comparison of Clustering

The distance matrices resulting from each method were hierarchically clustered and divided into clusters addresses using the thresholds described above. Direction-dependent concordance of clustering, expressed by the adjusted Wallace coefficient, was calculated with the Comparing Partitions online tool available at http://www.comparingpartitions.info (Carriço et al., 2006). The adjusted Wallace coefficient allows the direct interpretation of clustering results, ensuring that an agreement is not caused by chance (Pinto et al., 2008; Severiano et al., 2011). The same resource also enables the computation of the adjusted Rand index, which allows the estimation of the global congruence of two typing approaches (Hubert and Arabie, 1985).



RESULTS


ChewieSnake Workflow

We developed chewieSnake, an end-to-end analysis workflow for allele calling, allele profile clustering, and computation of a minimum-spanning tree (see Figure 1). Its core components rely on a number of state-of-the-art bioinformatic tools including chewBBACA and GrapeTree. Central to the workflow is the concept of allele hashes that allow a nomenclature-free comparison of allele profiles.

From the user perspective, chewieSnake provides an intuitive and simple-to-use workflow that orchestrates all necessary steps from a set of reads or assemblies to a highly informative, interactive cgMLST report displaying sample relatedness and their phylogeny.

Thus, chewieSnake enables scientists without profound bioinformatic background to perform a set of complex tasks for a reproducible high-throughput analysis that can be readily applied in outbreak investigations.

Moreover, chewieSnake’s built-in hashing algorithm includes the possibility to directly compare allele data generated independently, for instance, on different sites. In particular, the chewieSnake_join workflow provides a straightforward and easy-to-implement method for a distributed outbreak investigation system. The workflow provides users with highly informative HTML reports, which allow the quick identification of shared clusters between laboratories, the definition of a common cluster nomenclature, and detailed reports for each identified cluster (see Figure 2).

The chewieSnake workflow and program codes are fully open-source and can be obtained from https://gitlab.com/bfr_bioinformatics/chewieSnake. Details on the workflow components are given in section “Implementation and Availability.”



Workflow Validation


Summary of ChewieSnake Analysis

The dataset contains WGS data of 1,263 sequenced S. enterica isolates from BioProject PRJEB31846. All samples could be analyzed with chewieSnake, and sufficient loci for cgMLST analysis were found. On average, 97.8% of the loci were found, and an allele sequence could be identified. More than 95% of all loci were found for all but two samples. The sample with the least fraction featured 94.3% of all loci, corresponding to 170 missing loci. Therefore, sufficient targets/loci for cgMLST analysis could be found for all samples.

Overall, we detected 33,387 novel alleles not previously known to the cgMLST scheme. For each sample, we found 26.4 novel alleles on average, with only 17% of the samples containing no novel allele. Furthermore, novel alleles were evenly found at the beginning and end of the experiment, showing no signs of saturation (see Supplementary Figure 3). Thus, finding novel alleles is very common, and properly treating these alleles is key for a comparable data analysis (see also Supplementary Figure 4).

For a distance cutoff of 10, we found that the data separate into 170 different clusters containing at least two samples. A total of 439 samples did not cluster within the threshold (orphan samples) (see also Supplementary Figure 2).



Repeatability of Analysis

We repeated the entire analysis using the original, unaltered Enterobase scheme, i.e., by running chewieSnake on the same dataset again. Overall, we found large repeatability. The same novel alleles were identified in both datasets and assigned the identical allele hashes. Thus, an identical allele sequence consistently leads to an identical allele hash. Moreover, the same number of clusters was detected.

However, in some cases, minor allele differences were found. Among the epidemiologically relevant sample pairs with distances below 20 AD, 2% of the sample pairs differed by 1 AD. The reason for these differences lies in the different order of execution of the sample allele calling (which is not pre-determined by Snakemake but randomly assigned on each execution) and the treatment of novel alleles by chewBBACA. The strict BLASTP step in chewBBACA might discard novel alleles, while the allele might be counted as an exact match if the allele sequence is already known to the database. If a sample featured a missing locus in the first analysis, but in the second analysis an allele difference was found on this locus, the allele difference would be reduced by 1 in the first analysis compared with the second. Indeed, 720 and 562 loci were missing in only one of the analyses, but not both.

The Supplementary File 1 provides a more detailed analysis of the dataset. The analysis of the dataset is summarized in the cgmlst report https://bfr_bioinformatics.gitlab.io/chewiesnake_publicationdata/chewiesnake/cgmlst_report.html.



Comparison With Enterobase

The comparison between all sample combinations reveals a very high concordance between Enterobase and chewieSnake ADs with a Spearman correlation of 0.984 (see Figure 3A). Most distances are found at or near a line with slope 1 (a linear regression reveals a slope of 1.02). This extends also to high ADs (see Supplementary Figure 5). A histogram of the method differences of epidemiologically relevant sample pairs (i.e., within 30 AD) reveals that distances mostly differ by one or two alleles only, with a mean of non-zero method differences of 1.8 AD. We also found a tendency of higher distances in Enterobase (see also Supplementary Figure 6).

When performing a threshold analysis at 10 AD, sample pairs are found with 0.96 sensitivity and 0.99 specificity within or outside the same distance threshold (amounting to an accuracy of 0.99). Moreover, a closer look at the FPs and FNs reveals that the misclassified samples differ by a few (mostly one or two) allele differences only. Thus, these apparent misclassifications result from the assumption of a fixed threshold. The maximum AD in Enterobase for a sample pair within 10 AD in chewieSnake cluster was 15, and the average of all putatively misclassified pairs in Enterobase was 11.8.

When hierarchically clustering the distance matrix obtained by both methods, the (direction-dependent) adjusted Wallace coefficient was 0.955 and 0.975 (see Table 1). The adjusted Rand index also reveals a high method congruence (see Table 2).


TABLE 1. (Direction-dependent) adjusted Wallace coefficient for all method comparisons.
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TABLE 2. Discriminatory power according to adjusted Rand index.
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It is important to note that very similar conclusions can be drawn from different allele thresholds. Evidently, method differences by one or two alleles have a larger impact on clusters determined at lower compared with larger distance thresholds. Thus, a very low threshold may lead to a decrease in the cluster congruence. However, fixed thresholds are most relevant for linking samples to outbreak clusters, while for a closer analysis of the phylogeny, the exact tree topology is more useful.



Comparison With National Center for Biotechnology Information Pathogen Single-Nucleotide Polymorphism Results

Overall, there is a linear relationship between SNP and AD (see Figure 3B). A linear model fit reveals that statistically 1 AD corresponds to 1.73 SNP differences. The Spearman correlation reads 0.973. This suggests that samples within an AD of 10 should have an SNP distance of smaller or equal to 17 (definition of TPs). A threshold analysis shows a concordant clustering decision of 95% between cgMLST and SNP analysis (sensitivity—all points in the lower left quadrant in Figure 3B). Similarly, both methods agree on assigning a sample pair in 96% of all cases not to be part of a cluster (see Figure 3B).

We hierarchically clustered the distance matrices from both methods (cgMLST and SNP.) The resulting (direction-dependent) adjusted Wallace coefficient was 0.922 and 0.968, respectively (see Table 1). In addition, the adjusted Rand index reveals a high method congruence (see Table 2). Again, similar conclusions can also be drawn from different allele and SNP thresholds.

At small distances, i.e., well below the applied threshold, SNP and ADs are more scattered than between the cgMLST approaches. Thus, although samples can be concordantly associated with outbreak clusters, the detailed phylogeny may differ. This is, however, not surprising given the very different nature of SNP and cgMLST approaches.

Table 1 also yields the congruence between the reference methods Enterobase and NCBI pathogen. It shows that the adjusted Wallace coefficient between chewieSnake and the reference methods was even higher than the congruence among the reference methods.



Simulated Decentralized cgMLST Analysis

The concordance between the chewieSnake analysis on the entire dataset (centralized approach, see above) and a simulated decentralized chewieSnake_join analysis has been evaluated. For the latter, the original dataset was randomly divided into three equally sized, non-overlapping subsets, analyzed individually with chewieSnake and joined subsequently with chewieSnake_join (see section “Methods”).

The ADs obtained from centrally and decentrally analyzed samples are nearly identical—the Spearman correlation is 1 (0.9999997). Table 3 shows that at almost all thresholds with the same number of clusters were identified (the only exception was 160 vs. 159 distinct clusters at 5 AD). Furthermore, almost all sample pairs fall into the same 10 AD cluster, amounting to over 99.9% sensitivity and specificity. In the three exceptions, the sample pairs had 10 AD and 11 AD, respectively, not leading to a different epidemiological interpretation. The (direction-dependent) adjusted Wallace coefficient was 0.992 and 1.000, respectively (see Table 1). The adjusted Rand index reads 0.996 as well, demonstrating that centralized and decentralized allele calling is fully compatible (see Table 2).


TABLE 3. Cluster counts for chewieSnake and simulated chewieSnake_join analysis.
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DISCUSSION

In this study, we demonstrated the broad utility and validity of our newly developed end-to-end cgMLST analysis workflow. The method successfully determines clusters fully unsupervised without the need of user intervention. The proposed approach works both for a centralized data analysis, as well for a decentralized analysis followed by central clustering. This is a unique feature of the implemented allele hashing algorithm. Thus, the research community benefits from a versatile, easy-to-use tool that can be readily applied for molecular surveillance. It shall be noted that the presented method is readily applicable to all taxa where a suitable cgMLST scheme is available.

In comparison with existing approaches, for example, Ridom SeqSphere+ (with cgMLST.org) or the very recent contribution chewieNS (Mamede et al., 2020), chewieSnake does not rely on a central allele nomenclature. In the case of chewieNS, chewBBACA is also implemented as the underlying allele calling software and thus is prone to the same distinction between exactly determined and newly inferred alleles. The chewieNS approach functions without an allele hashing step on the user side, but as a downside, it introduces the requirement to synchronize the scheme prior to every allele calling. The synchronization is critical for ensuring comparable allele numbers and might be challenging in outbreak situations, when suspected samples may be sequenced and analyzed at different sites at the same time. Nonetheless, if a nomenclature-based solution has been used to create allele profiles at different sites, the chewieSnake_join workflow can be used for merging of the allele results and a joint cluster interpretation. Also, the concept of allele hashing could be directly incorporated in the allele calling software, e.g., in future upgrades of chewBBACA.

As pointed out above, the discovered remaining differences between central and decentralized approaches are not related to the hashing algorithm but rather to unique features of the underlying chewBBACA software. These issues could therefore only be remedied by substantial changes to the chewBBACA allele calling algorithms. However, as discussed previously, the effect on cluster detection is negligible.

Results of chewieSnake are in strong agreement with Enterobase, although both approaches differ substantially regarding their implementation. This might be somewhat expected given that both methods rely on the same cgMLST scheme. Our analyses revealed that distances in Enterobase tend to be larger, which are mainly caused by the greater number of loci available in Enterobase. Due to the CDS prediction step in chewBBACA, fewer loci are accessible in chewieSnake, leading to a smaller effective scheme size in the latter.

The accuracy for correct cluster detection was furthermore confirmed by comparison with an independent complementary method—SNP calling from NCBI pathogen detection. Overall, we found a very high consistency. As anticipated, ADs and SNP distances are not fully comparable. On the one hand, an allele pair might differ by more than one SNP—thus, the AD underestimates the SNP distance. On the other hand, allele differences might originate from other mutation events such as indels (insertions and deletions) and are therefore not characterized as an SNP. In the latter, allele difference might also overestimate the SNP distance. Nonetheless, the large concordance between SNP and cgMLST results also boosts confidence for the epidemiological assessment.

Alternatives to self-hosted and open-source cgMLST analysis workflows such as chewieSnake are central analysis systems such as Enterobase (Zhou et al., 2020a) (or also NCBI pathogen detection (see text footnote 1), INNUENDO (Llarena et al., 2018), etc.]. Among the advantages are greater standardization, more rigid control of parameters, and a larger data pool [e.g., NCBI pathogen and Enterobase incorporate all data from NCBI sequence read archive (SRA)]. Conversely, these approaches limit flexibility in terms of changing parameters and selecting a scheme and a species of choice. Also, chewieSnake and in particular its decentralized feature might render it more easy to share data and results when data confidentiality concerns apply. Furthermore, given that the amount of data present in public repositories (and consequently their computational needs) grow exponentially, chewieSnake is our approach to envision future tractability in terms of lean computing and storage resources by decentralizing and outsourcing the core analysis steps to the data providers.

In addition to the presented novel methods, the detailed analysis and contributed data provide an excellent dataset for the validation of further methods (and parameters/schemes). For this aim, one simply needs to compute a distance matrix and either compare the pairwise distances or cluster the distance matrix to a desired threshold for the imputation of relevant metrics such as the adjusted Wallace coefficient (see a more detailed sketch in the Supplementary Data sheet 2 and the provided scripts). It is worth noting that the validation approach of this contribution is also in agreement with the forthcoming ISO 23418 titled “Whole genome sequencing for typing and genomic characterization of foodborne bacteria—General requirements and guidance (ISO/DIS 23418, 2020)” for validation of bioinformatic software, in particular by validating with publicly accessible data and methods. However, the present analysis also indicates that further harmonization of bioinformatic approaches is needed (Jagadeesan et al., 2019; Coipan et al., 2020). In the cases where this is not possible (e.g., cgMLST vs. SNP), the expected differences in the epidemiological interpretation from different methods need to be further discussed within the research community.
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Variation in Accessory Genes Within the Klebsiella oxytoca Species Complex Delineates Monophyletic Members and Simplifies Coherent Genotyping

Amar Cosic1,2†, Eva Leitner3†, Christian Petternel3,‡, Herbert Galler3, Franz F. Reinthaler3, Kathrin A. Herzog-Obereder4, Elisabeth Tatscher4, Sandra Raffl1, Gebhard Feierl3, Christoph Högenauer2,4, Ellen L. Zechner1,2,5 and Sabine Kienesberger1,2,5*

1Institute of Molecular Biosciences, University of Graz, Graz, Austria

2BioTechMed-Graz, Graz, Austria

3Diagnostic and Research Institute of Hygiene, Microbiology and Environmental Medicine, Medical University of Graz, Graz, Austria

4Division of Gastroenterology and Hepatology, Department of Internal Medicine, Medical University of Graz, Graz, Austria

5Field of Excellence BioHealth, University of Graz, Graz, Austria

Edited by:
Guido Werner, Robert Koch Institute, Germany

Reviewed by:
Majid Validi, Shahrekord University of Medical Sciences, Iran
Scott Wesley Long, Houston Methodist Hospital, United States
Guido Voets, Check-Points B.V., Netherlands

*Correspondence: Sabine Kienesberger, sabine.kienesberger@uni-graz.at

†These authors have contributed equally to this work

‡Present address: Christian Petternel, Institute of Laboratory Diagnostics and Microbiology, Klinikum-Klagenfurt am Wörthersee, Klagenfurt, Austria

Specialty section: This article was submitted to Evolutionary and Genomic Microbiology, a section of the journal Frontiers in Microbiology

Received: 08 April 2021
Accepted: 28 May 2021
Published: 02 July 2021

Citation: Cosic A, Leitner E, Petternel C, Galler H, Reinthaler FF, Herzog-Obereder KA, Tatscher E, Raffl S, Feierl G, Högenauer C, Zechner EL and Kienesberger S (2021) Variation in Accessory Genes Within the Klebsiella oxytoca Species Complex Delineates Monophyletic Members and Simplifies Coherent Genotyping. Front. Microbiol. 12:692453. doi: 10.3389/fmicb.2021.692453

Members of the Klebsiella oxytoca species complex (KoSC) are emerging human pathogens causing infections of increasing significance especially in healthcare settings. KoSC strains are affiliated with distinct phylogroups based on genetic variation at the beta-lactamase gene (blaOXY) and it has been proposed that each major phylogroup represents a unique species. However, since the typing methods applied in clinical settings cannot differentiate every species within the complex, existing clinical, epidemiological and DNA sequence data is frequently misclassified. Here we systematically examined the phylogenetic relationship of KoSC strains to evaluate robustness of existing typing methods and to provide a simple typing strategy for KoSC members that cannot be differentiated biochemically. Initial analysis of a collection of K. oxytoca, K. michiganensis, K. pasteurii, and K. grimontii strains of environmental origin showed robust correlation of core phylogeny and blaOXY grouping. Moreover, we identified species-specific accessory gene loci for these strains. Extension of species correlation using database entries initially failed. However, assessment of average nucleotide identities (ANI) and phylogenetic validations showed that nearly one third of isolates in public databases have been misidentified. Reclassification resulted in a robust reference strain set for reliable species identification of new isolates or for retyping of strains previously analyzed by multi-locus sequence typing (MLST). Finally, we show convergence of ANI, core gene phylogeny, and accessory gene content for available KoSC genomes. We conclude that also the monophyletic members K. oxytoca, K. michiganensis, K. pasteurii and K. grimontii can be simply differentiated by a PCR strategy targeting blaOXY and accessory genes defined here.

Keywords: bacterial phylogeny, Klebsiella oxytoca species complex, taxonomic classification, necrotizing enterocolitis, bacterial cytotoxicity, intestinal disease


INTRODUCTION

The genus Klebsiella belongs to the family of Enterobacteriaceae and comprises multiple species. Klebsiella pneumoniae and species of the Klebsiella oxytoca complex are currently responsible for most human illnesses. Accurate identification of these pathogens is thus important for diagnosis, treatment, and epidemiological surveillance of infections. The K. oxytoca species complex (KoSC) can be resolved into nine distinct phylogroups (Ko1 to Ko9), which are believed to comprise six species (Merla et al., 2019). Phylogroups are based on specific beta-lactamase (blaOXY–(1–9)) gene variants unique to this complex (Fevre et al., 2005; Merla et al., 2019) and each major phylogroup (except Ko5, Ko7 and Ko9) represents a unique species. Currently, K. spallanzanii (Ko3 or Ko9, blaOXY–3 or blaOXY–9) and K. huaxiensis (Ko8, blaOXY–8) can be differentiated biochemically from other complex members (Merla et al., 2019). In contrast, a bacterial isolate identified as K. oxytoca by classical polyphasic typing strategies can actually be one of several species: K. oxytoca (Ko2, blaOXY–2), K. michiganensis (Ko1 or Ko5, blaOXY–1 or blaOXY–5), K. pasteurii (Ko4, blaOXY–4), or K. grimontii (Ko6, blaOXY–6). Phylogroup Ko7 (blaOXY–7) has been described based on a single strain and represents a sub-group of Ko6 (Izdebski et al., 2015).

Members of the KoSC are versatile pathogens and have been isolated from wound-, intra- abdominal-, urinary-, and lower respiratory tract infections (Herzog et al., 2014; Singh et al., 2016). Outbreaks have environmental sources (Hendrik et al., 2015) and subsequent dissemination of phylogroup members in healthcare settings is a major problem – especially in neonatal intensive care units (Rønning et al., 2019; Chapman et al., 2020; Chen et al., 2020). Outbreaks involve strains with extended-spectrum beta-lactamases (Lowe et al., 2012; Vasaikar et al., 2017), extended-spectrum activity of the chromosomal beta-lactamase (Fournier et al., 1995; Decré et al., 2004) and carbapenemases (Validi et al., 2016). Isolates can also carry resistance to fluoroquinolones and tetracyclines limiting therapeutic options (Brisse et al., 2000). KoSC members are also residents of the human gastrointestinal tract and under certain conditions act as pathobionts in adults and children. Intestinal enrichment with KoSC members is frequent in preterm neonates. Klebsiella overgrowth in infants due to antibiotic therapy is associated with late-onset sepsis, meningitis, and necrotizing enterocolitis, but the importance of cytotoxin production to disease is not yet clear (Carrie et al., 2019; Chen et al., 2020; Paveglio et al., 2020). Difficulties distinguishing these closely related complex members have not only led to inconsistent species classification in recent literature and databases but also make it impossible to draw conclusions regarding the clinical relevance of the individual species.

Here we report refined phylogenetic analyses of this closely related complex and delineate a uniform system of species classification that is equally valid for its monophyletic members.



METHODS


Collection and Characterization of Environmental Strains


Sample Collection

Samples were taken from activated sludge (n = 29), surface water (n = 2), minced meat (n = 36), fresh retail chicken (n = 30), plant roots and soil (n = 31). The food was obtained from supermarkets and butcher shops in Austria. The activated sludge samples were collected from two different Austrian sewage treatment plants with a maximum load of <10,000 population equivalent (PE) and >100,000 PE, respectively. Plant roots and associated soil samples were taken from Fabaceae, Pinaceae, Solanaceae, Rutaceae, Poaceae, and Vitaceae.



Identification of K. oxytoca

Food samples were prepared according to the International Organization for Standardization, 2003 ISO 6887-2:2003. For enrichment 25 g of the meat samples were mixed with 225 ml peptone broth 1% (Oxoid Ltd., Basingsoke, England), homogenized, then cultured 16 to 24 h at 37°C under shaking. 1 g of plant roots and soil samples were mixed with 25 ml peptone broth 1% and enriched overnight. Activated sludge and surface water samples were screened without enrichment. Serial dilutions were cultured on chromIDTM CPS® Agar (bioMérieux, Marcy-l’Etoile, France) for 24-48 h at 37°C. Colonies were scored based on the colour reaction of CPS media. Green to turquoise colonies were identified as Klebsiella spp., Enterobacter spp., Serratia spp., Citrobacter spp. and Enterococcus spp. pink to burgundy colonies as E. coli and light brown to brown colonies as Proteus spp. For pure cultures green to turquoise colonies were transferred to blood agar and Endo agar (24 h, 37°C). The isolate identification was carried out biochemically with VITEK® 2 and/or with MALDI-TOF MS analysis, using VITEK® MS (bioMérieux).



Genotypic and Phenotypic Toxin Assessment

All environmental isolates were screened for npsB presence and cytotoxicity. A 231 bp region of npsB was amplified by colony PCR using primer pair 1 + 2 (Table 1) in 30 cycles and primer annealing at 60°C. Cytotoxicity of supernatants of K. oxytoca spent medium was tested after 16 h culture. Viability of HeLa cells was used for the colorimetric 3-[4,5-dimethyl-2-thiazolyl] 2,5-diphenyl-2H-tetrazolium bromide (MTT) assay of mitochondrial reductase activity as previously described (Joainig et al., 2010).


TABLE 1. Oligonucleotides used in PCR-screening and sequencing.
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Beta-Lactamase Gene Typing and Detection of Accessory Genes

Identification of beta-lactamase variants blaOXY–1 and blaOXY–2 utilized primer pairs 3 + 4 and 5 + 6, respectively, as previously described (Fevre et al., 2005) but with annealing at 55°C. The sequence of amplicons generated using oligonucleotides 7 and 8 determined all other blaOXY variants. Amplification of leupAB utilized primers 11 + 12 (1,235 bp), of orfABC primers 13 + 14 (2,546 bp), and of orfA′ primers 15 + 16 (591 bp). Absence of an insertion was confirmed by colony PCR over the conserved insertion site with primer pair 9 + 10 (174 bp fragment). Reactions were performed in 35 cycles with 60°C annealing.



MLST and Phylogenetic Analysis

Isolates were typed as described (Herzog et al., 2014) using oligonucleotides listed in Table 1. Isolates that failed to produce a PCR product for tonB with primer pair 29 + 31 were reanalyzed using primer pair 29 + 30. Oligonucleotide 30 (tonB_rev_2) binds at the 3′ end of tonB in contrast to the originally published tonB_rev primer, which binds distally to the tonB reading frame. The PCR product thus obtained still allows analysis of the full allelic region used for typing. Oligonucleotides 32 and 33 were used for sequencing the resulting PCR products. New alleles, newly identified STs and all typed isolates were submitted to pubmlst.org/organisms/klebsiella-oxytoca. The concatenated sequence alignment of all MLST loci was used to infer the phylogenetic relationship among the strains analyzed in this study. The Neighbor-joining tree was built in MEGAX (Kumar et al., 2018) with Tamurai-Nei model and gamma distribution, and utilized K. pneumoniae for tree rooting (Herzog et al., 2014).




Comparative Analysis of Whole Genome Sequences


Genome Extractions, Reference Set Compilation, and Validation

Workflow is illustrated in Supplementary Figure 1.

In June 2020, all available KoSC genomes independent of their assembly status were downloaded from NCBI GenBank and analyzed (n = 316). First, a subset of these genomes comprising clinical, animal, and environmental isolates were selected based on completeness and overall quality, with threshold set at 30 scaffolds maximum (Supplementary Table 1). Additional strains from recent publications were included independent of their assembly status (see section “Result” for further information) (Supplementary Table 1). The average nucleotide identities (ANI) for this subset (n = 62) were calculated using ANIm based on MUMmer (NUCmer) v.3.23 (Kurtz et al., 2004) and PYANI (Pritchard et al., 2016) was used for score visualization (Figure 3). Comparative phylogenetic analysis, beta-lactamase-, and accessory gene typing were then applied to these 62 strains to establish a robust reference data set (Figure 4). To validate our findings we assessed phylogeny, core gene and accessory gene distribution of all 316 available KoSC genomes independent of assembly status and together with 24 other Klebsiella genomes (Figure 5 and Supplementary Table 2). In a final step, we validated our findings by short read sequence typing of non-assembled KoSC genomes (n = 41) of clinical origin (NCBI BioProject PRJEB5065) (Moradigaravand et al., 2016, 2017).
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FIGURE 1. Neighbor-joining tree showing the genetic relatedness of 63 environmental isolates. Source symbols next to strain designation indicate isolation site ([image: image] food; [image: image] soil; [image: image] sewage sludge; [image: image] surface water). The tree is based on the concatenated sequences of seven housekeeping gene loci used in MLST. K. pneumoniae (Kp) was used for tree rooting. Clusters (A,B) and sub-clusters (B1,B2) are indicated. The scale bar represents 0.01 substitutions per site. MLST reference strain K. oxytoca AHC-6 (sequence type, ST1) is included (top). blaOXY variants (synonymous to phylogroups) were determined using PCR and where noted (*) amplicon sequencing. Cytotoxicity was verified by MTT assays. Positive (+) and negative (-) PCR results for npsB, leupAB, orfABC/orfA′ or “only core” are indicated.
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FIGURE 2. Genomic variation in KoSC strains. (A) Overview of the core region lacking insertion (Variant A). Region between orf1 and orf2 indicated in red represents the insertion site for panel (B) Variant B, the transporter and leupABCD, (C) Variant C, transporter and orfABC and (D) Variant D, the truncated transporter and truncated orfA′. Sizes of the region lacking insertion, core genes, and respective gene clusters are indicated in bp. Black arrowheads indicate approximate binding sites and primer numbers applied in PCR screens of environmental test set (Table 1).
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FIGURE 3. Average nucleotide identity (ANI) detects 5 distinct phylogenetic groups for the KoSC. Here we show genetic distance between 62 genome sequences affiliated with one of the complex species. Scores were calculated with ANIm based on MUMmer alignments and visualized using PYANI (Pritchard et al., 2016). Observed clustering clearly correlates with blaOXY-based phylogroups as indicated horizontally. Affiliated species designations are shown and the average ANI score for each group is indicated. Ks, K. spallanzanii; Kh, K. huaxiensis.
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FIGURE 4. Phylogenetic analysis shows congruency of typing methods. (A) Phylogenetic tree inferred from concatenated, partitioned alignment of 136 marker proteins (Amphora2, supermatrix). Mayor tree clusters, which correspond to phylogroups (Ko), are highlighted in color (red, Ko2; green, Ko1; blue, Ko4 and Ko6). K. spallanzanii (Ko3), K. huaxiensis (Ko8) are indicated and species affiliation for each sub-branch of the out-group is shown; The out-group was used to root the tree. (B) Neighbor-joining tree based on the shared core genome of analyzed strains. Phylogenetic relationship was resolved based on 2,785 proteins. (C) Neighbor-joining tree based on 7 concatenated housekeeping gene loci used for MLST typing. Major MLST clusters (A and B) and sub-clusters B1 and B2 are indicated. Sequence types (STs) are given in parenthesis following the strain designations. Non-typeable strains are listed below with their respective phylogroup. Trees in panels (B,C) are mid-point rooted. Scale bars are indicated for each tree. Strains that do not cluster congruently between the trees are indicated by symbols. * is one of the symbols used to indicate incongruent clustering.
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FIGURE 5. Phylogenetic representation of 341 Klebsiella genomes retrieved from GenBank. Phylogenetic analysis was done with PhyloPhlAn. The three main branches are colored according to MLST clusters and phylogroups as previously described: Cluster A, red; sub-cluster B1, green, sub-cluster B2, blue. The inner ring is colored based the respective blaOXY variant present (representing phylogroups Ko1-Ko8) and the outer ring indicates the presence or absence of species-specific marker genes for K. michiganensis (leupAB) and K. grimontii (orfABC) or K. pasteurii (orfA′). Other Klebsiella/Raoultella species: K. huaxiensis and 18 of 313 database entries of KoSC members clustered outside the major tree branches A and B with 24 reference strains (Supplementary Table 2).




Phylogenetic Analysis

Comparative phylogenetic analysis of whole genome sequences utilized three different approaches. (I) Phylogenetic analysis was done with PhyloPhlAn –version 3.0.51 (May 11, 2020) (Segata et al., 2013) using the amphora2 database (136 marker genes). The diversity was set to low and the default supermatrix configuration file was applied which utilizes five external tools: diamond, mafft, trimal, FastTreeMP, raxmlHPC.

(II) Core genome phylogeny of the biochemically identical KoSC members was created after extracting core genomes in the gbff format with the BPGA –version 1.3 (Chaudhari et al., 2016), with the sequence identity cut-off set at clustering 0.5 (50%). Core sequences were then aligned in MEGAX using MUSCLE with cluster method set as UPGMA. After initial alignment, the core tree was built in MEGAX. The construct was built using the Neighbor Joining method with Poisson model and gamma distribution set at one.

(III) Sequence types (STs) for GenBank entries were determined using pubmlst.org/organisms/klebsiella-oxytoca and a Neighbor-joining tree was built as described for the environmental strains except that the tree was midpoint rooted.



Blast Analyses and in silico PCR Analysis

Klebsiella genomes were analyzed with a standard online nucleotide Blast (query cover: 100%, e-value cut-off: 1e-30) using leupABCD as a query sequence. Screening of core genome insertion sites, genes and intergenic regions was done with blastn, where chromosomal and plasmid sequences for each strain were combined and built into a blast database. Assembly IDs of genome sequences used in blast analyses are listed in Supplementary Table 2.

Insertion site evaluation was performed with a blast query of 9,264 bp including leupABCD, the adjacent transporter and the two open reading frames (ORFs) flanking this region. The query sequence was retrieved from K. oxytoca CAV1374, nucleotide position 312527 to 321790. The five blastn outcomes obtained were defined as follows. Variant A: blast identities (>92.5%) for the ORFs flanking the leupeptin biosynthesis genes and no coding sequence in between; Variant B: blast identities (>94.64%) over the whole query sequence; Variant C: blast identity (>93.74%) for the flanking ORFs, separated approximately by 4,200 bp indicating an unknown insertion. Variant D: blast identity (>92.30%) for the flanking ORFs with an insertion of approximately 870 bp; Variant E: no significant identity to the query.

To compare PCR results from environmental samples with blast analysis of genomic data, we used the corresponding amplified gene fragment as the query sequence in blastn analysis, except for a full-length npsB query. Only results with homologies of >98.5% (leupAB, orfABC, orfA’) or >93,5% (npsB) over the full query sequence were scored as positive. Strains were also analyzed for their blaOXY variants using each full-length gene sequence as a query. We performed in silico PCR analysis for leupAB, orfABC, and orfA’ on whole genome sequences using a perl script and 100% primer binding stringency or allowed one base mismatch per primer sequence (Supplementary Table 2).



Short Read Sequence Mapping

Raw sequencing reads of 41 KoSC strains and 30 non-KoSC strains (2 Acinetobacter baumannii, 2 Escherichia coli, 3 K. pneumoniae, 7 K. quasipneumoniae, 2 Klebsiella spp. and 14 K. variicola) were downloaded from NCBI BioProject PRJEB5065 (Moradigaravand et al., 2016, 2017). Short Read Sequence Typing for Bacterial Pathogens (SRST2) (Inouye et al., 2014) was utilized for read-mapping (fastq format) and allele calling. As query sequences we used the same gene fragments (leupAB, orfABC, and orfA’) utilized for blast-based gene typing. To identify the conserved core genome site without variant insertion, we utilized the 175 bp fragment generated with primers 9 + 10. Full-length genes were used for npsB and variant blaOXY1–9 calling. Default parameters were used with coverage threshold set at 90. Results were manually evaluated and hits with >99% coverage and >0.90 identity score were determined positive and included in Supplementary Table 3. For alleles with multiple hits (i.e., blaOXY) the highest homology variant is shown.



Relevant Assembly IDs and Accession Numbers

Assembly IDs of genomes used in this study can be found in Supplementary Table 2. Accession numbers of blaOXY variants: AJ871864 (blaOXY–1), AJ871866 (blaOXY–2), AF491278 (blaOXY–3), AY077481 (blaOXY–4), AJ871871 (blaOXY–5), AJ871875 (blaOXY–6); KT001254.1 (blaOXY–7); MN030566 (blaOXY–8); and MN030564.1 (blaOXY–9); Non-ribosomal peptide synthetase gene (npsB) of the K. oxytoca AHC-6 tilimycin/tilivalline biosynthesis gene cluster (HG425356.1) nucleotide position 17,602 to 21,972. Leupeptin biosynthesis gene cluster (nucleotide position 315,353 to 321,183) of strain CAV1374 (CP011636.1); locus tags for leupA (AB185_06775), leupB (AB185_06780), leupC (AB185_06785), and leupD (AB185_06790). OrfABC (nucleotide position 52,982 to 56,916) of strain JKO3 (AP014951.1); locus tags for orfA (KOJKO3_c0051), orfB (KOJKO3_c0052), orfC (KOJKO3_c0053), and the transporter (KOJKO3_c0054). OrfA′ and transporter (nucleotide position 74,455 to 75,057) of strain ARO112 (GCA_009757395.1, contig20), locus tags for orfA′ (GQ640_RS25055) and the transporter (GQ640_RS24900).





RESULTS


Core Phylogeny and Accessory Gene Content Are Highly Congruent for a Population of Environmental KoSC Isolates

To explore the presence of phylogroup-specific genes in a diverse population we first characterized a collection of 63 KoSC strains isolated from various environmental sources (Figure 1). Identification was performed by routine biochemical analyses and MALDI-TOF mass spectrometry. We then genotyped the strains’ chromosomally encoded blaOXY variants (Figure 1). PCR typing for blaOXY–1 and blaOXY–2 was sufficient, but reliable assessment of other blaOXY variants required sequencing. Most strains were assigned to phylogroups Ko1 (blaOXY–1), Ko2 (blaOXY–2), and Ko6 (blaOXY–6). A single Ko5 and one Ko4 (blaOXY–4) isolate were also identified. Thus, we conclude that our collection comprised K. oxytoca (blaOXY–2), K. michiganensis (blaOXY–2 & blaOXY–5), K. pasteurii (blaOXY–4), and K. grimontii (blaOXY–6) strains.

A multi-locus sequence typing (MLST) scheme has been developed for K. oxytoca (Herzog et al., 2014) that also resolves phylogeny of K. michiganensis (blaOXY–1), K. pasteurii (blaOXY–4) and K. grimontii (blaOXY–6) (Fevre et al., 2005; Izdebski et al., 2015; Moradigaravand et al., 2017). However, correspondence of blaOXY grouping and MLST typing has not been explored extensively. We applied MLST to all isolates to compare with blaOXY-based phylogrouping and to investigate the diversity of our collection. Allelic variation at seven housekeeping gene loci identified 57 distinct sequence types (ST). Several of the STs match STs previously identified for clinical isolates. We then inferred a phylogenetic tree for this population and in good agreement with the population structure of clinical isolates (Herzog et al., 2014; Moradigaravand et al., 2017), relationships of the environmental strains cluster into two major clades (MLST-cluster A and B). Cluster B further splits into the sub-groups B1 and B2 (Figure 1). In summary, we obtained correspondence of MLST based phylogeny and blaOXY typing in this diverse population.

We next surveyed the population for accessory gene content. Knowledge of whether human KoSC isolates carry genes for production of the enterotoxins tilimycin and tilivalline (Dornisch et al., 2017; Unterhauser et al., 2019) is clinically relevant. Application of a PCR-based screen for the presence of a non-ribosomal peptide synthetase gene (npsB) to this collection showed that npsB affiliated predominately with cluster A and sub-group B2 of this population but was also present in B1 (Figure 1). All isolates negative for PCR product were also negative phenotypically for toxin production, but from 30 npsB + isolates, 7 were not cytotoxic (Figure 1). The observed general distribution of npsB effectively disqualified the locus as a phylogroup-specific marker.

Previously, we observed that the biosynthesis genes (leupAB) of protease inhibitor leupeptin (Li et al., 2020) have a characteristic distribution along MLST-based KoSC phylogeny. We used PCR to screen the collection for leupAB and consistent with our previous findings (Li et al., 2020), leupeptin biosynthesis genes were detected solely in strains of sub-cluster B1 and thus only in K. michiganensis (blaOXY–1). To interrogate the correlation between leupeptin biosynthesis genes and K. michiganensis in more detail, we performed an online blastn search using leupABCD as a query sequence and “Klebsiella” as search set. The locus was detected in whole genome sequences classified as K. oxytoca and K. michiganensis but, concordant with our findings for the environmental collection, these genomes all carry blaOXY–1 suggesting a misclassification of database entries. To obtain better discrimination we surveyed the insertion site of leupABCD. We noted that the position is conserved in every leupABCD positive genome; therefore we next asked whether leupABCD negative strains carry distinct gene loci at this site. We utilized a >9kb query sequence comprising the conserved flanking open reading frames (orf1 and orf2; Figure 2A) and spanning the leupeptin biosynthesis genes (Figure 2B) for blast analysis. We sought to focus specifically on K. oxytoca and performed blast analysis and blaOXY typing only on database entries with the identifier “K. oxytoca” available in NCBI (n = 177, June 2020). Five different outcomes were obtained for the genome region of interest (Figure 2). Strains either carry (I) the conserved core genes without insertion (variant A), (II) the conserved core genes with the leupeptin biosynthesis genes inserted (variant B), (III) the conserved core genes and a gene cluster we designated here as orfABC (variant C), (IV) core genes and a truncated version of the orfABC locus, orfA′ (variant D), or (V) no homology to the query. Importantly, despite our aim to analyze exclusively genomes belonging to the species K. oxytoca, we identified strains of all phylogroups. We next asked whether each insertion variant correlated with a specific blaOXY phylogroup. In 176 of the 177 genomes we observed perfect correlation between the two loci (Supplementary Table 2). Variant A strains (no insertion) carry blaOXY–2, variant B strains (leupeptin biosynthesis genes) carry blaOXY–1 or blaOXY–5, variant C strains (orfABC) carry blaOXY–6, and the single observed variant D strain (orfA′) was positive for blaOXY–4. Only K. oxytoca strain K3678 represents an exception (blaOXY–1 but no leupeptin genes).

Based on these findings we applied a discriminatory PCR screen using primer-binding sites shown in Figure 2 to survey the alternate accessory gene sets carried by the environmental isolates (Figure 1). All B1 strains (including the blaOXY–5 isolate) contain leupAB (variant B) and all but one B2 isolate carry orfABC (variant C). This blaOXY–4 isolate (KS3/2) harbored the truncated orfA′ (variant D). All cluster A strains were negative for leupAB, orfABC, and orfA′ and amplicons from primers binding in the core genes confirmed that the region lacked insertion (variant A). Sequence similarity search with the newly identified orfA, orfB, and orfC and subsequent analyses of the conserved domains they contain imply a role in carbohydrate metabolism.

Results summarized in Figure 1 show that core genome phylogeny, blaOXY variations, and accessory gene distribution correspond in this population. Thus, we conclude that not only variations in the core genome differentiate the species of the KoSC but also species-specific gene loci. We hypothesize that the discrepancies observed in correlating blaOXY and accessory gene markers with species classification in database entries may result from misclassification. We further propose that the robustness of these correlations should facilitate typing and re-typing of isolates and will also consolidate species boundaries within the complex.



Average Nucleotide Identity Reveals Discrepancies in Standing K. oxytoca, K. michiganensis, and K. grimontii Classification

Inconsistencies in taxonomic assignment of deposited sequences of K. oxytoca has been noted by others previously (Chen et al., 2020) and the observed incongruence in classification is not unexpected as some strains were classified before the phylogroups were separated into species. However, also recent database submissions are misidentified. The problem is perpetuated by incorrectly classified references strains whose use confounds consistent taxonomy of KoSC members.

To move forward, we thought to provide a verified reference set of consistently classified KoSC members. We performed an in-depth analysis of all KoSC genomes retrieved from databases and applied a comparative approach to develop the discriminatory power of typing methods. A survey of database entries deposited for KoSC members retrieved none with the identifier “K. spallanzanii” or “K. pasteurii” and only 4 sequences of K. huaxiensis. We then downloaded all publicly available genome sequences for K. oxytoca, K. michiganensis, K. grimontii and K. huaxiensis and identified four K. spallanzanii genomes (blaOXY–3) and 20 K. pasteurii (blaOXY–4) among them. To generate a robust test set (Supplementary Table 1), we selected all genomes with complete status. To cover phylogroups more evenly we also enrolled genomes with more than 30 contigs where necessary. We further added the following strains from recent publications regardless of their assembly status: K. oxytoca strain DSM29614 (Gallo et al., 2018), K. grimontii reference strain 06D021 (Passet and Brisse, 2018), the identified K. spallanzanii strains (Merla et al., 2019), K. michiganensis strain Kd70 (Dantur et al., 2018), K. michiganensis ARO112 (Oliveira et al., 2020), and reference strain DSM25444, which was the first K. michiganensis strain described (Saha et al., 2013).

Average nucleotide identities (ANI) of a large set of KoSC members has not been reported, thus we chose to first evaluate species boundaries in the KoSC test set assembled above using this unbiased whole-genome similarity metric regardless of the existing taxonomy. ANI resolved clusters in 5 major groups (Figure 3). blaOXY group and accessory gene typing of each test strain strongly correlated with the observed ANI affiliation (Figure 3 and Supplementary Table 1). K. pasteurii (blaOXY–4) and K. grimontii (blaOXY–6) are highly related. These are not differentiated when the ANI-based > 5% sequence discontinuity threshold for species separation is applied. Instead, a sub-clustering correlating with the respective blaOXY group is apparent. In summary, the average identity for K. oxytoca (blaOXY–2) was 99.38 (SD ± 0.21), for K. michiganensis, (blaOXY–1) 98.94 (SD ± 0.56), and for K. grimontii (blaOXY–6) and K. pasteurii (blaOXY–4) combined 97.90 (SD ± 0.94). Scores for the limited number of analyzed K. spallanzanii (blaOXY–3) were 98.95 (SD ± 0.56), and for K. huaxiensis (blaOXY–8) 99.58 (SD ± 0.56). Inter-group comparisons in this analysis support monophyly of the four biochemically identical species as they are more closely related to each other than to K. spallanzanii and K. huaxiensis (Figure 3). The putative K. oxytoca strain P620 was not typeable for blaOXY and is phylogenetically distant to all investigated phylogroups.

Next, we asked whether species separation can also be achieved using discrete sets of core genes. Robust phylogenetic trees were generated for the same test set of KoSC genomes using a variety of comparisons. The first tree (Figure 4A) is based on coding information for 136 reference proteins (Amphora2, supermatrix) and included as an outer-group other closely related Klebsiella/Raoultella species. The resulting tree clusters showed excellent agreement with ANI results. However, in contrast to ANI, this analysis based on selected reference proteins suggests a close relationship of Ko2 (K. oxytoca) and Ko3 (K. spallanzanii) strains. Notably, the assessment also shows that strains R. ornithinolytica S12 and K. aerogenes NCTC6944 should be reassigned to R. terrigena and K. pneumoniae, respectively. This classification was validated by ANI.

Finally, we generated phylogenetic trees for the biochemically identical species based on a large portion of the core genome (2,785 proteins) versus just seven conserved MLST core genes (Figures 4B,C). The comparison resulted in identical clustering except for strains AR380, BD177, F107, and NCTC13775. Notably, not all strains can be typed using MLST particularly blaOXY–4 and blaOXY–6 strains.

The comparison confirmed converging outcomes using multiple typing methods based on a wide spectrum of markers. The relevant conclusion is that MLST cluster A represents K. oxytoca, sub-group B1, K. michiganensis, and sub-group B2 comprises K. pasteurii, and K. grimontii, which, nonetheless could be clearly separated into distinct groups in every analysis performed. Thus, the phylogenies determined from STs of this reference set of genomes (Figure 4C and Supplementary Table 1) as well as the STs of the environmental test set (Figure 1) can provide a standard for species identification of KoSC isolates where MLST results are available.



Unifying Classification Scheme for Distinction of the Biochemically Identical KoSC Members

We next performed a validation test by analyzing and visualizing the relationship of all 316 KoSC genomes including K. spallanzanii and K. huaxiensis and closely related Klebsiella and Raoultella species available in June 2020 (Supplementary Table 2). The inferred phylogenetic tree (Amphora2, supermatrix) showed a clustering in three major branches (Figure 5). Next, we interrogated the correlation of branching with presence of blaOXY variants and accessory gene markers. Blast analysis using blaOXY variants, leupAB, orfABC, and orfA′ as query sequences established correlation of main clusters and phylogroups as well as with the MLST-tree branches A, B1, and B2 (Figure 5 and Supplementary Table 2). In good agreement with previous findings (Li et al., 2020), Ko5 (blaOXY–5) strains cluster in branch B as a distinct group (intermediate cluster) but isolates share the leupAB locus present in sub-group B1 strains. Interestingly, we identified a selection of Ko1 (blaOXY–1) strains within cluster A. These isolates were positive for leupAB and therefore share features with sub-group B1 strains. According to ANI, these intermediate isolates are K. michiganensis strains and not K. oxytoca strains. Similarly, some K. michiganensis strains were affiliated with sub-group B2, yet they still carry leupAB and not orfABC or orfA′. This finding highlights the monophyletic relationship of these complex members as phylogenetic trees inferred from concatenated core genes cannot always fully resolve phylogroup boundaries. However, species separation is achieved based on a combination of blaOXY and accessory gene typing.

In summary, we argue that the results of the numerous approaches taken here provide sufficient evidence to support reclassification of 94 of 316 KoSC strains in the databases (Supplementary Table 2). Notably, 18 isolates did not cluster in any of the major branches and represent other closely related Klebsiella/Raoultella species (Supplementary Table 2).



Validation of Rapid, Reliable Species Identification

To test the capacity for rapid reliable typing using the accessory gene content described above, we performed in silico PCRs on this validation set of all 316 KoSC genomes and the 24 other Klebsiella genomes (Supplementary Table 2) with the primer pairs used to detect leupAB, orfABC, and orfA′ in the environmental test set. Results were in good agreement with the outcome of blast analyses for the respective gene loci (Supplementary Table 2). Application of in silico PCR without allowing any mismatch detected leupAB in 89% (103/116) and, when only one mismatch per primer was allowed, in 95% (109/116) of the K. michiganensis genomes previously positive in leupAB blast analysis. With both primer stringencies orfA’ was detected in 75% (15/20) of the K. pasteurii genomes previously positive in orfA’ blast analysis and in 100% (38/38) of K. grimontii genomes previously positive in orfABC blast analysis. These in silico results confirm that primer-binding sites are highly conserved. Since we were able to type all environmental isolates experimentally with this PCR, we predict that the actual detection rate in practice will be higher than observed in the very stringent in silico PCR. Moreover, specificity appears to be given as in silico PCRs and blast analyses for the gene loci were negative for K. spallanzanii, K. huaxiensis, and other members of the Klebsiella group tested in this analysis (Supplementary Table 2).

In a final step, we verified the validity of our approach using non-assembled genome sequences. Fastq files of phylogenetically characterized KoSC strains of clinical origin (Moradigaravand et al., 2017) were extracted from BioProject PRJEB5065 (Moradigaravand et al., 2016) and subjected to short read sequence typing. Analysis of this population (Validation set II: clinical) revealed that the characteristic distribution of accessory genes along the KoSC phylogeny is also conserved in strains of clinical origin. In agreement with previously published data (Moradigaravand et al., 2017) we identified the respective blaOXY alleles for each strain as well as the phylogroup-matching accessory genes (Supplementary Table 3) leupAB, orfABC, or the genomic core region lacking any insertion. No K. pasteurii (orfA’) was identified in this strain set. All of the tested non-KoSC genomes lack leupAB, orfABC, orfA’, and blaOXY variants. One exceptional K. quasipneumoniae strain gave a positive result for the conserved “empty” core region but the isolate was not positive for any of the blaOXY variants.

Based on these analyses, we conclude that simple assessment of four gene loci can be applied for reliable species affiliation of monophyletic members of the KoSC. In this classification scheme defining criteria for differentiation of the biochemically identical species are: K. oxytoca (blaOXY–2, leupAB-, orfABC-, orfA′-), K. michiganensis (blaOXY–1&5, leupAB +, orfABC-, orfA′-), K. pasteurii (blaOXY–4, leupAB-, orfABC-, orfA′+) and K. grimontii (blaOXY–6, leupAB-, orfABC+, orfA′-).




DISCUSSION

Consistent, systematic classification of bacteria is challenging but highly important since nomenclature influences the way data gathered on organisms is interpreted. The KoSC comprises several closely related species of clinical and economic significance. To date K. oxytoca, K. michiganensis, K. pasteurii and K. grimontii cannot be distinguished morphologically, biochemically, or based on their 16s rRNA gene sequence. Moreover, they seem to inhabit the same ecological niches and share important virulence properties like the tilimycin/tilivalline biosynthetic gene cluster.

In this study we aimed to develop a uniform classification scheme with the capacity to define species of the KoSC with high resolution. We took a multi-pronged approach to determine the population structure of an uncharacterized collection of KoSC members of environmental origin. We applied genome-based species definition to the large volume of publicly available genomes. Congruency of phylogenies derived when indexing core and accessory genes helped validate genotypic relationships within the complex and also define clear genetic discontinuities. The data reveal a simple routinely applicable classification scheme with sufficient discriminatory power to resolve the biochemically identical K. oxytoca, K. michiganensis, K. pasteurii and K. grimontii. The data also expose discrepancies between the results of genome-based species definitions and standing nomenclature of the NCBI taxonomy database (Supplementary Table 2). Although stability in bacterial nomenclature is certainly desirable, reclassification of strains in this complex appears necessary. The community may choose to reclassify prior entries and possibly reinterpret clinical data gathered on organisms in the past. Such steps would help prevent continued confusion about organisms of the KoSC and clarify the clinical relevance of each species.

Further information gained from this study included insights into the distribution of KoSC members in the environment. We sought to recover strains from sewage sludge, soil, meat and surface water and ultimately cultured and isolated members of the complex from 68 of 128 environmental samples. Although the population size is too small to draw broad conclusions regarding environmental distribution of K. oxytoca, K. michiganensis, K. pasteurii and K. grimontii it is interesting to note that every second meat product analyzed was contaminated with at least one KoSC strain. Of these 32 isolates 19 were npsB+, implicating retail meat as a likely source of transmission of cytotoxin-producing Klebsiella spp. (Figure 1). Antibiotic-associated hemorrhagic colitis is caused by the overgrowth of toxigenic strains following use of antibiotics such as penicillin or amoxicillin (Högenauer et al., 2006). Transmission of toxin positive strains from food during antibiotic therapies might therefore increase patient risk for severe infections.

Klebsiella michiganensis strains can be isolated from the gastro-intestinal tract (Chen et al., 2020), blood and cerebrospinal fluid (Carrie et al., 2019) of infants, and they are affiliated with upper-respiratory diseases in adults (Herzog et al., 2014). In this study, we isolated K. michiganensis strains predominantly from sewage sludge. Previously, it was shown that sub-group B1 strains have the potential to synthesize protease inhibitor leupeptin, which might provide a colonization advantage in the lung (Li et al., 2020).

Klebsiella grimontii strains have been isolated from the gastro-intestinal tract of infants, adults, and animals as well as from diverse environmental sites (Passet and Brisse, 2018; Chen et al., 2020; Oliveira et al., 2020). Our analyses show that these K. grimontii strains include K. pasteurii (blaOXY–4) isolates. Based on the ANI threshold 95, our analysis does not support a separation of phylogroups Ko4 and Ko6 strains into distinct species but strains of the two groups can clearly be differentiated based on core and accessory genes investigated in this study.

In summary, we show convergence of ANI grouping, blaOXY typing, and MLST phylogeny, thus previously obtained MLST data can be reinterpreted for species delineation. Routine laboratories will continue to identify strains following a conventional polyphasic strategy but resolution of that approach can now be improved with the rapid and simple PCR-typing strategy described here. The method allows robust species delineation without requiring whole genome sequencing or even blaOXY sequencing. The available data allow us to propose that once an isolate is biochemically identified as K. oxytoca, PCR for blaOXY–1 and blaOXY–2 can reliably differentiate K. michiganensis (except blaOXY–5) and K. oxytoca strains. Differentiation of K. grimontii (blaOXY–6) and K. pasteurii (blaOXY–4) or identification of blaOXY–5 strains requires blaOXY gene sequencing. Yet, as an alternative in those cases, a simple PCR screen for leupAB, orfABC, and orfA′ is sufficient to differentiate the species.
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Supplementary Figure 1 | Illustration of workflow. Five specific sets of samples/sequence data were sequentially analyzed (A–E). Their respective isolation and/or download source is indicated above. The main selection criteria for compiling the respective data sets can be found together with the number of strains/genomes analyzed in the blue boxes. Orange boxes identify which analysis/tool was performed/applied on each data set and lead over to the green boxes that indicate which figure/table presents the respective results. A more detailed description of data sets and methodology is provided in the “Methods” section.

Supplementary Table 1 | Summary of MLST and Blast results for the reference set of Klebsiella oxytoca species complex.

Supplementary Table 2 | Summary of Blast and in silico PCR results for 316 K. oxytoca species complex members and 24 other Klebsiella/Raoultella species.

Supplementary Table 3 | Summary of short read sequence typing of KoSC isolates.
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Clostridioides difficile sequence type 2 (ST2) has been increasingly recognized as one of the major genotypes in China, while the genomic characteristics and biological phenotypes of Chinese ST2 strains remain to be determined. We used whole-genome sequencing and phylogenetic analysis to investigate the genomic features of 182 ST2 strains, isolated between 2011 and 2017. PCR ribotyping (RT) was performed, and antibiotic resistance, toxin concentration, and sporulation capacity were measured. The core genome Maximum-likelihood phylogenetic analysis showed that ST2 strains were distinctly segregated into two genetically diverse lineages [L1 (67.0% from Northern America) and L2], while L2 further divided into two sub-lineages, SL2a and SL2b (73.5% from China). The 36 virulence-related genes were widely distributed in ST2 genomes, but in which only 11 antibiotic resistance-associated genes were dispersedly found. Among the 25 SL2b sequenced isolates, RT014 (40.0%, n = 10) and RT020 (28.0%, n = 7) were two main genotypes with no significant difference on antibiotic resistance (χ2 = 0.024–2.667, P > 0.05). A non-synonymous amino acid substitution was found in tcdB (Y1975D) which was specific to SL2b. Although there was no significant difference in sporulation capacity between the two lineages, the average toxin B concentration (5.11 ± 3.20 ng/μL) in SL2b was significantly lower in comparison to those in L1 (10.49 ± 15.82 ng/μL) and SL2a (13.92 ± 2.39 ng/μL) (χ2 = 12.30, P < 0.05). This study described the genomic characteristics of C. difficile ST2, with many virulence loci and few antibiotic resistance elements. The Chinese ST2 strains with the mutation in codon 1975 of the tcdB gene clustering in SL2b circulating in China express low toxin B, which may be associated with mild or moderate C. difficile infection.

Keywords: Clostridioides difficile, whole genome sequencing, ST2, tcdB, genomic characteristics


INTRODUCTION

Clostridioides difficile is an anaerobic, spore-forming Gram-positive bacillus that is able to colonize and proliferate in the human gut, especially following changes in the indigenous colonic microbiota after antibiotic use (Knight et al., 2015). The C. difficile genomes have been well documented with a high proportion of mobile genetic elements and an ultra-low level of genetic conservation (as low as 16%) (Knight et al., 2016), and its phylogenetics and evolutionary clades have been recognized as well (Knight et al., 2015). A whole-genome sequencing (WGS)-based phylogenetic tree showed that C. difficile has six main clades (Knight et al., 2015), in which clade 1 is the largest one with a variety of sequence types (STs), including ST2, which usually resulted in mild or moderate C. difficile infection (CDI) (Griffiths et al., 2010; Cheng et al., 2016). ST2 exhibits high genetic diversity with various PCR ribotypes (RT) (Griffiths et al., 2010; Jin et al., 2017), two toxin genes (tcdA and tcdB) are located on a 19.6-kb pathogenicity locus (PaLoc), and no binary toxins are found (Knight et al., 2015). ST2 also belongs to RT014, which is a successful lineage of C. difficile as significant reservoirs in both human and porcine populations in Australia, and there were obviously different genomic features and biological phenotypes in ST2 including antibiotic resistance elements and antibiotic resistance phenotype between different resources (Knight et al., 2016). However, the genomic characteristics and biological phenotypes remain to be determined in other regions.

Recent studies showed that the molecular epidemiology of C. difficile in China has its own characteristics with specific antibiotic resistance and genotype profiles as below (Tang et al., 2016; Jin et al., 2017; Luo et al., 2019). A meta-analysis displayed that the pooled incidence of toxigenic C. difficile in diarrhea patients in Mainland China was approximately 14%, and ST2 was one of the dominant genotypes in China (Tang et al., 2016). However, ST2 usually led to mild or moderate CDI with no other severe symptoms, making it be easily overlooked in clinical treatment (Jin et al., 2017; Luo et al., 2018). Even though antimicrobial resistance phenotypes of C. difficile ST2 in Australia have been described as reported previously, there is still a paucity of data on ST2 genomic characteristics and the biological characteristics, including toxin expression and sporulation in other regions.

WGS provides an ultra-fine scale resolution tool for analysis of genomic characteristics, evaluation of bacterial genetic diversity, identification of subtle genetic variability, identification of signatures of clonal transmission, and assessments of C. difficile epidemiology of strains implicated in infection recurrences and outbreaks (Didelot et al., 2012; Eyre and Walker, 2013; Martin et al., 2016). Here, a collection of 182 ST2 strains from different regions of human origin with isolation dates between 2011 and 2017 were studied. Genome characteristics associated with virulence and antibiotic resistance genotypes were studied in silico, and biological features, including antibiotic resistance phenotypes, toxin expression, and sporulation, were also measured in vitro.



MATERIALS AND METHODS


C. difficile Isolates and WGS Data

A total of 30 ST2 strains were isolated from CDI patients as part of different CDI surveillance programs conducted in different sites including Zhejiang (n = 18) between February 2013 and January 2017, Hebei (n = 10) between January 2011 and December 2014, Hunan (n = 2) in 2014. The remaining 10 ST2 strains were sourced from CDI patients as part of an international collaboration on molecular characteristics of C. difficile. Isolates originated from six sites related to hospitals, including Hong Kong (n = 2) in China, Pusan in South Korea (n = 1), Fukuoka in Japan (n = 1), Singapore (n = 3), and Sydney (n = 2) and Perth (n = 1) in Australia. All the 40 available ST2 isolates with no epidemiological relationships were included in this study by the time the study started. Clinical data were collected after the study was approved by the Ethics Committee of the Hangzhou Medical College. All available genomic data for ST2 strains were included in this study up to January 2017. The genome data of a total of 139 ST2 strains published between 2001 and 2016 were downloaded from the National Center for Biotechnology (NCBI1). Raw reads data of 3 ST2 strains (SRR1519431, SRR1519374, and SRR1519422) isolated in 1995 and 1997, respectively, were downloaded from the NCBI database (up to January 2017). The information of the 182 strain was provided in Supplementary Material.



PCR Ribotyping

Six reference C. difficile strains (ATCC 43255, ATCC 43598, BAA-1870, BAA-1803, BAA-1801, and ATCC 700057) were used as controls. PCR ribotyping was performed by using PCR followed by capillary gel electrophoresis described previously (Indra et al., 2008). The 16S rRNA gene primers were labeled at the 5′ end with carboxyfluorescein. After PCR amplification, PCR fragments were analyzed using an ABI 3100 genetic analyzer (Applied Biosystems, Foster City, CA, United States) with a 36-cm capillary loaded with a POP4 gel (Applied Biosystems). The size of each peak was determined using GeneMapper ID-X 1.3 (Applied Biosystems). RT assignment was performed after the data were deposited in the WEBRIBO database2.



Whole-Genome Sequencing and Assembly

Genomic DNA was extracted as previously described (Stabler et al., 2009). WGS libraries were created using TruePrep DNA Library PrepTM Kit V2 (Illumina, Santiago, CA, United States). WGS was performed using the Illumina Hiseq X-ten with 150-base paired-end reads. The sequence data were processed and quality controlled according to a standard pipeline as previously described (Preston et al., 2014). Briefly, FASTQ-formatted sequencing reads were quality controlled with a minimum quality Phred score of 30 (as a rolling average over 4 bases) using trimmomatic v0.36. Trimmomatic v0.36 was also used to remove adapters and low-quality sequences, and 63.051 Gb clean bases were finally generated (1.616 Gb/per isolate, Q20 ≥ 95%) (Bolger et al., 2014). Genome data for the 40 isolates from this study, and the downloaded raw reads for three genomes, were de novo assembled using Velvet (version 1.2.10). Optimal k-mers fell between 47 and 93 bp, according to the mean value for median contig size of genome assembly (n50). The genomic sequences of the remaining 139 strains were downloaded from the NCBI.



SNP Detection and Identification

All genome sequences were aligned to the C. difficile W0022a reference genome (GCF_002812625.1) and SNPs were identified using MUMmer (v3.23) with default parameters (Kurtz et al., 2004; Li et al., 2016). Following the removal of SNPs within 5 bp of the location interval (less than five bases existed between any two SNPs) by using the perl script (file name: filter_dist.pl.3), high-quality SNPs were annotated according to demographic information including clades and locations.



Recombination Detection and Phylogenetic Analysis

Gubbins was used to detect recombination in newly built whole-genome sequences (Croucher et al., 2015) as previously reported (Knight et al., 2015, 2016), and SNPs located in the recombination regions were identified and removed by using the perl script (file name: gubbinssns.vcf_to_genotype.pl., see text footnote 3). After that, an alignment of non-recombinant SNPs was obtained. A total of 182 C. difficile genomes were used to generate core genes by using BLAST with the thresholds of 80% nucleotide sequence identity and 80% of the query length. A total of 1,685 genes were defined as the core gene sets using BLASTp with an E-value of 1e-10, out of which the final SNPs were detected from all non-recombinant SNPs. The Maximum likelihood (ML) tree topology and branch length were inferred using IQ-TREE multicore v1.6.6. The recombination/mutation (r/m) ratio was calculated within the deep-branching phylogeny, which gives the relative probability that a nucleotide has changed as a result of recombination relative to a point mutation. Two phylogenetic trees before and after removal of SNPs located in the recombination regions by using Gubbins were compared, and the consistency indexes for two phylogenetic trees were analyzed by using the phangorn package in R (Schliep, 2011).



Antibiotic Resistance Genes and Virulence Factors

Antibiotic resistance-associated genes were determined using RGI (version 5.1.0) analysis and the CARD antibiotic resistance gene database4 (Alcock et al., 2020). Virulence loci were determined by BLAST (Ye et al., 2006; Johnson et al., 2008) analysis of genome sequences in the virulence factors database (VFDB5), which aims to provide up-to-date knowledge of virulence factors from various bacteria and serves as a comprehensive warehouse of bacterial pathogenesis knowledge for the scientific community (Liu et al., 2019). The cutoff values were set as 90% nucleotide identity and 90% of the query length for gene coverage to screen virulence loci (Dingle et al., 2019).



Antibiotic Susceptibility Testing

Twelve antibiotics including vancomycin, metronidazole, moxifloxacin, erythromycin, clindamycin, rifampicin, levofloxacin, gatifloxacin, ciprofloxacin, fusidic acid, tetracycline, and piperacillin-tazobactam (PIP-TAZ) were used to test the minimum inhibition concentration (MIC) of the 40 isolates by the agar dilution method according to standard clinical and laboratory guidelines (CLSI) (Clinical and Laboratory Standards Institute, 2011). The reference strain (ATCC 700057) was included in each test as a control. MIC breakpoints were chosen according to a previous report (Jin et al., 2017).



Detection of C. difficile Toxin B Cytotoxicity and Sporulation Capacity

Clostridioides difficile toxin B concentration was quantitatively detected using the real-time cell analysis (RTCA) system according to a previously reported method (Ryder et al., 2010). The toxin B concentration was calculated by a formula which was derived based on the testing results of a panel of purified toxin B standards with known concentrations ranging from 0.02 to 200 ng/μL. The sporulation capacity was measured as reported previously (Qin et al., 2017). A count between 30 and 300 spores on each plate was considered significant.



Statistical Analysis

Data analysis was performed using Statistical Package for Social Sciences (SPSS, Chicago, IL, United States) version 22.0. The difference in toxin concentration and sporulation capacity was analyzed using a t-test or nonparametric test. A P-value of <0.05 was considered statistically significant.



RESULTS


Genomic Characteristics of C. difficile ST2

All 182 WGS data were analyzed after sequence quality control and mapping to the C. difficile strain W0022a (NCBI accession: GCF_002812625.1). A total of 14,795 high-quality SNPs were identified after the resulting alignments. Gubbins analysis revealed 10,324 spatially clustered SNPs within 1,352 homologous recombination events. After removing these SNPs, 4,471 high-quality biallelic SNPs were extracted. Of these, 1,249 non-rare (core) SNPs (27.9%, 1,249/4,471) were present in the core genome, which included 966 (77.3%, 966/1,249) non-synonymous SNPs. The r/m ratio was approximately 2.31, which was determined through 10,324 SNPs divided by 4,471 SNPs. The phylogenetic tree was explored by high-resolution core genome SNPs analysis as briefly shown in Figure 1A. Firstly, the tcdB gene was conserved across all ST2 strains, and 98.4% (179/182) of ST2 had an intact tcdA gene, and the remainder carried truncated tcdA genes with an in-frame deletion of 1,633, 1,732, and 2,371 bp, respectively. All strains harbored cdtA/B pseudogene located in a 4.2-kb pathogenicity locus (CdtLoc) as described (Gerding et al., 2014). The remaining 33 virulence-related genes were distributed in the 182 genomes. Of them, 25 virulence-related genes were found in all ST2 strains. The putative flagellar protein gene (CD0259), which was associated with C. difficile virulence (Aubry et al., 2012), exists in only three of the ST2 genomes. The remaining seven virulence loci including groEL, which plays a role in C. difficile cell adherence (Hennequin et al., 2001) and decreases C. difficile intestinal colonization (Péchiné et al., 2013), CD0255A, flgE, fliK, fliL, fliP, and motA were widely distributed in ST2 genomes (Figure 1B).
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FIGURE 1. In silico predicted antibiotic resistance genes and virulence loci of 182 C. difficile ST2 strains. The heat map showed the distribution of antibiotic resistance genes and virulence loci in the genome-wide data. (A) The phylogenetic tree. The different colors in the figure represent the different origins. (B) Presence is indicated by black bars and absence by white bars. Colored by RT: light blue, RT404; orange, RT014; navy blue, RT006; black, RT664; green, RT020; gray, RT587; rose red, RT452; and yellow, RT076. Sorted by lineage: yellow line, L1; green line, SL2a; and blue line, SL2b.


A total of 10 putative antibiotic resistance genes and one gyrA gene variant with amino acid substitution (T82I) were identified within the 182 genomes (Figure 1B). The vanXY variant gene, vanXYG, mediated aminoglycoside resistance, and the cdeA gene, associated with fluoroquinolone resistance, were found in all 182 isolates. The remaining nine genes were found in several genomes as described below. The tetracycline resistance elements, tetA(P) and tet(K), were only found in two different C. difficile strains (one from Canada, another from Australia) (Figure 1B). For macrolide–lincosamide–streptogramin B (MLSB) resistance, the ermB and ermC genes were scattered in 6.0% (11/182) and 3.3% (6/182) of strains, respectively. Only three strains carried the gyrA mutation (T82I). The AAC(6′)-1e-APH(2″)-1a cassette associated with aminoglycoside resistance was found in 2.2% (4/182) of strains. The above results showed that C. difficile ST2 genomes dispersedly harbored a small number of antibiotic resistance genes and associated mutations.



Phylogenetic Analysis of ST2 Isolates

A ML phylogeny indicated that the 182 ST2 genomes were obviously divided into two genetically diverse lineages, L1 and L2 (Figure 2), primarily differentiated by 18 unique SNPs (Supplementary Table 1). L2 could be further divided into two sub-lineages, SL2a and SL2b, based on eight specific SNPs (Supplementary Table 2). SL2b primarily comprised most of the C. difficile strains from China (25/34, 73.5%), while North America had a high proportion of strains in L1 (66.4%, 71/107) and there was a high diversity of strain sources in SL2a. Various RTs were dispersedly distributed in different sub-lineages as Figure 1B shown. The geographical distribution showed significant differences among L1, SL2a, and SL2b in this ML phylogeny. Interestingly, it has been found that SL2b has only one sublineage-specific non-synonymous mutation, which occurred in the tcdB gene (W0022a reference genome, base position: T671,314G; amino acid position: Tyr1975Asp). The r/m value of the Chinese SL2b was 2.60, which was higher than those of strains from SL2a (2.33) and SL1 (1.26). There were 28 homologous recombination regions found in all strains belonging to SL2, of which 14 were specific to SL2b; six homologous recombination regions existed in almost all of the strains (Supplementary Figure 1 and Supplementary Table 3).
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FIGURE 2. Maximum likelihood phylogeny tree of C. difficile ST2. The different colors represented the different origins; the red dot marker was used for 40 C. difficile isolates by whole genome sequencing in this study.




In vitro Antibiotic Susceptibility Testing

Antibiotic susceptibility testing was performed in the 40 isolates sequenced in this study (Table 1). Summary MIC distributions for 12 antibiotic agents, by RT lineage, were presented in Figure 3. The rate of resistance to MLSB was 90.0% (36/40). The rates of resistance to the fourth-generation fluoroquinolones, gatifloxacin (15.0%, 6/40) and moxifloxacin (10.0%, 4/40) were lower than those to the third-generation fluoroquinolones, levofloxacin (82.5%, 33/40) (χ2 = 36.47 and 42.29, P < 0.001) and ciprofloxacin (92.5%, 37/40) (χ2 = 48.32 and 54.48, P < 0.001). No isolates were resistant to vancomycin or metronidazole. The rates of resistance to MLSB, fluoroquinolone, and fusidic acid (62.5%, 25/40) were distinctly higher than those to rifampicin (5.0%, 2/40) (χ2 = 29.57, P < 0.001), tetracycline (7.5%, 3/40) (χ2 = 26.59, P < 0.001), and piperacillin (2.5%, 1/40) (χ2 = 32.82, P < 0.001). All the RT020 isolates were susceptible to PIP-TAZ, and resistant to MLSB and fluoroquinolone. Of them, 61.5% (8/13), 7.7% (1/13), and 7.7% (1/13) were resistant to fusidic acid, and rifampicin, tetracycline, respectively. All of the RT014 isolates were susceptible to rifampicin; 86.7% (13/15) and 93.3% (14/15) were resistant to fluoroquinolone and MLSB, respectively; 60.0% (9/15) were resistant to fusidic acid; 6.7% (1/15) were resistant to tetracycline and piperacillin. The multidrug-resistant (MDR: resistant to ≥3 of these agents) rate was 65.0% (26/40), noted to be high in this study. Even though no significant differences in the antibiotic patterns were found among the different RTs and SLbs, L1 and SL2a, with no strains resistant to rifampin, tetracycline, PIP-TAZ, and moxifloxacin, they obviously presented different resistance patterns from SL2b (Supplementary Table 4).


TABLE 1. Clinical information of 40 C. difficile ST2 isolate.
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FIGURE 3. In vitro 12 antibiotic susceptibility with susceptible and resistant breakpoints. MIC distributions for 12 antibiotic agents against 40 C. difficile isolates, orange: RT014, green: RT020, and blue: RT664, RT006, RT076, RT404, RT452, and RT587. VAN, vancomycin; MTZ, metronidazole; ERY, erythromycin; CLI, Clindamycin; RIF, rifaximin; TET, tetracycline; PIP-TAZ, piperacillin-tazobactam; LFX, levofloxacin; MFX, moxifloxacin; GAT, gatifloxacin; CFX, ciprofloxacin. Where available, established susceptible and resistant breakpoints were indicated by vertical green and red lines, respectively.




Toxin Expression and Sporulation

The clinical information for the 40 patients is shown in Table 1. All the 40 ST2 isolates had no epidemiological relationships in spite that some of them belonged to the same RT. Some of the isolates were from the same province but not from the same location. Thus, no same clones existed in these ST2 genomes. The RTCA data showed that the average concentrations of toxin B in groups L1, SL2a, and SL2b were 10.49 ± 15.82, 13.92 ± 2.39, and 5.11 ± 3.20 ng/μL, respectively (Figure 4). C. difficile isolates in SL2a had significantly higher toxin concentration abilities than those in SL2b (t = 6.709, P < 0.001). Spore resuscitation abilities were represented in the mode of InterQuartile Range [M (P25, P75)]. The numbers for C. difficile sporulation in L1, SL2a and SL2b were 1.1 × 106 (5.2 × 105, 2.3 × 106)/mL, 1.2 × 106 (7.8 × 104, 1.3 × 106)/mL, and 6.6 × 105 (2.5 × 105, 1.2 × 106)/mL, respectively (Figure 4). There were no statistical differences in sporulation in the three groups (χ2 = 2.13, P = 0.346).
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FIGURE 4. Comparison of toxin production and Sporulation determination in the 40 C. difficile ST2 strains with different sub-lineages. (A) Toxin B concentrations by the RTCA system; (B) sporulation capacity by the heat-induced experiment. The toxin concentrations and sporulation capacity were shown as the mean ± standard deviation. Significant differences were marked with *P < 0.05.




DISCUSSION

Clostridioides difficile ST2 is one of the most dominant genotypes associated with mild CDI or asymptomatic carriage in China (Tian et al., 2016; Zhang et al., 2016; Jin et al., 2017), whereas the biological phenotypes and genomic characteristics of Chinese ST2 strains remain unexplored thus far. The ST2 lineage might be overshadowed by increasing prevalence of ST37/RT017 worldwide and outbreaks of ST1/RT027 lineage. As the ML phylogenetic trees on ST1/RT027 and ST37/RT017, our data revealed two distinct lineages of C. difficile ST2 with multiple independent clonal expansions after removal of SNPs located in the recombination regions. We also compared two phylogeny trees before and after the removal of SNPs located in the recombination regions by using Gubbins. The ML phylogeny tree before removal of SNPs located in the recombination regions showed similarity with SL1, SL2a, and SL2b (data not shown). The results showed that the consistency indexes of the ML phylogenetic trees with and without removal of SNPs located in the recombination regions were 0.9796078 and 0.937613, which was analyzed by using the phangorn package in R, indicating that removal of recombinant SNPs made the remaining SNPs more consistent with the resulting phylogeny. Notably, further analysis indicated that there was a sub-lineage of SL2b divided under L2, most of which (73.5%, 25/34) originated from China, and the average toxin B concentration in SL2b was significantly lower in comparison to those in L1 and SL2a.

ST2 and ST37 are the predominant genotypes in China (Tang et al., 2016; Jin et al., 2017). The T82I gene mutation in gyrA found in our study has been reported in the global outbreak of RT027 and RT017 (He et al., 2013; Cairns et al., 2017). The T82I substitution in RT027 and RT017 was globally distributed in both of their two sublineages but was found in silico in three ST2 genomes. In addition, a substitution in the gyrB gene, also associated with fluoroquinolone resistance, and the substitutions in the rifampin resistance-determining region of the rpoB gene (He et al., 2013; Cairns et al., 2017) were not found in ST2 genomes as the RT014 lineage shown (Knight et al., 2016), indicating that ST2 genomes had their own specific molecular characteristics with low diversity of antibiotic resistance-related gene mutations.

The data showed the average toxin production in SL2b was significantly lower than those in L1 and SL2a, and then a sublineage specific non-synonymous mutation in the tcdB gene (Y1975D) was found to be located in the C-terminus receptor-binding domain (RBD) of tcdB, which is a critical region for interaction with host epithelial cell membranes (Carter et al., 2012; Orth et al., 2014). The demographic information of all 40 isolates was checked, and no epidemiological relationships were found, even in the same RT and the same location. Thus, the ST2 genomes with the mutation of Y1975D were not from the same clone. The tcdB gene showed high genetic diversity with classification into eight subtypes (tcdB1-8). The subtype tcdB1 has the maximum within-subtype variation and consists of three clusters (tcdB1a, tcdB1b, and tcdB1c) as shown in our previous study, and all ST2 strains carried tcdB1a (Shen et al., 2020). Most of the C. difficile strains from North America, East Asia, and European countries express tcdB1, which was closely related to human and animal diseases with more cytotoxicity than other subtypes (Shen et al., 2020). The sequences of RT027-tcdB-RBD are genetically divergent from other genotypes, and probably associated with rapid cell entry (Dingle et al., 2011). Although the biological function of the gene mutation (Y1975D) in tcdB was unknown as this mutation was not located in the 712bp amplicon previously analyzed (Dingle et al., 2011), the structure of the tcdB protein might be impacted, leading to the prevention of toxin B binding to cell surface receptors and decreasing C. difficile ST2 cytotoxicity. Thus, we speculated that it was reasonable that CDI led by C. difficile ST2 in SL2b had mild or moderate clinical symptoms, and the level of pathological lesion was low, especially for strains in China. However, the mutation in the tcdB gene-specific to SL2b from China was not found to be significantly associated with toxin B concentration, probably due to the sampling bias in this study. Thus, more studies should be performed to clarify the relationship between this SNP and low toxin B cytotoxicity and examine its contribution to the decreased ST2 strain virulence.

Clostridioides difficile sporulation capacity was associated with bacterial viability, successfully determining the transmission ability of epidemic clones (Qin et al., 2017; Zhu et al., 2018). In this study, no significant difference was found on sporulation capacity of C. difficile ST2 between SL2b and other lineages. A previous report provided the first epidemiological evidence on an outbreak of epidemic C. difficile genotype ST81 in a general teaching hospital in China (Qin et al., 2017). The data showed that ST81 had similar sporulation capacity in comparison to ST2, but significantly less toxin production than ST2 in China (Qin et al., 2017). Obviously, ST2 strains had a potentially high risk of transmission, leading to a nosocomial outbreak, and the mild clinical symptoms were easily overlooked by clinicians. Moreover, C. difficile ST2 with high sporulation capacity might contribute to cross-species transmission from animal to human. Therefore, C. difficile ST2 should be closely monitored in future surveillance.

Antibiotic resistance elements are the key factors driving genetic diversity and epidemiological changes in C. difficile (Knight et al., 2015). In our study, only two antibiotic resistance loci (cdeA and vanXYG) existed in all ST2 strains and other antibiotic resistance loci were dispersedly distributed in ST genomes. Similar data were also presented in the previous study on RT014 lineage, mainly including ST2, ST13, and ST49 (Knight et al., 2016). In comparison to other STs in RT014, the ST2 genome has fewer antibiotic resistance genes and associated SNPs. The previous study also showed that only one ST2 strain simultaneously presented phenotypic resistance to tetracycline and MLSB with positivity for tetM and ermB, and ST2, except two strains that were resistant to aminoglycoside-streptothricin, but without any resistance cassettes (Knight et al., 2016). Similarly, our data showed that only two strains carried tetA(P) and tet(K), and two aminoglycoside-streptothricin resistance cassettes [AAC(6′)-1e-APH(2″)-1a and ANT(6)-1b] existed in each of five strains. However, ermB was present in the 11 strains, of which 83.3% (10/12) were from SL2b. The rates of resistance to the third-generation fluoroquinolones were significantly higher than those to the fourth-generation fluoroquinolones. According to in silico antibiotic resistance analysis, the T82I SNP in gyrA was only found in three strains, but cdeA existed in all ST2 strains. Therefore, we predicted that the cdeA gene was the main reason for third-generation fluoroquinolones resistance in C. difficile ST2, and but did not mediate resistance to fourth-generation fluoroquinolones. Based on the MIC data reported here, only 30.6% (11/36) of MLSB resistant isolates contained the ermB or ermC gene, suggesting that these antibiotic resistance genes alone did not always lead to phenotypic resistance, or other alternative antibiotic resistance mechanisms might exist (Knight et al., 2019). We did not find vancomycin-resistant strains in this study despite finding the vanXYG gene in all 182 isolates, demonstrating that in silico vancomycin genotyping was a poor predictor of vancomycin phenotype in C. difficile.

There is still a paucity of antibiotic resistance data for C. difficile ST2 strains in China. In this study, we found all ST2 isolates susceptible to the first-line human CDI therapies vancomycin and metronidazole. The antibiotic resistance pattern of C. difficile ST2 observed in this study differed dramatically from that in our previous studies (Jin et al., 2017). The resistance rate for clindamycin (17/18, 94.4%) was markedly higher than that reported previously, but that for fusidic acid, erythromycin, rifampicin, and tetracycline were lower than in previous studies (Jin et al., 2017). The antibiotic resistance pattern in ST strains observed in this study also differed dramatically from that in a systematic review and meta-analysis in China in 2016 (Tang et al., 2016), in which data on erythromycin, clindamycin, and rifampicin showed higher resistance rates than those in ST2, but our data reported here shows high rates of resistance to fusidic acid and levofloxacin in comparison to the systematic review data (Tang et al., 2016). However, the above review data did not provide detailed information about RTs, thus more data on antibiotic resistance specific to C. difficile ST2 should be investigated in future studies.

Our study had some limitations as described below. Firstly, the number of isolates investigated (n = 40) was low relative to the phylogenetic analysis of ST2 genomes, and the number of strains from other regions or countries is limited. Thus, greater numbers of strains from various regions in China and other countries would enhance the understanding of the phylogenetic analysis of ST2 genomes. Secondly, clinical information and biological features from the other 142 strains were unavailable, including RT types and phenotypic antibiotic resistance. The antibiotic resistance phenotypic-genotypic concordance was still unclear in C. difficile ST2. We are going to collecting more ST2 strains from different provinces in China and other countries in order to confirm the biological features of ST2 strains in SL2b in the near future.



CONCLUSION

Our study revealed two distinct lineages in C. difficile ST2 genomes with many virulence loci and few antibiotic resistance elements. SL2b was exclusively identified with a sub-lineage-dependent genome mutation (Y1975D) in tcdB, mainly in C. difficile strains from China expressing low toxin B, which might be associated with mild or moderate CDI.
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Background: Africa has one of the highest incidences of gonorrhea. Neisseria gonorrhoeae is gaining resistance to most of the available antibiotics, compromising treatment across the world. Whole-genome sequencing (WGS) is an efficient way of predicting AMR determinants and their spread in the population. Recent advances in next-generation sequencing technologies like Oxford Nanopore Technology (ONT) have helped in the generation of longer reads of DNA in a shorter duration with lower cost. Increasing accuracy of base-calling algorithms, high throughput, error-correction strategies, and ease of using the mobile sequencer MinION in remote areas lead to its adoption for routine microbial genome sequencing. To investigate whether MinION-only sequencing is sufficient for WGS and downstream analysis in resource-limited settings, we sequenced the genomes of 14 suspected N. gonorrhoeae isolates from Nairobi, Kenya.

Methods: Using WGS, the isolates were confirmed to be cases of N. gonorrhoeae (n = 9), and there were three co-occurrences of N. gonorrhoeae with Moraxella osloensis and N. meningitidis (n = 2). N. meningitidis has been implicated in sexually transmitted infections in recent years. The near-complete N. gonorrhoeae genomes (n = 10) were analyzed further for mutations/factors causing AMR using an in-house database of mutations curated from the literature.

Results: We observe that ciprofloxacin resistance is associated with multiple mutations in both gyrA and parC. Mutations conferring tetracycline (rpsJ) and sulfonamide (folP) resistance and plasmids encoding beta-lactamase were seen in all the strains, and tet(M)-containing plasmids were identified in nine strains. Phylogenetic analysis clustered the 10 isolates into clades containing previously sequenced genomes from Kenya and countries across the world. Based on homology modeling of AMR targets, we see that the mutations in GyrA and ParC disrupt the hydrogen bonding with quinolone drugs and mutations in FolP may affect interaction with the antibiotic.

Conclusion: Here, we demonstrate the utility of mobile DNA sequencing technology in producing a consensus genome for sequence typing and detection of genetic determinants of AMR. The workflow followed in the study, including AMR mutation dataset creation and the genome identification, assembly, and analysis, can be used for any clinical isolate. Further studies are required to determine the utility of real-time sequencing in outbreak investigations, diagnosis, and management of infections, especially in resource-limited settings.

Keywords: nanopore sequencing, whole-genome sequencing, antimicrobial resistance, AMR prediction, sequence-typing


INTRODUCTION

Gonorrhea is one of the most common sexually transmitted infections (STIs), which is caused by Neisseria gonorrhoeae (gonococci). It is estimated to have affected 87 million people (between the ages 15 and 49) worldwide, 11.4 million in the African region, in 2016 [World Health Organisation (WHO), 2018]. Gonorrhea can cause epididymitis in men and pelvic inflammatory disease in women, which can result in infertility and ectopic pregnancies. It is also implicated in neonatal ophthalmia, which can result in blindness, and increased acquisition and transmission of other STIs (Unemo and Dillon, 2011). WHO included N. gonorrhoeae in its list of AMR “priority pathogens” in 2017 [World Health Organisation (WHO), 2017] and has projected a 90% reduction in global gonorrhea incidence by 2030 [World Health Organisation (WHO), 2018]. Although N. gonorrhoeae infections are treated with antibiotics, gonococci have acquired resistance to most of the antibiotics used to treat gonorrhea, and despite two clinical trials, no vaccines are available (Wi et al., 2017). Increasing antimicrobial resistance threatens effective treatment and control.

Many strains are developing resistance to ceftriaxone and azithromycin, which are used as the last options of the first-line therapies of gonorrhea (Unemo and Nicholas, 2012). However, with isolates showing increased MICs to both these antibiotics, this is not viable as a long-term treatment (Papp et al., 2017). Many countries in the African region have reported decreased susceptibility to drugs like ceftriaxone, azithromycin, or ciprofloxacin (Wi et al., 2017). Gentamycin has been used as an alternative therapy in some places in Africa, although a few cases of resistance have been reported in other parts of the world (Chisholm et al., 2011). Whole-genome sequencing (WGS) allows for timely detection and elucidation of AMR determinants in bacteria (Collineau et al., 2019). High-throughput sequencing has many advantages, like long read lengths, short time, and reduction of bias introduced through amplification by PCR steps (Goldstein et al., 2019). WGS has been used to investigate quinolone-resistant gonorrhea outbreaks (Duncan et al., 2011; Kivata et al., 2019) in Kenya. It has also been used to analyze isolates resistant to ciprofloxacin, azithromycin, and ESCs in other countries (Chaudhry et al., 2002; Eyre et al., 2018; Golparian et al., 2018).

MinION, a mobile sequencing device from ONT (Oxford, United Kingdom), sequences DNA by monitoring the transfer of individual DNA molecules through various types of pores, resulting in very long and unbiased sequence reads, as there is no amplification or chemical reactions used during sequencing (Golparian et al., 2018). The mobile nature of the MinION offers many advantages and the sequencer has been evaluated for use in resource-limited settings and on the International Space Station (ISS) (Castro-Wallace et al., 2017; Elliott et al., 2020). MinION has also been shown to be effective for diagnostics, high-quality assemblies, and AMR surveillance in bacteria. However, the high error rate for the sequencer limits its use. Golparian and co-workers sequenced 14 clinical isolates of N. gonorrhoeae and evaluated multiple methods for genome assemblies using MinION with Illumina reads (Golparian et al., 2018). Street and co-workers used MinION to obtain a de novo assembly of N. gonorrhoeae isolated from patient urine samples (Street et al., 2020). Zhang and co-workers showed that AMR-profiling results for N. gonorrhoeae were comparable when using only MinION-based assemblies or MinION-Illumina hybrid assemblies (Zhang et al., 2020). Naidenov and co-workers used Nanopore-only sequencing to obtain complete genomes and carried out AMR profiling of two new strains from the Elizabethkingia genus (Naidenov et al., 2019). Sanderson and co-workers used nanopore sequencing data and showed that it is possible to generate accurate consensus bacterial genomes from metagenomic sequencing data without using Illumina short reads (Sanderson et al., 2020).

In a previous study from Kenya, 22 multi-drug-resistant gonococcal isolates from heterosexual patients (2 females and 20 males) were sequenced using Illumina MiSeq for understanding gyrA and parC mutations in ciprofloxacin resistance (Kivata et al., 2019). Cehovin et al. sequenced 103 genomes from 73 patients from coastal Kenya, mainly men who had sex with men, using Illumina HiSeq and analyzed the plasmids conferring antibiotic resistance (Cehovin et al., 2018). These studies in Kenya have used the Illumina platform and mainly focused on isolates from male patients. We sequenced 10 isolates derived from women who visited STI clinics in Nairobi between 2012 and 2017, using only MinION sequencing in Kenya and evaluated methods for assembly and AMR profiling of genomes. We have also carried out phylogenies with previously deposited sequences in PubMLST, from Kenya, and other countries. Here, we assess the possibility of using MinION data alone for WGS, assembly, and comparative analysis. This study demonstrates the utility of the portable MinION sequencer for genome-based analysis in regular clinical setups.



MATERIALS AND METHODS


Bacterial Isolates and Culture Conditions

Neisseria gonorrhoeae isolates were derived from high vaginal swabs collected between January 2012 and December 2017. The stocked organisms were stored at –70°C and retrieved and cultured on Modified Thayer–Martin agar. The plates were incubated at 37°C and 5% carbon dioxide (under raised CO2) as per the standard protocol.

Isolates were identified by Gram stain, Catalase test, Oxidase test, and carbohydrate-utilization studies of glucose, maltose, fructose, and sucrose, and confirmed by analytical profile index testing kit (API NH, bioMérieux). All gonococcus isolates were re-stocked in 20% glycerol-tryptic soy broth for long-term storage at –70°C for external quality control, sequencing, and molecular characterization. Standard N. gonorrhoeae isolates, i.e., WHO K, WHO P, WHO O, WHO R, and WHO M (Unemo et al., 2016), were used to test the media for viability and colonial characteristics. Phenotypic characterization was performed by characterizing lactamase production determined using nitrocefin solution. In the present study, clinical isolates from 10 patients were sequenced (Supplementary Table 1).



Antibiotic Susceptibility Testing

Ciprofloxacin, spectinomycin, cefixime, ceftriaxone, gentamycin, and cefoxitin strips were used to set E-test according to the Clinical and Laboratory Standards Institute (CLSI). An antimicrobial gradient diffusion (E-test) method was used to determine the minimum inhibitory concentration (MIC) of N. gonorrhoeae, and interpretation of susceptibilities for selected antimicrobial agents was carried out as recommended by CLSI (Supplementary Table 2).



Isolation of Genomic DNA

All the colonies from Thayer–Martin agar (37°C in a humidified 5% CO2 environment for 36 h) with the phenotypic characteristics of N. gonorrhoeae were picked up to create a culture suspension in 1X PBS. The genomic DNA was isolated using the Qiagen DNA isolation kit using the manufacturer’s specifications. Extracted DNA was purified using AMPure XP beads (Beckman Coulter, United Kingdom), eluted in 50 μl of nuclease-free water, and quantified using a QiaXpert (Qiagen). Pipetting was minimized to reduce shearing of the DNA prior to sequencing.



ONT Library Preparation and MinION Sequencing

DNA library preparation for Nanopore sequencing was carried out using Ligation Kit SQK-LSK109 (ONT). Fragmented DNA was repaired and dA-tailed using the NEBNext FFPE DNA Repair Mix and NEBNext Ultra II End Repair/dA-Tailing Module (New England BioLabs). An individual barcode was added to dA-tailed DNA by using the barcoding extension kit EXP-NPB104 in accordance with the ONT protocols with NEB Blunt/TA Ligase Master Mix (New England BioLabs). Each barcoded DNA was pooled in equimolar amounts, and an adapter was attached using the NEBNext Quick Ligation Module (New England BioLabs). The MinION flow cell and reagents were shipped from Bangalore, India, to Nairobi at 4°C. The number of active pores was checked before loading. The samples were pooled using equimolar pooling, the library was loaded into the SpotON flow cell R9.5 (FLO-MIN106), and sequencing was carried out on MinKNOW using the 48-h script.



Base-Calling, Read Trimming, and Processing

Guppy (v 3.2.2) (ONT) was used for base-calling of fast5 files. Reads with a mean q score (quality) greater than 7 and a read length greater than 500 bp were used and trimmed for adaptor sequences and barcodes using qcat (v1.1.0)1 from ONT. The files corresponding to each barcode (sample) were analyzed as follows.



Assembly and Assessment

The selected raw reads were corrected, trimmed, and assembled using Canu (v1.8)2 using the parameters genome Size = 2.1 m and minReadLength = 500 (Koren et al., 2017). Minimap (v 2.17)3 and Miniasm (v0.3)4 were used for the self-mapping of the raw reads and the concatenation of the alignments to get the de novo assembly, respectively (Li, 2016). Two rounds of error correction of this draft assembly were carried out with Racon (v1.4.3)5 using raw reads (Vaser et al., 2017). The above assemblies were polished using the raw nanopore reads with Nanopolish (v0.11.1)6 (Loman et al., 2015).

Species identification was carried out using the Ribosomal Multilocus Sequence Typing rMLST (Jolley et al., 2012) approach from BIGSdb and PubMLST to identify the causative organism and co-infections (Jolley et al., 2018). We used the de novo assemblies for the above step. The database uses 53 genes encoding the bacterial ribosome protein subunits (rps genes) for species assignment. We also used blastn with 16S rRNA and 23S rRNA as the queries for species confirmation. The plasmid sequences were identified from the de novo assemblies. The plasmid sequences were used for detecting the AMR determinants.

We also carried out a guided genome mapping using reference genome N. gonorrhoeae FA1090 (NCBI:txid485). The trimmed raw reads were aligned to the reference genome using the bwa-mem option from bwa (v0.7.12)7 (Li and Durbin, 2010). Samtools (v1.9)8 was used for deriving the bam alignment file and the consensus genome (bcftools), after normalizing the indels and variant calling (Li et al., 2009). The commands samtools mpileup with the options -Ou -f and bcftools calls with the options -mv -Oz --ploidy 1 were used for variant calling. The options bcftools filter --IndelGap 5 and bcftools consensus -H ‘‘A’’ were used for deriving the consensus genome. Mummer (v3.9.4)9 (Kurtz et al., 2004) and bedtools (v2.25.0)10 (Quinlan and Hall, 2010) were used for calculating the correspondence of the assemblies with the reference genome, genome coverage, and sequencing depth. The base positions with zero coverage were extracted using awk commands, and bedtools maskfasta option was used to derive the draft genomes; missing nucleotides were marked in the genome as “N.”



Annotation

The gene prediction and annotation were carried out using the RAST server11 using the reference genome FA1090 for guiding the gene prediction (Overbeek et al., 2013).



Genome-Based MLST Analysis

Gene profiles for sequence typing of N. gonorrhoeae were downloaded from different databases like NG-STAR (N. gonorrhoeae Sequence Typing for Antimicrobial Resistance)12 (Demczuk et al., 2017), PubMLST (Public databases for multi-locus sequence-typing)13 (Bennett et al., 2007), and NG-MAST (N. gonorrhoeae multi-antigen sequence typing)14 (Martin et al., 2004). NG-MAST uses two highly polymorphic loci, the outer-membrane porin (por) and transferrin binding protein β-subunit tbpB, for sequence typing. NG-STAR uses variants in seven antimicrobial resistance determinants (penA, mtrR, porB, ponA, gyrA, parC, and 23S rRNA) to three classes of antibiotics (cephalosporins, macrolides, and fluoroquinolones), and MLST (database PubMLST) uses seven housekeeping genes (abcZ, adk, aroE, fumC, gdh, pdhC, and pgm) for sequence typing. Profiles were created and blastn (E-value 10−7) from standalone BLAST+ 15 (Altschul, 2005) was used to assign the genes to the different alleles for MLST genes.



Identification of Mutations Causing AMR

Around 85 mutations in 14 genes reported to be involved in AMR were checked for in the sequenced strains, including promoter mutations resulting in overexpression of efflux proteins (Unemo and Shafer, 2011). Additionally, we checked for the presence of four drug efflux pumps, two genes from conjugative plasmids, and plasmid-mediated AMR determinants (Supplementary File). Mutations were manually screened for, in the protein sequences identified using the RAST server in all the genomes. Sequencing depth at the corresponding gene loci was calculated from the results of the samtools depth command. We compared our results with that of three publicly available databases for AMR, CARD (Comprehensive Antibiotic Resistance Database), ARIBA (Antimicrobial Resistance Identification By Assembly) (Hunt et al., 2017), and Pathogenwatch (Balloux et al., 2018; Alcock et al., 2019). Resistance genes from plasmids were identified using blastn (E-value 10−7) against NCBI Bacterial Antimicrobial Resistance Reference Gene Database16 (NCBI Resource Coordinators, 2017).



Homology Modeling

To understand the basis of antibiotic resistance, wild-type and mutant proteins implicated in AMR were modeled using templates from other bacteria. Coordinates of heteroatoms like antibiotics and DNA are present in the templates used. Hence, the heteroatom modeling module from Modeler (v9.23) (Sánchez and Sali, 2000) was used to build a multi-chain model with symmetry restraints. Clustal Omega17 was used for the alignment of query protein sequences with the template protein sequence, with manual correction of the alignment (Sievers and Higgins, 2014). The residues in different chains were separated using “/” and the symbol “.” was used to indicate the ligand molecules in the alignment.



Multiple-Sequence Alignment and Phylogenetics

Phylogenetic tree analysis was carried out using 123 previously sequenced N. gonorrhoeae strains from Kenya and an additional 130 strains from different countries across the world, standard WHO strains, and the reference genome. The Genome Comparator module from Bacterial Isolate Genome Sequence Database (BIGSdb)18 was used to obtain the sequences and generate core genome alignments (cgMLST1649-) using the MAFFT module within BIGSdb (Jolley et al., 2018). We used a dataset of strains from different WHO geographical regions including strains from Kenya and WHO reference strains. The parameters used were minimum percentage identity 70%, minimum percentage alignment 50%, and blastn search to annotate loci in genomes with ≥50% loci (word size of 20). Incomplete loci were not used for pairwise comparison and pairwise missing loci and paralogous loci were excluded from the analysis. The N. meningitidis strain (PubMLST ID: 12672| 053442, cc4821) was included as an outgroup. The alignments were checked for redundancy in sequences of core genes; the sequences with 100% redundancy and the sequences missing all the gene loci analyzed were removed. Phylogenetic trees were derived based on Maximum likelihood approach using RAxML software (v8.2.12) using GTR + GAMMA substitution model with 1000 bootstraps (Kozlov et al., 2019). The best ML search trees were identified for both the datasets (only Kenyan strains and combined dataset of all 255 strains) annotated with details like WHO geographical region and antibiotic sensitivity from BIGSdb and Cehovin et al. (2018) using iTOL (Letunic and Bork, 2016).

The workflow for consensus genome used in the study has been illustrated in Supplementary Figure 1A, and the subsequent analysis workflow has been shown in Supplementary Figure 1B. The workflow for the de novo assemblies has been shown in Supplementary Figure 1C.



RESULTS


Overview of Sequenced Data

We obtained between 534 and 2,387 Mb of reads from the MinION sequencing runs for each sample. The longest reads ranged from 156 to 406 kb with an average length of 1.5–2.7 kb (Table 1). We sequenced clinical isolates from 14 patients and obtained 12 N. gonorrhoeae genome sequences. Out of these, 10 genomes were near-complete with a good sequencing depth and were used for subsequent analysis.


TABLE 1. Read and assembly statistics.

[image: Table 1]


Genome Assembly Statistics and Species Identification

Overview of the mappability of the reads from different strains to the reference genome has been depicted in Supplementary Figure 2. Assemblies were compared and selected based on the following criteria: the lowest number of mismatches, misassemblies, contigs, and the highest fraction of genome coverage using QUAST (Gurevich et al., 2013) (Supplementary Tables 3A–C). The length of the assemblies and the number of CDS identified were fairly the same across different methods. No plasmid or transposon gene insertions were observed in the genomes assembled de novo and the consensus genome. Similar to previous reports, we observed frameshifts with the de novo assemblies (Golparian et al., 2018). The consensus genome (FA1090 was used for read mapping) was used for further analysis as the genome coverage, number of complete genomic features, number of indels, and number of mismatches were better.

Among the 14 samples, 2 samples showed the presence of N. meningitidis, 9 samples showed the presence of N. gonorrhoeae, and 3 samples showed the presence of both N. gonorrhoeae and M. osloensis (Supplementary Table 1). N. meningitidis has been implicated in STI in recent years, while M. osloensis is also a commensal of the urogenital tract (Slack, 2010; Johnson et al., 2016).

Although high error rates have been reported with the use of the MinION sequencer, we have used long sequencing time (48 h) and obtained high depths of sequencing (63-1255X; Table 1). Previous studies have shown that sequencing using MiNION for longer time duration increases the sequencing output and the error rate can be minimized by using depth and consensus (Tyler et al., 2018; Plesivkova et al., 2019).



Sequence Typing of the Strains

The alleles used in sequence typing (MLST, NG-MAST, and NG-STAR) were assigned to the genes from different strains, and we identified few novel alleles. The novel allele sequences have been deposited in the PubMLST database and the assigned allele numbers have been mentioned (Supplementary Tables 4A–C). The sequencing depth at each of these loci was found to be very high (>50–600) (Supplementary Table 4D). This is higher than the recommended depth for SNP detection using Nanopore sequencing by Sanderson and co-workers (20X) (Sanderson et al., 2020).



Antibiotic Resistance and Mutations in AMR Genes

The MIC results with six different antibiotics have been provided in Table 2.


TABLE 2. MIC values for different antibiotics.
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A dataset of AMR targets was identified using literature (Supplementary Table 5A). These included mutations in the promoter region of repressors resulting in overexpression of efflux proteins, mutations in drug targets that result in higher MICs for the drugs either individually or in combination with other mutations, plasmids for drug resistance, and mosaic alleles in genes and promoter regions reported from drug-resistant strains of N. gonorrhoeae from across the world. Out of these, 28 mutations (in 11 genes) were observed in the strains (Table 3). The sequencing depth of gyrA, parC, mtrR, ponA1, penA, porB, folP, rplD, pilQ, rpoB, and rpsJ genes was high (Supplementary Tables 4D, 5B) and there were no missing bases in these genes. Other databases used for AMR profiling (Pathogenwatch, ARIBA, and CARD) missed a few of the mutations we identified (Supplementary Table 5C). The ARIBA database has not been updated; hence, it may be missing some recently identified AMR-associated mutations (Hunt et al., 2017). CARD collects AMR determinants from several bacteria and is not specific to N. gonorrhoeae; it may include mutations causing AMR in other bacteria but not gonococci (Alcock et al., 2019), whereas compared to these databases, Pathogenwatch is frequently updated; we identified the mutation rplD G70D (implicated in macrolide resistance) in three strains, but this mutation has been missed by Pathogenwatch (Ma et al., 2020b).


TABLE 3. AMR gene profile of the 10 strains.
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We found six isolates carrying AMR mutations in penA C-terminal region (penicillin and cephalosporin resistance determinant) and four isolates with mutations in ponA1 (penicillin and cephalosporin resistance determinant), respectively. We detected the D345 insertion and F504L mutation in penA (Zapun et al., 2016), which could be involved in penicillin and cephalosporin resistance (Table 3). Five isolates harbored gyrA resistance mutations, two of which also had a parC mutation. One strain had a mutation in only the parC gene; however, this is a silent mutation that was among the set of mutations observed in a cephalosporin-resistant isolate (Chaudhry et al., 2002). One of the ciprofloxacin-resistant strain contained a gyrA mutation, consistent with previous observations of these mutations in susceptible (Tanaka et al., 2000; Chaudhry et al., 2002) isolates. These mutations, in the Quinolone Resistance Determining Region (QRDR) of both the proteins, have been shown to contribute to the high MICs for ciprofloxacin (Belland et al., 1994). Interestingly, one of the gyrA mutations we observed, D95A/G, and the mutation E91G in ParC have been reported to be specific to Kenyan isolates (Kivata et al., 2019). Specific mutations in porB1b (penB AMR determinant), implicated in decreased influx of antimicrobials through the porin PorB (Lee et al., 2010; Chen and Seifert, 2013), were identified in 6 of the 10 isolates. All 10 strains harbored the V57M mutation in RpsJ, which has been shown to contribute to tetracycline resistance and R228S mutation in FolP, which results in sulfonamide resistance (Yun et al., 2012). Three strains harbored mutations in rplD gene, which is implicated in azithromycin resistance (Ma et al., 2020b). Eight strains had mutations in pilQ gene (PenC), implicated in penicillin, ESC, and tetracycline resistance, while four strains had the H522N mutation in rpoB, which is implicated in rifampicin resistance. Plasmid-mediated AMR determinants [high-level resistance to benzylpenicillin and tetracycline -pblaTEM and ptet(M)] were detected in all strains except one where we detected only the tet(M)-containing plasmid. We did not identify mef or erm containing conjugative plasmids/transposons, which are reported to cause resistance to macrolides (Roberts et al., 1999) or resistance-conferring mutations for spectinomycin, in either the de novo assemblies or consensus genome.



Understanding the Basis of Antibiotic Resistance

We investigated the basis of drug resistance for the mutations in the proteins GyrA, ParC, FolP, porB1b, PonA1, and RpoB (Supplementary Figures 3–8, template details in Supplementary Table 6) through homology modeling using templates with co-crystallized antibiotic structures. The results have been described in Supplementary File (Section 8).



Phylogenetic Relationship With Other N. gonorrhoeae Genomes From Kenya, Other WHO Geographical Regions, and WHO Strains

To understand the genetic relatedness of isolates from Kenya with isolates from other geographical regions and WHO reference isolates, we constructed a phylogenetic tree using the alignments derived from the core genome MLST (cgMLST). After filtering for sequence redundancy and loci completeness, we retained 238 sequences from different geographical regions across the world (Americas, Europe, Western Pacific, Africa and WHO reference strains) for the phylogenetic analysis. The metadata for the strains like geographical region and antibiotic resistance details have been indicated in the phylogenetic trees (details in Supplementary Table 7).

We observed eight clusters of sequences from across the world (clusters I–VIII). Clades I and II consisted of only Kenyan sequences, while sequences from different geographical regions and Kenya co-clustered in the rest of the clades (Figure 1). Cehovin et al. had observed in an earlier study that strains from Kenya were distinct from strains sequenced from USA and the UK (Cehovin et al., 2018). Consistent with this observation, we see Kenyan sequence-specific clades, but we also observe clades where sequences from Kenya are mixed from sequences from other geographical regions. The clades were more or less consistent in the phylogenetic tree constructed using sequences from all over the world and using sequences from only Kenya (Figure 2). Out of the strains sequenced in the study, strain 3 clustered in clade I; strain 298 in clade V; clade 274 in clade VI; strains 12, 18, 61, 57, and 100A in clade VII; and strains 240 and 285 in clade VIII. Each cluster consisted of strains belonging to different multi-locus sequence types (MLSTs). Strains belonging to certain STs were specific to a cluster (ST1588 – cluster VII, ST1893 – cluster II) while strains from some other STs were found in multiple clusters (ST1599 in cluster III, IV, V, and VIII and ST1902 in clusters III and VIII) (metadata in Supplementary Table 7). Broader sampling and analysis of clinical isolates from Kenya can help us determine the extent of genetic diversity within the N. gonorrhoeae strains.
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FIGURE 1. Phylogenetic tree of the sequenced strains with strains from WHO geographical regions and WHO reference strains. The strains sequenced in this study have been indicated in black, bold text in the tree. The antibiotic resistance profile, wherever available, has been indicated as metadata (Penicillin – blue rectangle, Ceftriaxone – red circle, Ciprofloxacin – dark green star, Tetracycline – right-pointing light green triangle, Cefixime – left-pointing dark blue triangle, Azithromycin – pink rectangle, Gentamycin – orange circle, Filled shape – resistant, outline shape – intermediate resistant, no shape – susceptible). The clades inferred from the phylogeny analysis have been indicated in different colors and numbered I–VIII. The strains from different WHO geographical regions have been indicated in different color labels (Africa – Pink, Americas – Magenta, Europe – Green, Western Pacific – Blue, WHO reference strains – Red) The strains sequenced in this study, the reference strain for N. gonorrhoeae (FA1090), and an N. meningitidis strain (PubMLST id:053442) used as an outgroup for the analysis have been labeled and indicated with arrows.



[image: image]

FIGURE 2. Phylogenetic tree of the sequenced strains with previously reported strains from Kenya. The antibiotic resistance profile, wherever available, has been indicated as metadata (Penicillin – blue rectangle, Ciprofloxacin – dark green star, Tetracycline – right-pointing light green triangle, Gentamycin – orange circle, Filled shape – resistant, outline shape – intermediate resistant, no shape – susceptible). The clades inferred from the phylogeny analysis have been indicated in different colors and numbered I–VIII as per Figure 1. The strains sequenced in this study, the reference strain for N. gonorrhoeae (FA1090), and an N. meningitidis strain (PubMLST id:053442) used as an outgroup for the analysis have been labeled and indicated with arrows.




DISCUSSION

In this study, we assessed the feasibility of nanopore sequencing and AMR gene annotation in a clinical microbiology laboratory setting. We found that DNA extraction followed by MinION sequencing facilitates efficient detection of chromosomal and plasmid-mediated AMR genes in clinical isolates. From the 14 isolates sequenced in this work, we obtained 12 N. gonorrhoeae genomes, out of which 10 had more than 98% coverage with high depth in the AMR and MLST gene regions analyzed in the study. We were able to detect mutations in multiple genes involved in AMR and we also focused on investigating the structure–function aspects of drug resistance mutations in some proteins.

The consensus genome mapping obtained using bwa-mem was chosen for analysis, due to higher genome coverage and lower number of indels and misassemblies compared to the reference genome. Although earlier studies have shown that bacterial MinION sequences show high mapping rates to the reference genome, with fewer indel rates, bwa-mem has found limited application with long error-prone reads (Finn et al., 2014; Laver et al., 2015; Gerstmans et al., 2020; Nguyen et al., 2020). We show that it is possible to obtain assemblies with good genome coverage for AMR determinant detection by using nanopore-only reads with a consensus genome mapping strategy. Previous studies have obtained hybrid genome assembly for gonococcal isolates by combining short-read (Illumina) and long-read (ONT) sequence data (Eyre et al., 2018; Golparian et al., 2018). This is another approach for deriving a consensus genome using MinION sequencing and, accordingly, an alternative to de novo assembly.

Although the error rate for single nanopore reads is higher, consensus approaches can result in highly reliable assemblies. Assemblies derived from MinION-1D sequencing have shown a good agreement between AMR testing and AMR prediction results (Lemon et al., 2017; Sanderson et al., 2020). Studies on comparison of assemblies derived from Nanopore-only, Illumina, and hybrid assemblies have shown that the AMR prediction is comparable across all three methods (Chen et al., 2020). Recent advances in Nanopore sequencing and analysis workflows have demonstrated the utility of ONT sequencers for metagenomic analysis (Sanderson et al., 2020; Street et al., 2020). Additionally, there are workflows available for real-time sequence analysis that make the process faster.

Databases like PubMLST, CARD, ARIBA, and Pathogenwatch include profiles for resistance mediators like penA, mtrR, penB, ponA, 23S rDNA, gyrA, and tetM and do not include other determinants in their gonococcal AMR characterization module. We identified a set of AMR determinants from literature, including chromosomal gene mutations, promoter mutations, and the presence of plasmids with AMR genes. Plasmids containing genes encoding beta-lactamase and tetracycline resistance mediators [tet(M) and blaTEM] were identified in all but one strain (strain 12 contained only a TetM containing plasmid). This is consistent with a previous study that the plasmids are almost ubiquitous in Kenyan strains, thought to be because of the overuse of doxycycline for treating STIs (Cehovin et al., 2018). Among the reported mutations, we observed S91F and D95Y in the QRDR (residues 55–110) of GyrA and E91G in the ParC QRDR (residues 66–119). We also observed the silent mutations Y104 (codon change TAC − > TAT seen in all isolates except 298) and L131 (codon change of CTG − > CTA seen in isolates 3 and 240) in ParC reported to be associated with ciprofloxacin-resistant strains (Chaudhry et al., 2002). Novel mutations, V68A in the QRDR region of ParC (strain 285), E79 insertion in FolP (all isolates), and G70Y in RplD (strains 12 and 57), were also observed. However, whether these mutations have any effect on antibiotic resistance has to be experimentally validated. We were able to explain the basis of ciprofloxacin resistance in all strains except one, strain 298, which showed no mutations in gyrA, but had the E91G mutation in parC. We did not identify plasmids containing aminoglycoside resistance determinants like aminoglycoside N-acetyltransferases (aat) for gentamycin resistance (Garneau-Tsodikova and Labby, 2016).

Based on homology modeling using templates crystalized with antibiotics, we see that the mutations in GyrA disrupt the hydrogen bonding with ciprofloxacin, and mutations in ParC occur very close to Ser 88, which is involved in hydrogen bonding with moxifloxacin. We also observe that mutations in FolP at the substrate-binding site could affect the interaction with the antibiotic, as the residue at R228 interacts with sulfonamide. A phylogenetic study with previously sequenced Kenyan strains clustered our strains in the previously described cluster. From phylogenetic analysis using sequences from different countries, we observed five major clusters, with most of the Kenyan sequences (including the sequences from this study) clustered together with strains from different geographical regions.

We anticipate that the nanopore sequencing technology will expand the scope for rapid genome sequencing, which can help us understand the mechanistic basis of drug resistance and clinical management. AMR in N. gonorrhoeae is a result of a single to multiple mutations in same or different genes acting synergistally and additional unknown mutations/genes may be involved (Harrison et al., 2016; Ma et al., 2020a). Hence, there is a need for updated resistance gene databases and more studies on AMR genotype–phenotype correlations (Lemon et al., 2017). Recent advances have also shown promise for identifying clinical isolates and detecting AMR elements in real time (Schmidt et al., 2017; Sanderson et al., 2018). However, the read error rates mandate a consensus approach for read assembly and AMR allele detection. With future improvements in read accuracy and computational tools for base-calling, we believe that AMR detection can happen in clinical settings within hours of sequencing (Lemon et al., 2017).



CONCLUSION

Using a literature mining approach, we have predicted ciprofloxacin resistance using mutations in gyrA/parC in strains showing decreased susceptibility to ciprofloxacin. However, few of the gyrA mutations can also occur in susceptible strains, and molecular tests using gene-based PCR or WGS can be used to complement culture-based antibiotic resistance testing. Culture-based testing can reflect mutations in unknown antibiotic targets, but cannot predict if a patient can develop resistance later on, based on pre-existing mutations.

In conclusion, in the first consensus genome for gonococci using only MinION, we show that using this approach, we can obtain near-complete genomes that were effectively used for AMR and phylogenetic analysis. We also show that currently available tools for AMR analysis of gonococci are not able to capture many mutations listed in the literature. We have also provided a dataset of over 100 existing mutations in different genes implicated in AMR, plasmids, and efflux pumps, which can be used by researchers across the world. This list will be continuously updated to keep up with the identification of new AMR targets/mutations.

Here, we demonstrate the potential of using MinION in resource-limited settings where NGS facility is unavailable. This can be used in settings with concerns about the export of samples/DNA for WGS to other countries. This approach can also be used across a range of bacterial genomes, even in case of metagenomic samples, where reads from a bacterial genome can be separated from one another, for subsequent analysis. Testing in clinical datasets can potentially provide a new approach to complement traditional methods for diagnosis, AMR surveillance, and public health management of N. gonorrhoeae. Further work is required in evaluating the MinION sequencer for outbreak prediction and clinical diagnosis of bacterial infection.
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All methods show very high discriminatory power, above >0.94. Noteworthy is
that chewieSnake and chewieSnake_join have a nearly perfect accordance. NCBI,
National Center for Biotechnology Information.
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The number of identified clusters agrees at all different thresholds with a single
difference for CT_5.
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For each method, the distance matrix was hierarchically clustered using single-
linkage trees. The clustering is based on a cluster threshold of 10 for the
cgMLST methods and of 17 for the SNP method (NCBI). SNP, single-nucleotide
polymorphism; NCBI, National Center for Biotechnology Information.
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Strain AMR gene Start of End of Phage name Start of prophage  End of prophage

resistance gene  resistance gene sequence sequence

ABO030 blaADC-5 3131953 3133104 Acinetobacter phage Bphi-B1251 3061121 3133273
AB5075-UW blaOXA-23 562998 563819 Escherichia phage vB_EcoM_ECO1230-10 545886 581029
AbPK1 aac(3)-1 1359578 1360042 Acinetobacter phage Ab105-1phi 1357668 1404464
ABUH793 blaOXA-115 2017307 2018131 Clostridium phage phiCT453B 2016119 2031153
AC29 blaTEM-12 728807 729667 Acinetobacter phage YMC11/11/R3177 723894 746651

AC29 aph(3’)-la 732720 733535 Acinetobacter phage YMC11/11/R3177 723894 746651

ACN21 aph(3)-VI 110687 111466 Vibrio phage pVa-4 98299 123387
ACN21 blaNDM-1 112744 113556 Vibrio phage pVa-4 98299 123387
ACN21 ble-MBL 113560 113925 Vibrio phage pVa-4 98299 123387
ACN21 ble-MBL 113560 113925 Listeria phage A118 113004 131863
AR_0056 sul2 3643229 3644044 Moraxella phage Mcat6 3631231 3645626
AR_0078 aph(3’)-la 1454389 1455204 Bacillus phage PfEFR-4 1448981 1463460
AR_0078 msr(E) 1456488 1457963 Bacillus phage PfEFR-4 1448981 1463460
AR_0078 mph(E) 1458019 1458903 Bacillus phage PfEFR-4 1448981 1463460
BJABO715 blaOXA-23 1040633 1041454 Pseudomonas phage ZC01 1035624 1064722
DU202 blaOXA-23 1304225 1305046 Escherichia phage PBECO 4 1300481 1331113
DU202 aac(3)-d 1307973 1308424 Escherichia phage PBECO 4 1300481 1331113
EC blaOXA-67 2088567 2089391 Bacillus phage proCM3 2082124 2102020
LAC4 aph(6)-Id 3852495 3853331 Lactococcus phage P162 3843825 3855365
LAC4 aph(3”)-Ib 3853331 3854133 Lactococcus phage P162 3843825 3855365
MDR-UNC aacA16 1317505 1318056 Aeromonas phage PX29 13156787 1325918
MDR-UNC aac(3)-1 1321744 1322208 Aeromonas phage PX29 13156787 1325918
TCDC-ABO715  sul2 2557327 2558142 Acinetobacter phage vB_AbaM_phiAbaA1 2530565 2567304
XH858 blaOXA-23 1093489 1094310 N/A 1088870 1114410

XH859 blaOXA-23 1070735 1071556 Acinetobacter phage Bphi-B1251 1038026 1092046
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# Primer name Sequence 5'-3’ Binding Site Reference Fragment References
(nt position)* sequence size
1 npsB_f ctcgacgttttatctctgct 20117..20137 This stud
P 9ec9 99 AHC-6" 231 bp 15 Sey
e npsB_r ttcctgaagtatctgecctge 20327..20347 This study
XY1-A t t 1 1082..50011 F t al., 2005
3 ©) gtggegtaaaaccgeccty 5001082..5001100 CAV1374 425 bp evre et al
4 OXY1-B gtccgecaaggtagetaate 5001487..5001506 Fevre et al., 2005
8 OXY2-A aaggctggagattaacgca 4572112..4572131 Fevre et al., 2005
Srentes hed NCTC13727 155 bp o
6 OXY2-B gcccgecaaggtagecgatg A4572247..4572266 Fevre et al., 2005
7 OXY-E tttTggtaactgtgac 5304405..5304937 F t al., 2005
SR e NCTC13727 1,098 bp ereeta
8 OXY-G cagagtGcagagtgttgcag 5304405..56304937 Fevre et al., 2005
f f ttettt: t 221825020, This st
9 core_f gagatcccaagttctttagcaatgg 8 845 NCTCA3727 175 bp ?s study
10 core_r cagcgcctggaaaacgtgct 227976..227995 This study
11 leupA_f t t t 154083..31542 Lietal., 2020
eUpA_ atgaagatagcgattcacaac 315403..315425 CAV1374 1235 bp ietal.,
12 leupB_r gegtggtcttttagetgtte 316620..316639 Lietal., 2020
13 orfA_f cagtgatttaaatactcttgc 53092..53115 This stud
5 HE e/ JKo3 2,525 bp o
14 orfC_r ccgatacctccagtaatgege 55617..565637 This study
1 B2_v2_1 1t 74467..74487 This st
5 V2 cggcttacgcacaaagaagcc 6 8 ARO112, cont20 591 bp !s study
16 B2 v2_2 atgtttcttgaagaacgtagg 75037..75075 This study
17 gapA_fwd gttttcccagtcacgacgttgtatgaagtatgactccactcacgg 4012172..4012193 CAV1374 680 bp Herzog et al., 2014
18 gapA_rev ttgtgagcggataacaatttcaacgectttcattgcgecttcggaa 4012827..4012851 Herzog et al., 2014
19 infB_fwd gttttcccagtcacgacgttgtactctctgetggactacattcg 1034476..1034496 Herzog et al., 2014
CAV1374 463 bp
20 infB_rev ttgtgagcggataacaatttccgctttcagctccagaacttc 1024918..1034938 Herzog et al., 2014
21 h_fwi ittt t i tgcctt tt 4459.. 47 H t al., 2014
mdh_fwd gttttcccagtcacgacgttgtacccaactgecttcaggttcag 964459..964479 CAV1374 704 bp erzog et al., 20
22 mdh_rev ttgtgagcggataacaatttcCcttcCacgtaggegceattce 965141..965162 Herzog et al., 2014
23 pgi_fwd gttttcccagtcacgacgttgtagagaaaaacctgecggtgetgetg 21866..21889 CAV1374 701 bp Herzog et al., 2014
24 pgi_rev ttgtgagcggataacaatttccggttaatcagGecegttagtggage 21189..21213 Herzog et al., 2014
28 phoE_fwd gttttcccagtcacgacgttgtaacctGGegcaaCaccgaTttette 5304914..5304937 CAV1S74 533 bp Herzog et al., 2014
26 phoE_rev ttgtgagcggataacaatttcttcagctggttgattttgtaatccac 5304405..56304430 Herzog et al., 2014
27 B_fwi ttt t gt X 111644..111 H tal., 2014
rpoB_fwd gttttcccagtcacgacgttgtaggcgaaatggcggaaaacca 6 663 CAV1374 1,076 bp erzog et al
28 rpoB_rev ttgtgagcggataacaatttcgagtcttcgaagttgtaacc 110588..110607 Herzog et al., 2014
29 tonB_fwd gttttcccagtcacgacgttgtactctatactticggtacatcaggtt 2890556..2890579 CAV1374 589 bp Herzog et al., 2014
30 tonB_rev_2 ttgtgagcggataacaatttcgtttacccggttcatagegee 2891124..2891144 This study
31 tonB_rev ttgtgagcggataacaatttccetgtttggeggccagcacctggt 2686207..2686230 NCTC13727*** 740 bp Herzog et al., 2014
32 MLST_seq_fwd gttttcccagtcacgacgttgta n/a n/a n/a Herzog et al., 2014
33 MLST_seq_rev ttgtgagcggataacaatttc n/a n/a n/a Herzog et al., 2014

*Nucleotide (nt) position of respective primer binding site in reference sequence. **Tilimycin/tilivalline biosynthesis gene cluster (accession number: HG425356.1). **Only
first 4 nucleotides on the 3" end of the primer bind in CAV1374 in the first reading frame after tonB (in the fructosamine kinase family protein), therefore primer binding site
is given for NCTC13727. underlined: binding site for MLST_seq primers; bold: primer binding site ambiguity in given reference sequence.
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Highest number of Fewest number of
prophages identified prophages identi-
fied
Strain Prophage Strain Prophage
number number

AbPK1 11 DS002 1
AR_0056 11 VB1190 1
9201 12 CA-17 2
10042 12 E47 2
AR_0101 12 11A14CRGNOO3 3
DU202 12 11A1213CRGN008 3
VB35435 12 11A1213CRGN055 3
11W359501 13 11A1213CRGN064 3
ABO30 13 11A1314CRGN088 3
AF-401 15 11A1314CRGN089 3
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10 the most common prophages (total)

10 the most common prophages (active)

Phages Number found Phages Number found
Acinetobacter phage Bphi-B1251 228 Acinetobacter phage Bphi-B1251 177
Acinetobacter phage Ab105-1phi 143 Acinetobacter phage Ab105-1phi 111
Acinetobacter phage YMC11/11/R3177 118 Acinetobacter phage YMC11/11/R3177 78
Acinetobacter phage Ab105-2phi 95 Acinetobacter phage Ab105-2phi 65
Acinetobacter phage vB_AbaM_phiAbaA1 56 Aeromonas phage PX29 31
Moraxella phage Mcat16 42 Enterobacteria phage CUS-3 25
Uncharacterized 38 Acinetobacter bacteriophage AP22 23
Enterobacteria phage CUS-3 35 Bacillus phage PfEFR-4 20
Aeromonas phage PX29 34 Acinetobacter phage vB_AbaS_TRS1 19
Acinetobacter phage vB_AbaS_TRS1 33 Moraxella phage Mcat3 16
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Sampling Isolate # Species Site E. coli* Enterobacter* Temperature Temperature Sampling Sampling time
site # [CFU/100 mI] [CFU/100 mI] air [°C] water [°C] date
1 EDCC5518 Escherichia coli  Bathing lake 7 15 21 20 19.06.18 09:20
EDCC5519 Escherichia coli
EDCC5520 Escherichia coli
EDCC5522 Escherichia coli 15 46 23 24 17.07.18 09:00
2 EDCC5521 Escherichia coli Bathing lake <15 15 23 24 16.07.18 09:30
6 EDCC5523 Escherichia coli Bathing lake 109 161 28 27 07.08.18 10:00
EDCC5524 Escherichia coli
10 EDCC5525 Escherichia coli  River <15 <15 27 21 08.08.18 9:41
11 EDCC5526 Escherichia coli  River 30 <15 28 22 08.08.18 10:21
13 EDCC5527 Escherichia coli River 1,509 144 27 19 08.08.18 11:38
14 EDCC5528 Escherichia coli River 1,749 94 25 19 08.08.18 12:09
EDCC5529 Escherichia coli
EDCC5530 Escherichia coli
15 EDCC5531 Escherichia coli River 5,352 640 28 23 08.08.18 12:31
16 EDCC5532 Escherichia coli  River 1,931 197 32 23 08.08.18 12:58
EDCC5533 Escherichia coli 1,931 197 32 23 08.08.18 12:58
17 EDCC5534 Escherichia coli  River 110 <15 32 24 08.08.18 13:36
EDCC5535 Escherichia coli 110 <15 32 24 08.08.18 13:36
19 EDCC5536 Escherichia coli  River 7 <15 32 24 08.08.18 15:83
EDCC5537 Escherichia coli
EDCC5538 Escherichia coli

*Enumeration performed based on DIN EN ISO 9308-2 (K6-1) 07-2014 regulation; EDCC, ED culture collection.
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Chicken Chicken (continued)

ST (n) ESBL/pAmpC* ST (n) ESBL/pAmpC
ST10 (5) SHV-12 (3), CTX-M-1, ST1594 (2) CTX-M-1 (1)
CTX-M-14
ST23 (4) CTX-M-1, CMY-2,none  ST1621 (1) SHV-12
@
ST38 (4) CMY-2 (3), CTX-M-1 (2) ST1730 (1) none
ST48 (2) SHV-12 (2) ST4980 (3) TEM-52 (1), SHV-12,
CTX-M-1
ST68 (1) CMY-2 ST3406 (1) CTX-M-1
ST88 (1) CTX-M-1 ST3994 (1) none
ST93 (1) CMY-2 ST4118 (2) TEM-52 (2)
ST101 (2) SHV-12, CMY-2 ST4243 (1) CMY-2
ST117 (6) CTX-M-1 (2), CMY-2, ST7104 (1) CTX-M-1
TEM-52,
SHV-12/CMY-2 ST7852* (1) CTX-M-14
ST131 (2) CMY-2 (2) ST10807 (1) CTX-M-1
ST135 (1) SHV-12
ST154.(1) SHV-12 Swine
ST155 (4) SHV-12 (3), CTX-M-1 ST (n) ESBL/pAmpC
ST156 (2) none (2) ST10 (1) CTX-M-1
ST162 (1) CTX-M-1 ST58 (1) CTX-M-1
ST189 (1) TEM-52 ST56 (1) CTX-M-1
ST354 (3) SHV-12 (3) ST88 (2) SHV-12 (1), none (1)
ST371 (1) CMY-2 ST101 (1) SHV-12, TEM-52
ST398 (2) SHV-12 (2) ST345 (1) SHV-12
ST453 (1) CMY-2 ST398 (1) CTX-M-1
ST533 (1) CMY-2 ST453 (1) CTX-M-1
ST648 (1) CTX-M-1 ST847 (1) none
ST665 (5) CMY-2 (2), SHV-2, ST1147 (1) CTX-M-14
SHV-12,
CTX-M-1 ST1304 (1) CMY-2
81762 (3) SHV-12 (2), CMY-2 ST2197 (1) CTX-M-14
8T770 (3) CTX-M-14 (2), SHV-12  ST10813 (1) none
ST997 (2) SHV-12 (2)
ST1137 (1) CTX-M-1 Cattle
ST1158 (1) SHV-12 ST ESBL/pAmpC
ST1246 (1) SHV-12 STH15 (1) CMY-2
ST1304 (1) CMY-2 ST617 (1) CTX-M-15
ST1431 (1) SHV-12 ST744 (2) CTX-M-1, CTX-M-2
ST1551 (1) CTX-M-1

*In case an ESBL/AmpC type appears more than once, the number is indicated in
brackets.
**Escherichia fergusonii (IHIT32041).
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Ceftazidime Cefotaxime Country? Number of isolates

(number of isolates) per animal species®

ESBL/AmpC No. of MIC range MICsq MIC range MICsq BE DE DK ES FR HU NL PL UK Chicken Pig Cattle

isolates (mg/L) (mg/L)? (mg/L) (mg/L)?

SHV-12 31 8-128 64 0.6-32 2 25 1 2 3 28 3

SHV-2 1 2 — 4 — 1 1

TEM-52 5 8-32 — 4-16 — 2 2 1 4 1

CTX-M-1 23 2-16 8 8-> 32 > 32 4 10 5 1 17 5 1

CTX-M-2 1 4 — 32 — 1 1

CTX-M-14 6 0.5-64 — 8-> 32 — 6 4 2

CTX-M-15 1 16 — > 32 — 1 1

CMY-2 20 16-128 32 4-16 8 1 6 11 2 18 1 1

SHV-12 & CMY-2 1 128 — 16 — 1 1

CTX-M-1 & CMY-2 1 64 — 8 — 1 1

none/n.d. 91 8-32 - 2-32 - il 3 2 4 7 3

Totals, if applicable 100 0.5-128 32 0.5~ > 32 8 2 5 0 46 12 23 10 1 1 81 15 4

n.d.: not determined (no WGS data; the relative proportion of ESBL/AmpC types among isolates given in the text refers to 99 isolates).
aMICsq was calculated if number of isolates exceeded 10.
bCountry abbreviations are Belgium (BE), Germany (DE), Denmark (DK), Spain (ES), France (FR), Hungary (HU), the Netherlands (NL), Poland (PL), United Kingdom (UK).
®Chicken specimens were collected in ES, FR, HU, NL, UK; pig specimens in DE, DK, ES, FR, NL, UK; cattle specimens in BE, DE, FR, PL, and UK.
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ESBL/AmpC/MCR-1 Location Inc typing and pMLST Plasmid size
ch (host)* pl Inc type ST cC No. (host)* No. (country)*
CTX-M-1 0 23 Inclta 3 3 6(C), 3(P) 10 (F), H(8), G (3), E(1) 100-137 kb
295 2 1) 1\ 105 kb
317 3 1) 1\ “100 kb
IncN 1 n.d. 2 (P) 1(),1(G) “43 kb
CTX-M-14 2 (P) 4 n.d. n.d. n.d. 4 (C) 4 (E) 110 kb
CTX-M-15 1(Ca) 0 n.d. n.d. n.d. 1(Ca) 1(PL) none
CTX-M-2 0 1 n.d. negl: n.d. 1(Ca) 1(B) n.d.
SHV-12 3(C),1(P) 28 Incla 26 2 6 (C) 5(E), 1(F) 113-119 kb
3 3 6 (), 1(P) 7 (E) 95-100 kb
95 9 3(C) 3 (NL) 115-116 kb
IncX3 n.d. n.d. 4 (C) 3(H),1(® 46 kb
Inck2 n.d. n.d. 1(©) 1\ “80 kb
non-Inclia n.d. n.d. 6(C),1 (P 7 (B) 80-200 kb
SHV-2 0 1 non-Inclia n.d. n.d. 1) 1\ “130 kb
TEM-52 0 5 Incla 36 3 2(0),1(P) 2 (H), 1 (ND 89.5 kb
IncX1 n.d. n.d. 1) 1\ 38.7 kb
non-Inclta n.d. n.d. 1(©) 1\ "95 kb
CMY-2 0 22 Incla 12 10 9(0),1(P) 6 (H), 2 (ND), 2 () 96-99 kb
2 2 2 (C) 1/, 1H) 93-94 kb
Inck2 rud. n.d. 7 (C) 4H),2®),1(F) 80-90 kb
IncA/C 3 n.d. 1(Ca) 1B 100 kb
n.d. n.d. n.d. 2(C) 1(\),1H) 90-95 kb
MCR-1 0 1 IncX4 n.d. n.d. 1) 1 (NL) 33.3 kb

*ch, chromosomal; pl, plasmid; C, chicken; R, pig; Ca, cattle; B, Belgium; G, Germany; E, Spain; F, France; H, Hungary; NL, Netherlands, PL, Poland; n.d., not determined.
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Pathotype Positive isolates

n %
InPEC?
0 genes 15 16.2
1-2 genes 43 43.4
3-4 genes 16 16.2
5-7 genes 0 0
8-12 genes 6 6.1
EAEC, EIEC, ETEC, NTEC 0 0
EPEC (typical/atypical) 0/6 0/6.1
STEC (including EHEC, EDEC) 0 0
ExPEC
Group 1 (ExPEC)?
0 genes 75 75.8
1 gene 22 22.2
>2 genes 2 2.0
Group 2 (UPEC)®
EXPEC genesand cnf1/cnf2 and hlyD 0 0
Group 3 (APEC)?
0 genes 18 18.2
1-2 genes 30 30.3
>3 genes 51 51.5
Group 4 (ExPEC-like)®
3-5 genes 9 9.1
6-10 genes 31 31.3
11-15 genes 35 35.4
16-20 genes 17 17.2
21-26 genes 7 71

a/solates carrying one or more of 43 InPEC-related VAGs among the categories (i)
toxin: cnf1, cnf2, cnf3, cdtA, catB, cdtC, EAST-1, eltA, eltB, esta, estb, stx1, stx2;
(i) adhesion: aaf, aggA, aggR, aidA, bfpA, eae, 17, fae, fan, fas, fed, iha, stgA,
tir; (i) invasion, secrection, autotransporter: ces, eatA, escN, espD, etgA, ipaH,
lifA, pet, pic, sepDL, tia, tibA; (iv) others: aap, air, ler, nleA (see Supplementary
Document S1 for detailed distribution).

bisolates with genes (afa/dra, focG, iutA, kpsMTII, papA and/or papC, sfa/focDE)
that have been suggested to define a strain as an ExPEC; > 2 genes = ExPEC,
according to Johnson et al. (2003).

Clsolates with > 2 genes plus cnfl/cnf2 and hlyD, which are more specifically
related to uropathogenic E. coli (UPEC).

disolates with genes (iroN, iss, iutA, ompT, hlyF) that have been suggested to define
avian ExPEC; > 3 genes = avian pathogenic E. coli (APEC) according to Johnson
et al. (2008).

®[solates with genes (n = 32) or gene clusters (n = 17) frequently, but not exclusively
associated with ExPEC; isolates with > 10 genes/gene clusters = ExPEC-like (see
Supplementary Table S3 for list of VAGS).
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Strains Conjugation frequency? MIC (mg/l)

RIF FuS ERY TET STR SPC
P1/7RF 256 256 0.125 0.25 1,024 32
YSB17 <0.0625 32 >256 64 ~2,048 8
SScYSB17 (5.75+ 1.18) x 10-8 256 256 >256 64 1,024 32
YSJ15 <0.0625 32 >256 256 ~2,048 8
SScYsJi5 (3.84 +£1.29) x 10~8 256 256 >256 128 1,024 32
JHJ17 <0.0625 32 >256 32 >2,048 256
SSCJHJ17 (4.31 +£1.53) x 10-8 256 256 >256 0.25 >2,048 256

RIF, rifampin; FUS, fusidic acid; ERY, erythromycin; TET, tetracycline; STR, streptomycin; SPC, spectinomycin. The frequency is calculated by CFUs of transconju-
gants/donors. Resistance-related phenotypes related to transfer in conjugation assays were shown in bold.
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Strains

Reference 3 12 18 57 61 100A 240 274 285 298
Gene Mutation
gyrA S91F/Y S S F F F s F F s F s
DI5EN/G/A D D A A A D A D D A D
parC E91K/G E E G E E E E G E G G
ponAf1 (pbp1) L421P L P L P P L P P L P L
rpsJ V57M Vv M M M M M M M M M M
penA/pbp2 D345 insertion - D D D D D D D D D D
F504L F L L L L L L L L L L
A510V A v " \" \" \' \' " " " \"
A516G A G G G G G G G G G G
P551S/L P P P S S P S L S S S
porB1b (penb) G120D/K G G G D D G D D G G G
A121D A A A D G A G A S S G
N122 N N N N D N S N K K N
pilQ (penC) QAATPAKQ insertion at 180 - - - — = — = = QAATPAK - -
D526N D D D D D D D D D G D
N640S N N N N N N N N N S N
folP T66M T M T T T T T M T M T
R228S R S S S S S S S S S S
mtrR A39T A T T T T T T A A A A
H105 H H H H H H H Y Y Y H
rplD G70D/S/A/R G D Y G Y G G G G G G
rpoB H552N H N H N N H N H H H H
Ciprofloxacin resistance - - R R R | | - - R R

Gentamycin resistance

Mutations observed in the studied strains have been listed, mutated residues are indicated in bold, and mutations identified in this study have been underiined. The
resistance profile for the strains as inferred through MIC has been indicated for ciprofloxacin and gentamycin. The isolates were sensitive to the other antibiotics that were

tested as inferred from Table 2. The newly identified mutations need to be experimentally investigated for their role in antibiotic resistance.





OPS/images/fmicb-12-647565/fmicb-12-647565-t002.jpg
Strain ID Ceftriaxone (j.g/ml) Ciprofloxacin (ng/ml) Spectinomycin (ng/ml) Cefixime (ng/ml) Gentamycin (ng/ml) Cefoxitin (ng/ml)

3 0.016(S) 0.032(S) 0.75 () 0.016(S) 0.064 (8) 0.016 ()
12 0.016 (8) 8(s) <0.016(8) 80 0.016(8)
18 <0.016(S) 0.032(S) 0.75 () 0.016(S) 0.064 8) 0.016(8)
57 <0.032(5) 4(s) 0.016(S) 4(9) 0.016(8)
61 0.016(S) 8(s) <0.016(8) 3(9) 0.016(8)
100A <0.016(S) 8(s) <0.016(8) 4(9) <0.016(S)
240 <0.016(9) 2(s) <0.016(8) 19 0.016(8)
274 <0.016(5) <0.016(8) 4(s) <0.016(8) 3(9) 0.016(8)
285 0.047 (5) 4(s) <0.016(8) 15(9) 0.125 ()
208 0.016(S) 4() <0.016(8) 3(9) 0.016 ()

The MIC values (1.g/ml) and the interpretations for different antibiotics for the 10 strains. S — Susceptible, R — Resistant (highlighted in red), | — Intermediate (highlighted in
yellow). The interpretation of MIC was inferred from CSLI breakpoints (Supplementary Table 2).
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Strain IDs Genome coverage (%) Sequencing depth # Mapped reads

3 99.03 523.604 308,387
12 99 377.339 216,691

18 98.78 272.294 175,050
57 98.81 1255.388 2,272,143
61 98.97 63.726 43,553

81 99.59 86.3 182,347
100A 98.68 848.073 1,460,162
196 98.2 22.6 143,725
240 99.59 86.3 70,185

274 98.88 240.667 180,375
285 98.31 129.085 116,342
298 98.67 219.616 212,198

The number of mapped reads for each genome was obtained using samtools
flagstat and the genome assembly statistics were obtained using QUAST. The
genome coverage was not affected by the number of reads or the sequencing
depth. The genomes assembled from strains 81 and 196 had low sequencing
depth and lower coverage in the genes surveyed in the study and were not used
for further analysis. The strains 4 and 11 were identified to be N. meningitidis
genomes from the ribosomal MLST analysis and were not analyzed further in the
study (Supplementary Table 1).
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Patient characteristics

Demographics
Age [mean, median (range)] (year)?
Gender? Male [n (%))
Isolation place [n (%)]
China
Zhejiang
Hubei
Hunan
Hong Kong
Japan
South Korea
Singapore
Australia
Isolation place [n (%)]
2011-2013
2014
2015-2017
Ward type [n (%)]
Gastroenterology
Infectious disease
Oncology
Respiratory
Neurology
Hematology
Geriatrics
Urology
Outpatient
Health Checkup

51.0 (3-95)
17 (42.5%)

12 (30.0%)
18 (45.0%)
10 (25.0%)

13 (32.5%)

4(10.0%)
3(7.5%)

5(12.5%)

aInformation from five strains in Hong Kong and Singapore was not available.
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Interpretive Criteria 1ZSPB_ 1ZSPB_ 1ZSPB_ IZSPB_ I1ZSPB_ IZSPB_ IZSPB_ IZSPB_ IZSPB_ IZSPB_ IZSPB_ IZSPB_ IZSPB_ IZSPB_ IZSPB_ IZSPB_ IZSPB_

(ng/mL) BC106 BC107 BC108 BC109 BC110 BC111 BC112 BC114 BC115 BC210 BC211 BC212 BC213 BC214 BC215 BC216 BC217
Antibioticrobial Range S I R
agent
Gentamicin 0.008- <4 8 > 16 S(1) S5 S S@ S S  S(1) S() S©O5 S05 SE@ S©O5 S S S S S
16
Penicilin G 0.06- <012 - =025 R(> R@® R(> R@B2 R®G4) R(> R(F R( R@6 R(> R®4 R(> R(> R R@128) R(> R(
128 128) 128) 128)  128)  128) 128) 128) 128)  128) 128)  128)
Amoxicillin 0008~ <012 -  >025 S S S S S S S S(0.06) S(0.06) S(0.O) S S(OO6 S S(0.06) S(O.06 S S(0.08
16 0.125) (0.125) (0.125) (0.125) (0.125) (0.125) (0.125) (0.125) (0.125) (0.125)
Clindamycin 0.008- <05 1-2 >4 S S  $(0.25) S(0.25) S(0.25) S(0.50) S(0.25) S(0.25) 1(1) R(> S(0.50) I(1) S(050) S$(0.50) 1(1) 1)  $(0.50)
16 (0.125) (0.125) 16)
Chlo.ramphenicol 0.06— <8 16 > 32 S@4) S@) S@ S@ S@4 S@4 S@4 S@ S@4 S@ S@4 s sS4 s@ S s sE
128
Vancomycin 0.03-64 <4 = S@ S@ S©@ S SO SO SE SN SE S S SM S SsS® S s  sE
Linezolid 0.03-64 <4 = >8 S@ S s S@ SO SsS©@ s SsE @ S5 S@) S@©05 S S S sd) s
Erythromycin 0.008- <05 1-4 >8 S 1 (4) I(4) S(0.06) S(0.06) S(0.06) S(0.06) S S5 1) S(0.06 @4 S(O5 S(0.5 S(0.086) S(0.25 S(0.5)
16 (0.125) (0.125)
Tetracycline 0.008- <4 8 > 16 18) S 4) 1(8) 18) S@4) S@ S@ S(1) S©05 S05 S@ 18 S(©O5 S(05 S@ SE@ S05
16
Ciprofloxacin ~ 0.004-8 <1 2 >4  S$(0.06) S(0.06) S(0.06) S(0.06) S(0.06) S(0.06) S(0.06) S(0.03) S(0.06) S(0.06) S S(0.25 S(0.25) S(0.06) S(0.25 S  S(0.06)
(0.125) (0.125)
Doxycycline 0.002-4 <4 8 >16 S(0.06) S(0.06) S(0.25 S(0.25) S  S(0.25) S(0.25) S(0.06) S(0.03) S(0.03) S(0.25 S S(0.06) S(0.06) S S S(0.03
(0.125) (0.125) (0.125) (0.125)
Rifampicin 0.004-8 <1 2 >4 1@ S@05 S05 1@ S(1)  S() S5 S() S(025 S(006) S S S(006 S S(0.25) S(0.25) S(0.25)
(0.125) (0.125) (0.125)
Ceftriaxone 0.25- <8 16-32 =64 13) R@®4 132 132 R4 132 RGBE12) 132 1@) RG> 182 18 R R 18) R R
512 512) 512)  512) 512)  512)
Cefotaxime 0.25- <8 16-32 =64 1@32) 132 1(16) 132 1382 1(16) R(128) 1(16) I(16) R(128) 1(32) 1(32) R(128) R(128) 1(32) R(128) R(128)
512
Trimethoprim 0.06- = = > 16 R+ R(> R(> R(> R+ R(> R R(> R(F R R R R(F R( R R(F R
128 128)  128)  128)  128)  128) 128) 128)  128) 128) 128) 128)  128) 128) 128) 128)  128)  128)

All parameters were interpreted according to the NCCLS antimicrobial susceptibility standards for staphylococci. S, susceptible; I, intermediate; R, resistant. The breakpoints (j.g/mL) for Staphylococcus spp. were
used for linezolid, doxycicline and trimethoprim according to CLSI guidelines M100-S24 (2014), whereas for the other antimicrobials, the interpretative criteria for Bacillus spp. were used according to CLSI guidelines
MA45-A2 (2011). The MIC value (wg/mL) is shown in parentheses. S, susceptible; |, intermediate; R, resistant.
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ID strain BioSample ID Accession ID Closest strain ST cc rpoB AT MLST Bacillus cereus panC
phylogenetic
groups

alp gmk ilv pta pur pyc tpi

ZSPB_BC106 SAMN16604380 JADNPV000000000 B. thuringiensis_YBT_020 2,163 - AT0380 19 2 368 333 181 3 275

ZSPB_BC107 SAMN16604381 JADNPW000000000 B. cereus_03BB102 163 365 AT0120 44 1 32 16 18 33 24

ZSPB_BC108 SAMN16604382 JADNPX000000000 B. cereus_Rock1_15 73 142 AT0092 13 8 9 14 9 12 31 v

ZSPB_BC109 SAMN16604383 JADNPY000000000 B. cereus_m1293 1066 205 ATO125 19 2 31 5 19 3 91

ZSPB_BC110 SAMN16604384 JADNPZ000000000 B. cereus_ATCC_10987 1,032 - AT0481 117 4 123 118 43 6 3

ZSPB_BC111 SAMN16604385 JADNQAO00000000 B. thuringiensis_T13001 24 = AT0092 12 8 9 14 1 12 10 i

ZSPB_BC112 SAMN16604386 JADNQB000000000 B. thuringiensis_T03a001 2,096 - ATO154 91 8 14 11 2 36 7 \Y

ZSPB_BC114 SAMN16604387 JADNQC000000000 B. cereus_m1293 462 - ATO125 19 2 21 5 19 3 91

ZSPB_BC115 SAMN16604388 JADNQDO00000000 B_cereus_Rock3_42 1,284 - AT0463 247 1 83 1 239 37 43

ZSPB_BC210 SAMN16604389 JADNQE000000000 B_cereus_03BB102 365 - ATO120 34 1 32 1 18 33 24

ZSPB_BC211 SAMN16604390 JADNQFO00000000 B_cereus_ATCC_10987 1,032 - AT0481 17 4 123 118 43 6 3

ZSPB_BC212 SAMN16604391 JADNQG000000000 B_cereus_Rock1_15 73 142 AT0092 13 8 9 14 9 12 31 v

ZSPB_BC213 SAMN16604392 JADNQH000000000 B_cereus_03BB102 365 - AT0120 34 1 32 1 18 33 24

ZSPB_BC214 SAMN16604393 JADNQIO00000000 B_cereus_03BB102 365 - AT0120 34 1 32 1 18 33 24

ZSPB_BC215 SAMN16604394 JADNQJ000000000 B_thuringiensis_T13001 24 - AT0092 12 8 9 14 ik 12 10 v

ZSPB_BC216 SAMN16604395 JADNQKO000000000 B_thuringiensis_T13001 24 - AT0092 12 8 9 14 11 12 10 \Y

ZSPB_BC217 SAMN16604396 JADNQL000000000 B_cereus_03BB102 365 - ATO0120 34 1 32 1 18 33 24

Sequence type, clonal complex, rpoB allele type, MLST allele, and panC clade of B. cereus s.I. isolates. ST, sequence type; CC, clonal complex; AT, allele type. The sequence type in bold represent a new sequence
type. The draft genomes were deposited as BioProject PRINA673333.
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Virulence
gene

Toxin
cerA
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clo
entA
entFM
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cytk2
hblA
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hlyR
Enzyme

inhA1
inhA2

sph

bpsD

bpsE

bpsF

bpsH

Lipase

pIcA

plcB
Regulation
plcR
B.cereus
NC7401)
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B. thuringiensis)
plcR

B. cereus
ATCC 14579)
plcR

B. anthracis)

1ZSPB_BC106 1ZSPB_BC107 I1ZSPB_BC108 1ZSPB_BC109 1ZSPB_BC110 1ZSPB_BC111

95.05/100 95.76/100 100/100 95.05/100 95.05/100 100/100
87.45/93.39  92.02/71.47  9518/93.39  87.78/93.39  87.46/93.39  94.86/93.39
95.48/100 96.27/100 99.21/100  95.78/97.84  95.48/100 99.41/100
94.93/100 94.26/100 99.32/100 94.93/100 94.93/100 99.32/100
95.58/100 93.26/100 97.44/100 94.42/100 95.58/100 97.44/100
97.40/100 96.89/100 99.74/100 97.41/100 97.41/100 99.74/100
99.25/100 99.50/100 100/100 99.5/100 99.25/100 100/100

97.497100  94.43/100 99.72/100 95.54/100 97.49/100 100/100
- A 98.78/97.32  96.73/100 va 100/100
/- /- 99.20/100 - /- 99.2/100
/- /- 99.79/100 /- e 98.5/100
/- /- 98.18/100 /- A 98.18/100
i = 99.75/100 - e 99.75/100
/- /- /- /- A 73.13/100
94.03/100 96.32/100 99.87/100 96.07/100 94.04/100 99.87/100
96.49/100 96.10/100 99.62/100 97/100 96.5/100 100/100
97.92/100 99.22/100 92.01/100 99.11/100 97.93/100 92.31/100
/- /- 70.21/84.3 /- A 65.22/92.83
80.16/93.89  89.89/93.90  90.29/9424  79.79/95.59  89.17/939  88.85/94.24
50/97.60 51.96/97.61 - 50/97.61 51.22/98.09
67.33/98.68  66.78/100.00 7895100  67.32/100.66 67.33/98.68  79.28/100
93.31/100 94.83/100 100/100 94.53/100 93.31/100 100/100
95.05/100 95.76/100 100/100 95.05/100 95.05/100 100/100
99.64/100 100/100 e 99.65/100 99.65/100 /-
/- /- e /- /- /-
/- < 100/100 = - 99.65/100
/- /- /- /- A /-
IZSPB_BC210  1ZSPB_BC211  1ZSPB_BC212 IZSPB_BC213 IZSPB_BC214
95.05/100 95.06/100 100/100 95.05/100 95.05/100
91.41/87.39 88.42/93.39 95.18/93.39 91.41/87.39 91.41/87.39
95.87/100 96.86/100 99.21/100 95.87/100 95.87/100
93.58/100 95.27/100 99.32/100 93.58/100 93.58/100
92.56/100 95.35/100 97.44/100 92.56/100 92.56/100
96.11/100 97.15/100 99.74/100 96.11/100 96.11/100
99.5/100 99.5/100 100/100 99.5/100 99.5/100
94.71/100 94.71/100 99.72/100 94.71/100 94.71/100
-~ 96.73/100 98.78/97.32 /- /-
/- /- 99.2/100 A /-
/- /- 99.79/100 A /-
/- /- 98.18/100 /- /-
e /- 99.75/100 = /-
-~ s 73.13/100 /- /-
96.19/100 95.56/100 99.87/100 96.19/100 96.19/100
96.25/100 96.37/100 99.62/100 96.25/100 96.25/100
99.7/100 97.93/100 92.01/100 99.7/100 99.7/100
/- /- 70.21/84.3 /- A
88.45/93.90 88.81/93.9 90.29/94.24 88.45/93.9 88.45/93.90
50.49/97.61 51.22/98.09 51.96/97.61 50.49/97.61 50.49/97.61
66.78/100 67.43/100 78.95/100 66.78/100 66.78/100
94.53/100 94.83/100 100/100 94.53/100 94.53/100
95.05/100 95.05/100 100/100 95.05/100 95.05/100
/- /- e /- A
100/100 - - 100/100 100/100
/- e 100/100 /- s
/- 97.89/100 /- /- A

The table reports the identity and coverage percentages for each virulence gene (Id%/Cov%).

100/100
94.86/93.39
99.61/100
97.97/100
91.4/100
98.96/100
99.5/100
99.16/100
99.4/100
98.93/100
98.71/100
96.81/100
99.75/100
/=

96.07/100
99.12/100
91.42/100
60.99/100
88.85/94.24
50.73/98.09
79.61/100

97.26/100
100/100
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