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Application of MSB selective enrichment
followed by amplicon MinION sequencing
for multipathogen detection in
smoked salmon
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Ana Costa-Ribeiro1,2, Alexandre Lamas3, Marta Prado1,3 & Alejandro Garrido-Maestu 1,4

Millions of foodborne infections are reported yearly worldwide due to a variety of pathogens. A
promising approach to tackle this issue relies on Next Generation Sequencing (NGS). In this work a
novel multi-foodborne pathogen detection was developed. The method combines a selective
enrichment step in a novel broth, multiplex PCR with interlaboratory-validated primers, long-read
Flongle MinION sequencing, and data analysis in three cloud-based pipelines to overcome complex,
command line-based bioinformatic data analyses. The method, was evaluated in salmon samples
spikedwith fresh, heat and cold stressed, bacterial cultures ofSalmonella spp., E. coliO157:H7 and L.
monocytogenes, as well as with in-house, and commercial mock communities, doped with Y.
enterocolitica and thermotolerantCampylobacter spp. Nomajor deviations from the expected results
were obtained, reaching a limit of detection <10 CFU/25 g for Salmonella spp., E. coli O157 and L.
monocytogenes with sensitivity, specificity and accuracy values > 90% regardless the bioinformatic
pipeline selected and concordance values between 0.9 to 1.0. Taken together, the proposed method
allows for simple and reliable implementation ofNGSas testing tool to streamline foodborne pathogen
detection, and overcoming the typical limitations associated with this technology.

Detection of foodborne pathogens remains a major challenge worldwide.
Even though the advent of molecular biology techniques, like qPCR, has
allowed to overcome certain limitations of culture-based methods, such as
results subjectivity and turnaround time, others remain. One of thesemight
bemultipathogen detection that is limited by twomain factors.One of them
is related to technological development as, for instance, regular laboratory
equipment may differentiate up to five fluorophores thus, this is the max-
imum number of targets detectable by qPCR. The other major challenge
relies of the fact that bacterial pathogen detection in food samples can be
challenging task due to low initial pathogen concentration, presence of high
amounts of interfering microorganisms, and food matrix interference1,2. A
typical way to overcome these limitations relies on selective enrichment of
foodstuffs, as this would allow to recover stressed bacteria, increase the
concentration of the pathogens of interest, while limiting the growth of the
regularmicrobiota3,4.A step further in this approach relies on the selectionof

a selective broth suitable for several pathogens so that by using one single
medium, several bacteria can be detectedwith downstream techniques such
as PCR, qPCR, LAMP, among others5.

This approach may be combined with a non-targeted detection tech-
nique such as Next-Generation Sequencing (NGS) which would allow to
detect virtually any pathogen present in the sample6,7. Even though this
approach seems simple and straight forward, it was previously demon-
strated that completely removing interfering background microbiota, and
reaching sufficiently high pathogen concentration without appropriate
treatment is not always an easy task8,9. Additionally, host DNA, due to its
high concentration compared to the targetmicrobes, has also been reported
to be problematic to get the desired microbial signal10,11. Attempts to
overcome this problem have already been reported, being 16S amplicon
sequencing themost popular.Unfortunately, this approach tends to provide
low taxonomic resolution12, and when seeking for pathogens, the 16S of the
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natural microbiota, present in higher concentration, will also be sequenced,
making difficult to identify the real threats present13. Alternatively, more
oriented approaches may be followed, such is the case of the “Quasimeta-
genomics”method developed byHyeon et al.14 which provided good results
when targeting Salmonella spp.,L.monocytogenes andE. coliO157:H715,16 or
the “Semi-targeted”method developed by Azinheiro et al. which consisted
on performing parallel selective enrichments of a number of pathogens
whichmay be later combined forMinION, long-read sequencing analysis17.
However, even though these approaches reported good results they also
present limitations. The “Quasimetagenomics” method relies on several
steps of selective enrichment, immunomagnetic separation and whole
genome amplification prior to the sequencing analysis, and it is limited to
one single pathogen. On the other hand, the “Semi-targeted” approach
allows for the detection of several pathogens but requires the use of different
culture media. One last limitation related to NGS-based methods, relies on
the bioinformatic analysis of the data retrieved, as well as the cost of
sequencing platforms18.

The goal of the current study was to develop a flexible methodology
suitable formultipathogendetection, andcapable of overcomingmost, if not
all, the limitations presented above. To this end, the method included a
selective enrichment step in a novel broth, to recover Salmonella spp., E. coli
O157:H7/ STEC and L. monocytogenes, while reducing the interfering
bacteria. This stepwas followed by amPCRamplification of species-specific
genes taking advantage of interlaboratory validated primers, to further
increase the sequences associated to the pathogens, reducing DNA from
other bacteria as well as from the host, and opening the door for the
detection of additional genes associated to these bacteria, or other bacteria
such as Y. enterocolitica or thermotolerant Campylobacter spp. as demon-
strated at the end of the study withmock communities. The last steps of the
method included multiplex MinION sample sequencing of the amplicons,
which is a highly affordable third generation sequencing platform, taking
advantage of Flongle flow cells to keep the cost per assay constrain, followed
by a simple, automated, cloud-based data analysis.

Results and discussion
Application of the methodology in salmon spiked samples
In the present work a novel selective broth, MSB, was evaluated for the
simultaneous detection of three main bacterial pathogens namely, Salmo-
nella spp., E. coliO157, and other Shiga toxin-producing serotypes (STEC),
and L.monocytogenes, by targetedMinION sequencing. Costa-Ribeiro et al.
already demonstrated the suitability of the MSB for the detection of these
pathogens by qPCR in ready-to-eat salad samples19. Even though good
results were reported, multiplex qPCR-based methods can detect a limited
number of targets depending on the thermocycler used. Contrary to this, by
metagenomic NGS the identification of any microbial threat present in a
given sample is feasible, as it does not target any particular species20.
However, the presence of high concentration of host DNA and microbial
competitors, may hinder the accurate identification of the pathogens
potentially present as these tend to be in lower concentrations21. Including a
selective enrichment step partially solves these problems as by diluting the
sample, the host DNA decreases, and the growth of part of the companion
microbiota is limited, favoring the pathogens of interest1,22. In addition to
this, most metagenomic-based methods tend to perform 16S rRNA PCR,
and amplicon sequencing to improve the sensitivity however this approach
also enriches the DNA from non-pathogenic bacteria, and inmany cases, it
does not provide enough resolution for serotype, or even species,
differentiation23.

Contrary to what has been stated, in the present study a novel targeted
sequencing method is presented. As a proof of concept, smoked salmon
samples were spiked with Salmonella spp., E. coli O157, and other Shiga
toxin-producing serotypes (STEC), and L. monocytogenes. The method
included a selective enrichment in MSB to limit the growth of the natural
microbiota followed by mPCR and MinION sequencing. This method
addressesmost limitations previously highlighted. Including an enrichment
step with a standard 1/10 dilution allows to reduce the interference

associated to foodstuffs, and likelihood of detecting non-viable bacteria.
Likewise, by using a selective broth the presence of non-pathogenic bacteria
in the final sample is also limited. Additionally, by implementing a
pathogen-specificmPCR, the interference of natural foodmicrobiota is also
reduced. One last advantage worth mentioning relies on the fact that, at
least, threemajor foodborne pathogens, Salmonella spp.,E. coliO157, andL.
monocytogenes, can be co-enriched in the broth selected, thus increasing the
throughput of the method, saving hands-on work and reducing costs.

To obtain reliable results with this type of approach it is of outmost
importance to perform a reliable PCR amplification, and this is greatly
dependent on the genes and primers selected. To this end, we targeted the
genes invA, rfbE and prfA for the detection of Salmonella spp., E. coli ser-
ogroup O157 and L. monocytogenes, while the detection of pathogenic Y.
enterocolitica was based on the presence of the gene ail, and finally ther-
motolerantCampylobacter spp.were detectedwith a specific fragment of the
16S. The oligonucleotides chosen have all been previously validated in
interlaboratory ring trials24–28. In addition to these, the detection of STEC
was based on the presence of the stx gene, the selected primers allowed to
detect stx1 and stx229, and theyhavebeen includedaspart of the ISOmethod
for the detection of STEC30.

To perform the evaluation of this novel method, a total of 26 samples
were analyzed including 21 simultaneously spiked with Salmonella spp., E.
coliO157, andL.monocytogenes in the rangeof 1–100CFU/25 g, alongwith
5 negative, non-spiked samples, seeTable 1.Within the 21 spiked samples, 6
were inoculated with thermally stressed bacteria, 2 heat-treated, 2 stored
overnight at 4 °C, and another 2 heat-treated and storedovernight at 4 °C, to
better assess the performance of the method with stressed microorganisms,
and the capacity of theMSB broth to recover them, an important aspect not
covered in the original study of Costa-Ribeiro et al.19.

The first step in the evaluation of the method presented herein was to
determine its LOD taking advantage of the mathematical model described
by Wilrich and Wilrich31, version 12, and recommended by international
standards32,33. As NGS data results are dependent upon the bioinformatic
tools used, three different user-friendly workflows were explored, WIMP34,
CZ_ID35, and Galaxy36. It is noteworthy that after analyzing the reads with
the three workflows, similar results were obtained in terms of LOD50 as in
all cases the values of Salmonella spp. and L. monocytogenes were below 5
CFU/25 g, and below 10 CFU/25 g for E. coli O157 as shown in Tables
1 and 2, and Fig. 1A–C.

Once this critical parameter was set, we proceeded with the evaluation
of the overall performance of the method taking advantage of the results
from the samples spiked above the corresponding LOD50s. In all cases one
NDwas detected in a sample spiked above the LOD50 (15, 41 and 27 CFU/
25 g for Salmonella spp., E. coli O157 and L. monocytogenes respectively)
which resulted negative with all three workflows. This deviation was asso-
ciated to a low total number of reads obtained after the sequencing
experiment, while all the other samples, including the negative ones,
obtained more than 200 reads This particular sample had only 59 reads
highlighting the importance of sequencing depth37. For this reason, the
sample was re-sequenced and in this second experiment the number of
reads increased up to the range of 20,000, with 8000–14,000 reads classified
depending on the workflow followed. This time, all three pathogens present
were correctly detected, thus the sample was not considered as a ND. This
observation, along with the rest of the results obtained, suggest that a
minimum of 200 reads per barcode are needed to reach the cutoff of 50
specific reads per species, to consider a sample as positive. In the present
method Flongle flow cells, along with sample multiplexing, were used to
keep the cost per sample constrained, however, running single samples in a
Flongle flow cell, or replacing these for regular MinION flow cells are both
strategies to increase the likelihood of retrieving a higher number of reads.
At present, implementing a regularflowcellwould cause a price increase, for
the same set of 6 samples, ofmore than 600€; even if acquire the largest pack
of flow cells, which would allow to decrease the price from 700 € to 535 €
would have a large impact as the current price for an individual Flongle flow
cell is below 70 € (809 € for a 12 flow cell pack, not sold individually). In
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addition to flow cell changes, choosing an alternative DNA extraction may
result in further cost reduction, however PowerSoil Pro is a highly contested
kit, extensively applied for metagenomic studies38,39.

When focusing the analysis inWIMP, all the samples spiked above the
calculated LOD50 returned the expected positive results, whichwere further
confirmed by aligning the reads against the corresponding reference gen-
omes using Geneious. Regarding the SP, even though one negative sample
reached the minimum number of reads to be considered positive for E. coli,
it was confirmed to be negative after Geneious analysis, as no reads aligned
neither in the rfbE nor in the stx genes, as would be expected for positive
samples as shown in Supplementary Fig. S1B–D, thus the SP obtained was
100%, and this resulted in an AC higher than 100%, and k of 1.0 for all the
pathogens tested (Table 2).

When the analyseswere donewithCD_ID, oneNDwasobtained forL.
monocytogenes in a sample spiked with 17 CFU/25 g, and another for E. coli
O157 spikedwith43CFU/25 g.Thesedeviations resulted in a slightdecrease
in the SE which ranged from 93.3 to 94.7%, but the SP was maintained in
100%. Taken together now the AC when using this workflow ranged from
95 to 95.8%, and the k was stablished in 0.9–1.0. Salmonella spp. was cor-
rectly identified in all samples, as shown in Table 2.

Lastly, performing the analyses inGalaxy, intermediate results to those
obtained with WIMP and CZ_ID were obtained. Salmonella spp. and L.
monocytogenes were correctly identified, as well as all the negative samples,

however, one deviation associated to E. coliO157 was recorded in a sample
spiked with 43 CFU/ 25 g. These results generated SE values ranging from
90.9 to 100%, SP of 100%, giving ACs between 93.8 and 100%with k values
of 1.0 for Salmonella spp. and L. monocytogenes and 0.9 for E. coliO157. In
Fig. 2 the percentage of reads obtained in each samply is sample is shown.

As it may be observed by the data presented so far, regardless the
bioinformatic workflow followed, the method developed returns excellent
results as demonstrated by the Cohen’s k values, as values between 0.9 to 1.0
were obtained for all pathogens, and it has been reported that values higher
than 0.81 for this parameter are already interpreted as “almost complete
concordance”40.

Evaluationof themethodology incoldandheat-stressedbacteria
Stressed bacteriamay alsobe challenging todetect as theymaynot properly
grow in selective media41. To address this issue, in the present study a total
of six samples, in groups of two, were submitted to different types of
thermal stress, which included heat treatment at 60 °C, cold treatment
storage of spiked samples at 4 °Covernight, and a combinationof these two
by heating the pure bacterial cultures, spiking and storing those samples
refrigerated overnight. Regardless the type of stress applied, all samples
were correctly identified using WIMP. One sample was not correctly
detected neither by CZ_ID, nor by Galaxy. This particular sample was
inoculated with 43 CFU/ 25 g, followed by the cold stress treatment. Upon
sequencing, it was correctly identified withWIMP (159 reads) but neither
with CZ_ID, nor by Galaxy, the minimum threshold to be considered
positive, 50 reads, was not reached, as only 18 and 23 reads were obtained
with these two workflows. These differences may be related to differences
in taxonomic assignment program, as CZ_ID implements minimap2
instead of Kraken like the other two pipelines. These results highlight the
importance of stablishing an appropriate bioinformatic pipeline as already
indicated by several previous authors42–44. A key element of any bioinfor-
matic pipeline relies on proper selection of the database to perform the
taxonomic assignment; note that WIMP uses RefSeq, while Galaxy and
CZ_ID the Standard_prebuilt_pluspf_2022-06-07 and NCBI nt respec-
tively, being this another potential reason behind this discrepancy.
Importance of database selection was also highlighted by Siegwald et al.45.
In Fig. 2 the percentage of reads obtained with stressed bacteria is shown.

Evaluation of the methodology with mock communities
The last part of the evaluation of the methodology presented included the
analysis of mock communities to incorporate reference material from a
different source rather than our laboratory, and to assess the potential to
detect a wider number of pathogens, in this case,Campylobacter spp. andY.
enterocolitica.

The method provided satisfactory results with the commercial mock
community regardless the workflow followed as Salmonella spp. and L.
monocytogenes were detected, while it was negative for E. coliO157/ STEC,

Table 1 | Inoculation pattern

Treatment* N Salmonella
spp.

E. coli
O157:H7

L. monocytogenes

No 2 15 41 27

No 1 20 15 25

No 2 16 15 24

No 2 11 8 17

No 2 4 13 11

No 2 3 3 5

No 2 1 1 3

No 2 1 <1 5

No 5 – – –

Heat 2 11 8 17

Cold 2 64 43 24

Heat-Cold 2 64 43 24

Numeric values provided are expressed in CFU/ 25 g.*“No” treatment were samples processed
directly after inoculation; “heat” indicates bacterial cultures heated at 60 °C for 10min; “cold”
denotes samples which were stored at 4 °C overnight after inoculation; and “heat-cold” were
samples where the bacterial cultures were heater prior to spiking, and after that, were stored
refrigerated overnight before starting the analysis.

Table 2 | Summary of the results obtained for the LOD50 and the performance parameters

Workflow Microorganism LOD50 PA PD NA ND SE SP AC k

WIMP Salmonella spp. 3.3 15 0 5 0 100 100 100 1.0

E. coli O157 9.1 11 0 5 0 100 100 100 1.0

L. monocytogenes 3.5 19 0 5 0 100 100 100 1.0

CZ_ID Salmonella spp. 2.2 16 0 5 0 100 100 100 1.0

E. coli O157 8.1 13 0 5 1 93.3 100 95.0 0.9

L. monocytogenes 4.6 18 0 5 1 94.7 100 95.8 0.9

Galaxy Salmonella spp. 2.9 14 0 5 0 100 100 100 1.0

E. coli O157 9.1 9 0 5 1 90.9 100 93.8 0.9

L. monocytogenes 3.5 18 0 5 0 100 100 100 1.0

LOD50 expressed in CFU/25 g.
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Y. enterocolitica and Campylobacter spp. It must be kept in mind that even
though it had E. coli, the strain included by the manufacturer was neither
O157 nor STEC. These results were consistent with native mock commu-
nity, as well as after mixing it with DNA from a negative sample, thus
demonstrating lack of interference from the food matrix.

When the analysis was focused on the in-house mock community, all
five pathogens were successfully detected following the three workflows
however, this time upon mixing it with the DNA from the negative sample

resulted in lack of detection of Salmonella spp.,Campylobacter spp., and the
stx genes. After careful analysis, it was determined that the problem was
related tohow the sampleswere prepared sinceprior tomPCR themixingof
the different pathogen DNAs and the negative sample may have resulted in
excessively low concentration hindering its amplification and subsequent
detection by MinION sequencing. This result would be in agreement with
the observation that about 20 times less reads were obtained. Another
important point is that the commercialmock community had a significantly

Fig. 1 | Graphical representation of the estimated POD for different pathogens. Estimated POD 1 (Salmonella spp.), POD2 (E. coli O157:H7) and POD 3 (L.
monocytogenes) after data analysis with WIMP (A), CZ_ID (B), or Galaxy (C). Plot extracted from the PODLOD function of Wilrich & Wilrich.
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higher DNA concentration from each pathogen compared to the one pre-
pared in-house. As indicated by the manufacturer, the preparation pur-
chased had a 12% of DNA from Salmonella enterica and another 12% of L.
monocytogenes, and it was acquired at afinal concentration of 100 ng/ µL, as
3 µL were used for mPCR, a total of 36 ng of each pathogen were added
while for the in-house preparation the initial concentration of each patho-
genwas 0.4 ng/µL, which rendered a final concentration of 0.07 ng/ µL after
mixing 10 µL of each of the six bacteria mixed to prepare the mock, and
resulted in ~0.2 ng of DNA added to the mPCR. Thus, this is likely the
reasonwhy thepathogenspresentwere correctly detected in the commercial
mock but not in the in-house one. These issues arose given the fact that for
these tests the bacteria were not cultured, thus, suitable final concentrations
were not reached. We are aware that a current limitation with the results
obtained relies on the identification of Y. enterocolitica and Campylobacter
spp. as thesewere not co-enrichedwith the other three. However, we believe
that this limitation can be easily overcome by performing a parallel
enrichment for these pathogens, and mixing the enriched samples prior to
DNA extraction, in a similar way as described by Azinheiro et al. in their
semi-targeteddetectionmethod17 orRuiz-Rueda et al. and Jofré et al. in their
studies using qPCR for the simultaneous detection of Salmonella spp. andL.
monocytogenes46,47.

Overall, the method presented in the current study demonstrated to
provide reliable results, fulfilling the requirements of LOD and SE for
alternative methods requested by NordVal32. By combining a selective
enrichment step with mPCR, the pathogens under study were accurately
detected by MinION sequencing in two working days, in a similar way to
other “next-day” detection methods reported but with the added value of a
high multiplexing capacity48,49. In addition to this, the three simple, and
automated, workflows tested demonstrated to be suitable for overcoming
the typical bioinformatic constrains associated to NGS-based methods.

To conclude, in the present work we have developed, described and
evaluated a next-day, straightforward methodology for multiplathogen
detection based on targeted MinION sequencing. To this end,
interlaboratory-validated primers were chosen for higher reliability. The
method included a selective enrichment step which demonstrated suitable
to recover Salmonella spp., E. coliO157:H7 and L.monocytogenes even after
thermal stress, eitherheat or cold treatment.Given the fact thatNGS isper se
a non-targeted approach, by increasing the number of fragments pre-
amplified, it also opened the door for the detection of additional pathogens
like Y. enterocolitica and thermotolerant Campylobacter spp. upon proper
enrichment. Lastly, three simple bioinformatic workflows were compared
being obtained similar results with all of them, even though slightly better
results were obtained with WIMP. The percentage of reads obtained with
the different mock communities, directly sequenced and after used to spike
salmon samples, is depicted in Fig. 2.

Methods
Bacterial strains and reference material
Salmonella enterica serovarTyphimurium,WDCM00031,L.monocytogenes
WDCM 00021 and E. coli WDCM 00014, were selected as reference
microorganisms for spiking experiments. All three were purchased from the
Spanish Type Culture Collection. For all the experiments, overnight fresh
cultures were prepared by adding a single colony into Nutrient Broth (NB,
Biokar Diagnostics S.A., Allonne, France) and the suspension was incubated
at 37 °C. After incubation, the cultures were diluted and Salmonella spp. and
E. coli were plated on Tryptic Soy Agar (TSA, Biokar Diagnostics S.A.,
Allonne, France), while L. monocytogenes was plated on Tryptic Soy Yeast
Extract Agar (TSYEA, Biokar Diagnostics S.A., Allonne, France). All the
plates were incubated at 37 °C overnight to determine the concentration of
viable bacteria present for spiking experiments.

Two different microbial mock communities were analyzed. One was
commercially acquired from Zymo Research (ZymoBIOMICS® Microbial
Community DNA Standard, D6306, Zymo Research, Orange, CA). The
second mock community was in house prepared with the microorganisms
detailed in Supplementary Table S1 of the supporting information.

Sample processing
The standard procedure consisted onweighting 25 g of smoked salmon in a
BagFilter XF (filter size <20 μm, Interscience, Saint Nom, France) and
225mL ofmTA10 Selective Broth (MSB), described by Costa-Ribeiro et al.,
were added19. The matrixes were then spiked with dilutions prepared from
fresh cultures of the reference bacteria; these were generated as described in
2.1. Once spiked, the matrixes were homogenized for 30 s in a stomacher
and incubated at 35 °C for 24 h.After the selective enrichment 1mLaliquots
were taken for DNA as detailed below.

To better assess the performance of the sequencing-based method,
three different stresses were evaluated. 1) Heating the fresh cultures (60 °C
for 10min) and followed by cooled cooling in water with ice for 2min), 2)
spiking the food sample and storing it at 4 °C overnight prior to adding the
enrichment broth, and 3) heating the culture, before adding it to the food
sample and followed by cold storage.

With the idea in mind of evaluating the method on a wider range of
microorganisms, DNA obtained from negative samples was spiked with
DNA from the differentmock communities included in this study, and then
this was processed by multiplex PCR (mPCR) and subsequent DNA
sequencing as detailed below.

DNA extraction
Pure cultures from the bacteria detailed in Supplementary Table S1 were
extractedwithMonarch®HMWDNAextractionkit (NewEnglandBiolabs,
Ipswich, MA, USA), following the protocol for Gram-positive bacteria
recommendedby themanufacturer.DNAconcentrationwas quantified in a
Qubit™ 4 Fluorometer, with the Qubit™ 1X dsDNA High Sensitivity (HS)
AssayKit (Invitrogen™, Carlsbad, CA,USA); and the quality of the extracted
DNA was assessed based on the 260/280 and 260/230 absorbance ratios
measured in a NanoVue Plus™ Spectrophotometer (GE Healthcare Europe
GmbH, Portugal). Once quantified, the DNA concentration of all the bac-
teria was adjusted to 0.4 ng/ µL, and were mixed in equal amounts to form
the final mock community.

The DNA extraction from spiked samples was based on the protocol
followed by Costa-Ribeiro et al.19. Two mL of each contaminated salmon
sample was removed and centrifuged at 900 × g for 1 min. The super-
natants were recovered into another 2 mL tube and centrifuged again at
16,000 × g for 5min. One mL of TE (TE 1X, Tris-HCl 10mM, EDTA
1mM) was used to resuspend the pellet obtained and then it was cen-
trifuged under the same conditions as mentioned above. The supernatant
was discarded, and the pellet was resuspended in 200 μL of lysozyme-
achromopeptidase (20mg/mL of lysozyme and 1mg/mL of achromo-
peptidase prepared inTE2Xwith 1.2%ofTritonX-100 (Sigma-Aldrich, St.
Louis, MO, USA)) and 25 μL of proteinase K (10mg/ mL. Macherey-
Nagel, Düren, Germany). The mixture was incubated at 37 °C for 20min
and then the DNeasy PowerSoil Pro kit (Qiagen, Barcelona, Spain) was
used with someminor modifications. Four hundred μL of CD1 buffer was
added to the previous solution, then transferred to a PowerBead Pro tube
and 400 μL extra was added, the suspensionwas heated to 65 °C for 10min
and vortexed for 10min, followed by the standard protocol. The DNAwas
eluted in 30 µLof elution buffer and centrifuged at 15,000 × g for 1min, the
filtrate was recovered and centrifuged again under the same conditions.

Multiplex PCR (mPCR)
DNA extracted in sectionM 2.3.2, obtained from spiked samples, was used
as template formPCR,prior toMinIONsequencing. Specificprimers for the
amplification of invA, rfbE, stx, prfA, ail and 16S, were selected for the
detection of Salmonella spp., E. coli O157, Shiga toxin-producing E. coli,
Listeria monocytogenes, pathogenic Y. enterocolitica and thermotolerant
Campylobacter spp. The reaction was performed in a final volume of 20 µL
consisting of 10 µL Platinum™ Multiplex PCR Master Mix (Applied Bio-
systems™, Foster City, CA, USA), 100 nM of each primer, 3 µL of the tem-
plate DNA, and the remaining volume was filled with nuclease-free water
(New England BioLabs, Inc., Ipswich, MA, USA). The amplification was
performedusing aVeriti ThermalCycler (AppliedBiosystems™, FosterCity,
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CA,USA)with the following PCR thermal profile, hot start activation 95 °C
for 2min, followed by 40 cycles of 95 °C for 30 s, 60 °C for 90 s and 72 °C for
1min, with a final extension at 72 °C for 10min. After amplification, the
amplicons obtained were used for sequencing as detailed below. Additional
information regarding theprimersmaybe found inSupplementaryTable S2
of the supporting information.

Pathogen detection by multiplex qPCR
The confirmation of the results of spiked samples was performed by two
different multiplex qPCR assays. The reactions were run in a QuantStudio™
5 System (Applied Biosystems™, Foster City, CA, USA) configured in
“FAST” format. The unified thermal profile selected included aUDG step at
50 °C for 2min, followed by hot start activation step at 95 °C for 2min, and
then it was followed by 50 cycles of dissociation at 95 °C for 1 s and com-
bined annealing – extension at 63 °C for 20 s. Samples with Cq values lower
than 38 were considered positive. All the reactions had a final volume of
20 µLwith 10 µL of TaqMan®MultiplexMasterMix (Applied Biosystems™,
Foster City, CA, USA) 3 µL of template DNA, the corresponding primers
and probes, see supporting information, Supplementary Table S3 for spe-
cific concentrations, and the remaining volumewasfilledwith nuclease-free
water (NewEngland BioLabs, Inc., Ipswich,MA,USA). One assay included
the simultaneous detection of Salmonella spp., E. coli O157 and L. mono-
cytogenes targeting the genes ttr, rfbE and hly respectively, along with an
Internal Amplification Control, while the second assay detected pathogenic
Y. enterocolitica and thermotolerant Campylobacter targeting the genes ail
and a specific region of the 16S (additional details provided in Supple-
mentary Table S3).

MinION sequencing
Libraries were prepared with the Rapid Barcoding Sequencing Kit 24 V14
(SQK-RBK114.24, Oxford Nanopore Technologies, Oxford, UK) following
the protocol provided by the manufacturer for the Flongle device using the
mPCRamplicon product as input sample. Once prepared, the libraries were
loaded in Flongle flow cells (FLO-FLG001). No more than four samples
were multiplexed per sequencing experiment.

Bioinformatic analyses
Three different, easy to use, cloud-based bioinformatic workflows were
compared, and regardless the workflow followed, positive samples were
considered those with more than 50 reads for a given pathogen after con-
firmation with Geneious as detailed below.

The first workflow was “What’s In My Pot” (WIMP). This workflow
was described by Juul et al.34. It is readily available through EPI2ME™
(https://epi2me.nanoporetech.com) and it can be configured to perform the
base calling in real time so that the results can be observed as they are being
generated. It uses “centrifuge”kmer-based read identification10.Aminimum
abundance cutoff of 0.5% was set for the species identification.

The second workflow was CZ_ID, which is a cloud-based genomic
analysis platform, it may be accessed through https://czid.org/. It has
recently expanded itsworkflow to long readmetagenomicNGSdataderived
fromOxfordNanopore35. The workflow performs a quality control, and if a
reference genome is provided, the reads are aligned using minimap250,
otherwise de novo assembly is performed with metaFlye51. For direct
comparison with WIMP, the FASTQ files were uploaded and directly
analyzed without reference genome.

The thirdworkflowwasperformed inGalaxy. Fastqfiles for each sample
weremerged in a single Fastq file and uploaded to European server of Galaxy
(https://usegalaxy.eu). Taxonomic sequence classifier Kraken2 (Galaxy
Version 2.1.1+galaxy1)52 was used to assign taxonomic labels to the reads.
For that purpose, the database Standard_prebuilt_pluspf_2022-06-07 with
default conditions was used. Kraken2 output file was used to re-estimate
abundanceat a taxonomic levelwithBracken(GalaxyVersion2.9+galaxy0)53

using standard_prebuilt_pluspf_2022-06-07 and default conditions.
In order to confirm the results, reference genomes for each of the

pathogens under study were retrieved from RefSeq (NC_022569,

NZ_CP008957, NC_003210, NC_002163 and NZ_LR134161 for Salmo-
nella,E. coliO157:H7 and STEC,L.monocytogenes,Campylobacter spp. and
Y. enterocolitica respectively) and imported into Geneious Prime® version
2023.0.1. (Biomatters Ltd., Auckland, New Zealand). After the sequencing
experiment, the Fastq files were also imported into Geneious and aligned
against the different reference genomes using Minimap250, to confirm that
the species results obtained by each bioinformatic workflowwere due to the
presence of specific amplicons, in terms of gene and fragment size, for each
pathogen. In the particular case of E. coli, the presence of amplicons for the
rfbE and stx1 and/ or stx2 genes, was screened, see Supplementary
Fig. S1A–G.

Determination of the Limit of Detection (LOD)
The LOD was calculated with the version 12 of the mathematical model
described by Wilrich and Wilrich31. Briefly, smoked salmon samples were
simultaneously spiked with decreasing concentrations of the three patho-
gens under study, seeking for a concentrationwhichwill render positive and
negative results. The data of bacterial concentration and number positive
replicates were input in the model to determine the LOD50 as required by
the ISO and NordVal standards32,33.

Fitness-for-purpose
After stablishing the LOD50 for each one of the pathogens the samples
above the corresponding LOD50were used for the evaluation of theRelative
Sensitivity, Specificity andAccuracy (SE, SP andAC)and theCohen’s kappa
(k) as described by reported by Anderson et al., and Tomás et al.54,55. To this
end, the samples were classified as being in Positive or Negative Agreement
(PA/ NA) if they matched the expected results, or Deviation (PD/ ND) if
they did not.

In addition to the spiked samples, six non-spiked samples were
also processed to evaluate the SP of the method. Lastly, as it was not
possible to obtain samples naturally contaminated with all the
pathogens which could be potentially detected with the current
method, an in-house mock community was also analyzed, directly and
after mixing it with the DNA of a negative sample to mimic potential
matrix effect. In a similar way, a commercial mock community was
acquired and analyzed directly and after its mixture with a negative
sample.

Data representation
Graphical representation of the data was performed with GraphPad Prism
version 8.0.0 forWindows (GraphPad Software, SanDiego,CaliforniaUSA,
www.graphpad.com).

Data availability
Data will be made available upon request to the corresponding author.
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