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Isolation of the pathogens Yersinia enterocolitica and Yersinia pseudotuberculosis from foods typically rely on slow (10–21 day) “cold enrichment” protocols before confirmed results are obtained. We describe an approach that yields results in 39 h that combines an alternative enrichment method with culture on a non-selective medium, and subsequent identification of suspect colonies using elastic light scatter (ELS) analysis. A prototype database of ELS profiles from five Yersinia species and six other bacterial genera found in pork mince was established, and used to compare similar profiles of colonies obtained from enrichment cultures from pork mince samples seeded with representative strains of Y. enterocolitica and Y. pseudotuberculosis. The presumptive identification by ELS using computerised or visual analyses of 83/90 colonies in these experiments as the target species was confirmed by partial 16S rDNA sequencing. In addition to seeded cultures, our method recovered two naturally occurring Yersinia strains. Our results indicate that modified enrichment combined with ELS is a promising new approach for expedited detection of foodborne pathogenic yersiniae.
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INTRODUCTION

In industrialised nations, yersiniosis is most frequently associated with infection by either Yersinia enterocolitica or Yersinia pseudotuberculosis and is typified by sequelae including diarrhoea and acute, severe abdominal pain that may resemble appendicitis (Rosner et al., 2013; Bancerz-Kisiel and Szweda, 2015); fatalities may also occur (ECDC, 2019). These species represent a significant burden of gastrointestinal disease in Europe (ECDC, 2019), New Zealand (Pattis et al., 2019), and the United States (CDC, 2019). Transmission is most commonly associated with the consumption of contaminated food, with pork a frequently mentioned source for Y. enterocolitica in particular (Fois et al., 2018; CDC, 2019; ECDC, 2019). However, both Y. enterocolitica and Y. pseudotuberculosis infections and outbreaks have also been attributed to the consumption of raw or contaminated vegetables such as carrots, spinach and lettuce (MacDonald et al., 2016; Williamson et al., 2016). Both Yersinia species have been recovered from a wide range of food, pet, and wild animals (Bancerz-Kisiel and Szweda, 2015; Le Guern et al., 2016; Nousiainen et al., 2016; Joutsen et al., 2017), making epidemiological studies to resolve sources of human infection difficult.

A further obstacle in the rapid response to outbreaks, and source attribution of yersiniosis infections in humans lies in the shortcomings of currently used detection methods. Yersinia species are often found in association with other bacterial taxa that share growth properties, may be present in greater numbers and for which selective agents are relatively ineffective (Petsios et al., 2016). The methods most commonly recommended for detection of yersiniae in foods (Weagant et al., 2017) exploits their ability to grow at lower temperatures than competing microflora; however, this “cold enrichment” approach requires a 10–21 day incubation period that is unsuited for rapid response to a suspected outbreak. Clearly better methods for isolation and detection are warranted for improved public health actions.

Elastic light scatter (ELS) analysis involves the examination of individual bacterial colonies on solid media using laser light and the subsequent detection of photons that are scattered after their passage through the colony (Bae et al., 2011, 2012). For many bacteria, the light scatter image is species-specific and this technique has been used to discriminate foodborne pathogens including Vibrio, Campylobacter, Listeria, and Arcobacter species (Banada et al., 2007; Huff et al., 2012; He et al., 2015; Patsekin et al., 2019) as well as Salmonella, Escherichia and Staphylococcus species at the genus level (Banada et al., 2009). ELS is a non-destructive technique, allowing bacteria to be further characterised by epidemiological subtyping methods, if required, for outbreak analysis.

This paper describes a prototype approach combining a modified enrichment procedure with ELS analysis to detect Y. enterocolitica and Y. pseudotuberculosis in pork mince in 39 h.



MATERIALS AND METHODS


Strains

A list of the strains used appears in Table 1. Twenty-two type or reference Yersinia isolates were included, spanning five known or potentially foodborne pathogenic species (Y. enterocolitica, Y. pseudotuberculosis, Yersinia intermedia, Yersinia kristensenii, and Yersinia frederiksenii). A further 18 isolates representing Enterococcus, Aeromonas, Macrococcus, Morganella, Proteus, and Vagococcus species that were isolated during preliminary isolation experiments on pork mince were also included. After purification, isolates were identified to genus level using BLAST comparisons of partial 16S rRNA sequences.


TABLE 1. Strains used.
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Elastic Light Scatter Strain Profile Database Development

Bacterial strains were subcultured twice on 5% blood agar media and grown overnight before a single colony was inoculated into 25 ml nutrient broth (Oxoid, Basingstoke, United Kingdom) and cultured overnight (15–20 h) at 37°C in a shaking incubator set at 100 rpm. Aliquots were taken and serially diluted by 10–6 and 10–7 in sterile phosphate buffered saline. Tryptone soya agar (TSA) plates (25 ml, “heavy fill”) (Fort Richard, Auckland, NZ) were inoculated with 50μl aliquots from each dilution and inocula evenly distributed over the media using a sterile disposable spreader. Plates were incubated at 28°C for 22 h and then scanned using a custom-built ELS device as described previously (Patsekin et al., 2019). Images of colonies were assimilated into the Baclan software (Purdue University, United States), and databases containing measurements for Zernike moments, Haralick textures, and Patsekin elements of the ELS profiles for taxa established, as described previously (Patsekin et al., 2019). The relative similarity of profiles assigned to the same taxon, and separation of different taxa, was assessed using a cross validation (CV) algorithm (Banada et al., 2009). Satisfactory performance is considered when infrataxonomic values exceed 90 and intertaxonomic values are below 10 (JR, unpublished observations).



Enrichment Method

Pork mince was purchased from a local supermarket and examined prior to the “best before” date. Samples of 10 g were taken and mixed well into 90 ml of enrichment broth placed together in a classic lab blender bag (Seward, Worthing, United Kingdom) using a stomacher (Bagmixer, Interscience, France). The enrichment broth used was as described previously (Premaratne et al., 2012), modified by adjusting the pH to 8.5 by the addition of laboratory grade 3M potassium hydroxide. The pH of the enrichment broth immediately after the addition of the pork mince was measured, and ranged from 8.1 to 8.3.

Samples were incubated for 37°C under shaking conditions as described above for 17 h, after which time aliquots were diluted to 10–7 and 10–8 in buffered peptone water (Fort Richard, Auckland, New Zealand), spread-inoculated onto TSA, incubated for 22 h and then examined by ELS as described above. To maximise isolation of non-Yersinia species for the identification database, two samples were enriched using unadulterated nutrient broth no. 2 (Oxoid) and processed as above.

To evaluate the efficacy of this protocol for recovery of Yersinia, initial experiments were conducted using autoclaved mince to circumvent the influence of naturally occurring competitive microflora. 10 g of autoclaved pork mince was inoculated with dilutions of 24 h cultures of strains ERL 10782 (Y. enterocolitica) and ERL 110237 (Y. pseudotuberculosis) as low as 10 colony forming units (cfu)/g. Samples were incubated as described above, with bacterial counts conducted on 5% blood agar to promote recovery. Since these experiments were monocultural, ELS was not undertaken. Experiments were performed in triplicate.



Spiking Experiments, Identification, and Confirmation

A 24 h cultures of Y. enterocolitica strain ERL 10782 and Y. pseudotuberculosis strain ERL 110237 were used to spike otherwise unadulterated pork mince samples blended with enrichment broth as described above. For Y. enterocolitica, in three separate experiments, one colony (≡107 cfu) and five colonies were used as the inocula; in two experiments, the inocula comprised five colonies only. For Y. pseudotuberculosis, three (≡107 cfu) and 9–10 colonies were used as the inocula, since these colonies were smaller.

Subsequent experiments to evaluate the limit of detection (LOD) of the enrichment/ELS protocol were conducted using inocula of each of ERL 10782 and ERL 110237 calibrated to deliver as few as 10 cfu/g per unadulterated pork mince sample. Experiments were performed in triplicate.

Spiked mince samples were then incubated overnight and aliquots of the enrichment medium cultured on TSA as described above. Plates were then scanned and colonies imaged as above. ELS profiles for each colony were then compared to databases containing similar profiles for the taxa included, as described above. Up to 10 individual colonies identified as the target organism by the Baclan software using parameters outlined previously to “best fit” these images to the database (Banada et al., 2009) were subcultured; rarely (6/91 colonies examined in all our seeding experiments), the operators visual analysis of ELS profiles was used to identify colonies of interest. The identity of suspect colonies was confirmed by partial (ca. 1,000 bp) 16S rRNA sequence analysis using the F8-27 primer (AGA GTT TGA TCC TGG CTC AG) adapted from Weisburg et al. (1991) and subsequent comparison to the NCBI public database using BLAST (Altschul et al., 1990). Experiments were conducted on different mince samples on each of five different occasions, for each of the Y. enterocolitica and Y. pseudotuberculosis strains used.



RESULTS


Elastic Light Scatter Profile Databases

Representative profiles for the taxa examined are given in Figure 1. Spectra were generally distinctive for the taxa from which they had been derived which correlates with the findings of previous studies using ELS (Banada et al., 2007; Huff et al., 2012; He et al., 2015; Patsekin et al., 2019). However, profiles of Y. intermedia, Y. kristensenii, and Y. frederiksenii were not well separated from each other in the coefficient of variance (CV) matrix (Supplementary Table 1). Therefore, profiles of these species were assimilated into a single group (“Yersinia other species”) for the purposes of the identification database. The resulting CV matrix used for identification performed close to the ideal specifications, with results for Y. pseudotuberculosis somewhat below the desirable 90 metric (Table 2). Type and reference strains for Y. enterocolitica biovars studied (Table 1) were also used to construct a database to assess biovar-level specificity with promising results (Supplementary Table 2). The pathogenic potential of these biovars has been considered to vary, with Y. enterocolitica biovar 1A described by some as nonpathogenic (Bancerz-Kisiel et al., 2018). However, pathogenic potential is extant (Batzilla et al., 2011) and human gastrointestinal infections of this taxon in New Zealand show an unusually high incidence (Pattis et al., 2019).
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FIGURE 1. Representative elastic light scatter profiles for colonies of the bacteria examined in this study. Top line: Y. enterocolitica strains of Biotype 1a, 1b, 2, 3, and 4 (L-R). Middle line: Yersinia spp. Y. pseudotuberculosis, Y. frederiksenii, Y. intermedia, and Y. kristensenii (L-R). Bottom line: pork mince strains of Aeromonas, Enterococcus, Macrococcus, Morganella, Proteus, and Vagococcus spp. (L-R). NZRM, New Zealand Reference culture collection (Medical); ATCC, American Type Culture Collection; ERL, Enteric Reference Laboratory, ESR Ltd., LU, Lincoln University.



TABLE 2. Performance characteristics of the prototype Elastic Light Scatter profile matrix used to identify Y. enterocolitica and Y. pseudotuberculosis from spiked pork mince.
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After assessing the potential of ELS to discriminate yersiniae, a prototype database for use with identifying Y. enterocolitica and Y. pseudotuberculosis strains in pork mince was developed, comprising ELS profiles from each of the yersiniae studied, as well as database entries for other bacteria recovered from pork mince in preliminary studies. Performance characteristics of this database are given in Table 2 and were considered adequate for challenge studies.



Efficacy of Enrichment Protocol for Seeded Autoclaved Mince

For Y. enterocolitica ERL 10782, initial seedings of as low as 10 cfu/g were recovered to a mean value of 3.9 × 107 cfu/g using the enrichment procedure described. For Y. pseudotuberculosis ERL 110237, initial seedings of as low as 10 cfu/g were recovered to a mean value of 1.9 × 106 cfu/g.



Preliminary Screening of Pork Mince for Other Microflora

Studies were undertaken using our isolation protocol (described above) to evaluate the range of non-yersiniae culturable microorganisms that could be found in pork mince, so that a suitable identification database could be established that minimised false positive identifications. Over several months, 18 isolates representing six different genera (Table 1) were recovered from different batches of pork mince, purified, identified to genus level using 16S rRNA gene comparisons by BLAST and images added to the ELS database alongside those of the Yersinia species studied (example images shown in Figure 1). Furthermore, two Y. enterocolitica isolates were also recovered during our studies using this protocol.



Detection and Identification of Y. enterocolitica and Y. pseudotuberculosis in Spiked Raw Pork Mince Samples

An example of the output from Baclan software where a TSA plate has been scanned and analysed (Figure 2) demonstrates the presumptive identification of individual colonies on the media to taxa contained in the database, based upon their ELS profiles. Using the highest inocula, a total of 27 colonies identified by the software as Y. enterocolitica and 23 isolates identified as Y. pseudotuberculosis from each of the respective six spiking experiments were subcultured onto TSA for purification, DNA extraction, and molecular identification using BLAST analyses of their partial 16S rDNA sequences. The correct identity was confirmed in 27/27 Y. enterocolitica isolates, and 20/23 isolates identified as Y. pseudotuberculosis. Incorrectly classified Y. pseudotuberculosis isolates were Aeromonas (n = 2) or Serratia spp. Six colonies classified by ELS as Yersinia “other species” (see above) were confirmed by BLAST as Y. enterocolitica in four independent mince samples seeded with this organism; however, four other colonies classified as Yersinia “other species” were not yersiniae, instead representing either Aeromonas (n = 2) or E. coli/Shigella spp. (n = 2).


[image: image]

FIGURE 2. Example of the “Baclan” software output of a TSA medium plate upon which a 10– 7 dilution of pork mince enrichment has been cultured and examined by elastic light scatter profiling. Colonies are assigned a presumptive identification for confirmation and/or subtyping as required.


Subsequent experiments using inocula of as low as 10 cfu/g for each strain were undertaken to determine the LOD of the enrichment/ELS protocol for raw pork mince samples. For ERL 110237, initial seedings as low as 105 cfu/g could be detected, although this result was only attained in one of three experiments, with recovery consistent using an higher (106 cfu/g) inoculum. Of the nine isolates identified as Y. pseudotuberculosis by our custom ELS profile database, all were confirmed as this species by BLAST analysis. Visual analysis of ELS profiles further identified another strain of Y. pseudotuberculosis which otherwise would have been misidentified as Aeromonas by our database.

Isolates of Y. enterocolitica from seeded experiments were more frequently detected and to lower levels. Inocula as low as 104 cfu/g yielded isolates identified by ELS and confirmed by BLAST to this species. Of the 31 isolates recovered and characterised in these experiments, 11 (35.5%) were correctly identified by the ELS database and confirmed as this species, while a further 8 (26%) were identified either as Y. pseudotuberculosis (n = 4) or “Yersinia other species” (n = 4) and subsequently confirmed as Y. enterocolitica. A further five isolates (16%) were identified by ELS as either Aeromonas, Morganella or Enterococcus spp., but further characterised based on the operators visual analysis. Seven strains (22.5%) were misidentified as “Yersinia other species” but represented Serratia, Providentia, Pasteurella, or Morganella species, of which the first three genera were not isolated during our initial screening studies and thus not represented in the ELS database.



Isolation of Naturally Occurring Y. enterocolitica Strains

During our studies, two Yersinia strains identified by ELS, yet distinct from that used to seed different pork mince samples, were recovered (Figure 3). Strain LU 31 yielded an ELS phenotype more closely resembling that of Y. enterocolitica biotype 1A (cf. Figures 1, 3) with a partial 16S rRNA gene sequence 98.15% similar to a reference strain (NCTC 13769) of this species. The partial 16S rRNA gene sequence of strain LU 20 exhibited the closest (96.48%) similarity to reference strains of Y. intermedia, Y. pekkanenii, Y. kristensenii, Yersinia aleksicae, and Yersinia aldovae. In contrast, the highest similarity to a reference Y. enterocolitica strain (NCTC 13769) was 94.76%. While this does not preclude the strain representing one of Y. enterocolitica, it is sufficiently different from results from others using the seeded strain to indicate its novelty. Determination of the genome sequences of both strains is underway.
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FIGURE 3. Representative elastic light scatter profiles of naturally occurring Yersinia strains recovered in this study.




DISCUSSION

Current approaches to the detection of Y. enterocolitica and Y. pseudotuberculosis in foods generally involve enrichment culture to attain a quantum of viable bacterial cells that meet or exceed the LOD of whatever system used, whether conventional or molecular. The challenges in this regard for these species are well established (Premaratne et al., 2012; Petsios et al., 2016; Van Damme et al., 2017; Weagant et al., 2017) and described briefly above. The current protocol recommended by the FDA for detection of Y. enterocolitica involves a 10 day cold enrichment step, which for Y. pseudotuberculosis extends to 21 days (Weagant et al., 2017). An alternative standardised method ratified for use across Europe (Hallanvuo et al., 2019) demonstrates reasonable performance of alternative 44 h enrichment protocols for Y. enterocolitica, however this method has not been applied to Y. pseudotuberculosis detection. Where molecular detection methods are used (Ferrario et al., 2017; Srinivasan et al., 2017; Li et al., 2018; Liu et al., 2019), the lack of a cultured isolate does not enable further characterisation by subtyping that may be crucial for effective outbreak characterisation and intervention.

Previous studies have shown that ELS analysis allows for concurrent, non-destructive, detection and identification of a range of bacterial foodborne pathogens on solid agar media, and enables the further analysis of the colonies of interest for activities such as subtyping (Banada et al., 2007; Huff et al., 2012; He et al., 2015; Patsekin et al., 2019). We sought to exploit this characteristic to identify Yersinia species that may be present in low numbers in foods and amidst a wide range of other bacterial species (Petsios et al., 2016). However, for an ELS-based strategy to be effective, a suitable enrichment method is also needed.

Existing differential isolation strategies include the use of low temperatures, however, these have the disadvantage of extended incubation times (Weagant et al., 2017). Furthermore, although the optimal growth temperature of Yersinia species has been described as 28–29°C, they appear to be more rapidly cultured at 37°C under laboratory conditions (Bottone et al., 2005). The relative resistance of Yersinia species to alkaline conditions has also been used in conjunction with the development of isolation methods (Weagant et al., 2017; Hallanvuo et al., 2019), yet we found details of alkaline resistance in Y. pseudotuberculosis somewhat sparse (Bottone et al., 2005). Therefore, we undertook some preliminary experiments (data not shown) to determine a pH level that appeared to be suited for the recovery of both Y. enterocolitica and Y. pseudotuberculosis that led us to the specification used in this study. The enrichment broth we selected for use has shown good performance previously (Premaratne et al., 2012), but details of the pH used for Y. pseudotuberculosis isolation were not given. The pH we employed is within the range quoted by these authors (Premaratne et al., 2012). Our isolation strategy aimed to recover Y. enterocolitica and Y. pseudotuberculosis strains in a timely manner, while using alkaline conditions to repress the growth of contaminating flora. Our subsequent use of a nonselective medium enhances the chances of detecting Yersinia species, especially since Y. pseudotuberculosis grows poorly on Celfsulodin-irgasan-novobiocin (CIN) agar (Fukushima and Gomyoda, 1986; Bosi et al., 1994; Bottone et al., 2005), despite this being a recommended protocol (Weagant et al., 2017). Our results for recovery of spiked autoclaved mince samples supported the efficacy of this approach.

The software used to interpret the ELS profiles derived from individual colonies requires a suitable match to be present in the database to assign a presumptive identity. We considered our prototype database possessed sufficient performance characteristics in terms of separation of the taxa included as assessed by the CV metric (Table 2) for subsequent challenge studies of spiked samples of pork mince with strains of each of Y. enterocolitica and Y. pseudotuberculosis. Our initial challenge studies using high (106 cfu/g) inocula revealed that 88% of strains presumptively identified by ELS to these species were correctly identified. Confirmation of their identities was attained by subsequent culture purification and DNA analysis using 16S rRNA gene sequence comparisons, a step that could equally as well be done in a clinical laboratory by rapid MALDI-TOF analysis, with results obtained within one working day (Sandalakis et al., 2017). The process still enables further subtyping procedures to be undertaken, should an outbreak be suspected. Our subsequent experiments using lower inoculum sizes demonstrated that most (24/31) isolates identified as Yersinia to at least genus level were correctly identified, with operator experience also forming a component. The majority (6/7) of misidentified strains in these experiments represented taxa not initially found in our pork meat studies, and hence not included in our prototype database. The inability to identify organisms not represented in a database is a feature of every identification system, and one we anticipate would be resolved in an updated version of our ELS database that included the missing taxa. Nonetheless, we believe this study clearly indicates the potential value of combining ELS analysis with an effective enrichment and isolation protocol as described here for the expedited screening of foods for yersiniae.

Our observations concerning the ELSA-based separation of Y. enterocolitica biovars (Supplementary Table 2) are also intriguing, showing some correlation with earlier studies on serotype discrimination of Shiga-toxigenic Escherichia coli strains (Tang et al., 2014). Further studies with additional typed Y. enterocolitica strains are warranted to substantiate this observation. Since Y. pseudotuberculosis isolates also exhibit considerable serotype variation (Kenyon et al., 2017), such diversity would also be an interesting aspect to explore via ELSA, potentially offering the possibility of isolation, speciation and subtyping concurrently. Furthermore, the inclusion of additional strains enhances the quality of any database, and here may improve resolution of this species from others in the CV matrix (cf. Table 2).

In summary, additional studies are required to further enhance the performance of this approach, and to evaluate its efficacy for other food matrices such as vegetables that have also been implicated as a source of yersiniosis (MacDonald et al., 2016; Nousiainen et al., 2016; Williamson et al., 2016). Such enhancements may be as straightforward as increasing the sample size from 10 g (used here) to 25 g (used routinely: (Weagant et al., 2017). Nonetheless, the prospect of identifying Y. enterocolitica and Y. pseudotuberculosis contamination in foods within 39 h, compared with 10–21 days using existing conventional approaches is surely an attractive one for improved food safety. Indeed, the fact that we recovered two native Yersinia strains with this approach in our studies is a most encouraging sign.
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Values given are coefficient of variance figures transformed as described before (Banada et al., 2009). Values close to 100 represent profiles exhibiting high similarity to
those under comparison; values of zero indicate profiles are completely dissimilar. Preferred metrics for homologous comparisons exceed 90.
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