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Abstract 

Rapid and comprehensive analysis of metagenomic data from samples associated 

with foodborne outbreaks is of critical importance in food safety. Equally important is 

the need for automated analysis pipelines that allow the rapid and effective construc-

tion of metagenomic assembled genomes (MAGs) to enable bacterial source-tracking 

from metagenomic data. Here, we present centriflaken, an automated precision 

metagenomics pipeline for detecting and characterizing Shiga toxin-producing Esch-

erichia coli (STEC) from metagenomic data. centriflaken streamlines the process 

of generating metagenome-assembled genomes (MAGs) and conducting in silico 

analyses of STECs, significantly reducing the time and manual effort required for 

comprehensive pathogen profiling. centriflaken was validated using Oxford Nanopore 

long-read sequencing data from agricultural water enrichments, successfully repro-

ducing results from our previous study that involved multiple manual bioinformatics 

steps (Maguire et al., 2021). The tool’s efficacy was further demonstrated through its 

application to ZymoBIOMICS microbial community standards and 21 additional irriga-

tion water samples, completing STEC precision metagenomics analyses in less than 

7 hours per sample. centriflaken’s versatility allows for the analysis of user-defined 

taxa beyond STEC, including other foodborne pathogens like Listeria monocytogenes 

or Salmonella. The pipeline generates comprehensive summary plots and tables, 

accessible through a MultiQC HTML report. Designed for portability, centriflaken 

packages all software dependencies within containers and virtual environments. This 

open-source tool is available on GitHub under the MIT license (https://github.com/

CFSAN-Biostatistics/centriflaken), offering a powerful resource for rapid, automated 

pathogen detection and characterization in food safety applications.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0329425&domain=pdf&date_stamp=2025-12-23
https://doi.org/10.1371/journal.pone.0329425
https://doi.org/10.1371/journal.pone.0329425
https://doi.org/10.1371/journal.pone.0329425
https://doi.org/10.1371/journal.pone.0329425
https://orcid.org/0000-0003-4568-0022
mailto:narjol.gonzalez-escalona@fda.hhs.gov
https://github.com/CFSAN-Biostatistics/centriflaken
https://github.com/CFSAN-Biostatistics/centriflaken


PLOS One | https://doi.org/10.1371/journal.pone.0329425  December 23, 2025 2 / 17

Introduction

As farm-to-table food trends increase in popularity, we have seen an increase in 
produce related outbreaks of foodborne illness. Shiga toxin-producing E. coli (STEC) 
are a major source of foodborne illness [1–4]. In fact, O157:H7 accounts for 70% 
of E. coli related foodborne outbreaks [5–10]. Recent outbreaks underscore the 
ongoing threat of STEC contamination. For instance, in October 2024, a multi-state 
outbreak caused by a O121:H19 STEC strain linked to organic carrots resulted in 48 
illnesses, 20 hospitalizations, and 1 death, highlighting the critical need for rapid and 
accurate STEC detection and characterization methods (https://www.cdc.gov/ecoli/
outbreaks/e-coli-o121.html).

Due to the ubiquitous nature and the varying degrees of pathogenicity of E. coli, 
its mere presence does not equate to concerns to public health, unlike with bacteria 
such as Salmonella or Listeria monocytogenes. Therefore, the detection of E. coli 
presence alone is insufficient to assess health risk. Moreover, there are over 400 
described STEC serotypes that express one or more of stx1 genes and stx2 genes 
[11,12] and among those, around 100 serotypes have been described as causing 
illness in humans, with hemolytic uremic syndrome (HUS) being deadly [13–18]. 
However, serotype and stx gene presence and variant type are not enough to predict 
STEC risk for humans. STEC must also have other virulence genes linked to attach-
ment and colonization of the intestine such as intimin (eae gene), AggR (aggR gene), 
auto-agglutinating adhesin Saa (saa gene), chromosome located T3SS effectors 
encoded by genes such as tir, espA, espB, espK, among others, and other virulence 
genes located in plasmids (toxB, hexA, etpD, katP) [19–23].

In our previous study, we established the use of nanopore sequencing to deter-
mine the presence and full characterization of STECs in enrichments of agricultural 
water [24]. We determined that the limit for obtaining a complete, fragmented assem-
bly for STECs by nanopore sequencing of DNA extracted from enriched agricultural 
water was 105 CFU/ml [24]. There are many advantages of using nanopore sequenc-
ing for STEC identification and characterization: affordability, potential to multiplex, 
portability, less manual labor required from personnel, use of low DNA concentration, 
longer reads than other available technologies (>100 kb) and the analysis could also 
be done in real-time (using their metagenomics workflow available at EPI2ME labs).

A previous pilot study produced preliminary evidence that MinION sequencing of 
agricultural water using the ligation kit has the potential to be used for rapid microbi-
ome determination in the field with optimal results for water quality surveillance [25]. 
Agricultural water has been implicated as a source of contamination for produce 
resulting in foodborne illness and outbreaks [26–31]. Current FDA protocols for the 
detection and isolation of STECs require multiple rounds of selective plating and 
whole genome sequencing (WGS) of a single isolate. On-site field testing is increas-
ingly becoming a priority to decrease the time for detection of pathogenic microbes 
and for the fast implementation of corrective measures. While the most abundant 
species in the microbiome is likely to fluctuate seasonally, they may be an indicator 
to changing populations and importantly may serve to monitor deviations in microbial 
water quality.
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However, any of these studies or experiments will generate a large amount of data. Analyzing nanopore data or any 
other high-throughput data is a very complex procedure and usually requires many steps to generate the final reportable 
results creating a bottleneck. Metagenomic workflows are usually compute intense and need to be analyzed on High-
Performance Compute Clusters (HPCs). In the case of data generated from metagenomic samples, tools are needed to 
detect the presence of STEC and comprehensively assess their virulence potential by subtyping the stx genes, determin-
ing serotype, identifying attachment genes such as eae and saa and detecting other virulence-related genes. A precision 
metagenomics approach is not meant to replace the cultural method [32], but it is a way to detect and identify a STEC 
strain earlier and evaluate its potential risk to the public. Improving STEC genome characterization methods has signifi-
cant implications for public health and food safety. Rapid, accurate identification and genome characterization of STECs 
can lead to faster response times in outbreak situations, more targeted recalls, and ultimately, fewer cases of foodborne 
illness. Moreover, enhanced detection capabilities could inform more precise and effective preventive controls in food 
production and processing, aligning with FDA’s risk-based approach to food safety.

The existing protocol or pipeline in our FDA laboratory uses many sequential manual steps, described in maguire et 
al. (2021) [24]. Briefly, the steps are divided into: 1) classify reads using WIMP workflow available at EPI2me, 2) a python 
script to extract or bin reads that matched the requested taxa (i.e., E. coli), 3) Assemble the extracted reads using flye 
assembler [33], 4) Classify the contigs with Kraken 2 [34] and extract contigs matching requested taxa, 5) perform all in 
silico analysis on those contigs (MLST, AMR, serotyping, and virulotyping), and 6) aggregate all data into a final report and 
conduct a risk assessment for the sample.

Several other workflows for metagenomic analyzes have been published and reviewed by van damme et al. 2021 [35]. 
These authors described the creation of a very useful metagenomic tool that allows for the analyses of metagenomic 
data using both short and long reads in a hybrid approach which allows for the reconstruction of more complete and more 
accurate metagenome-assembled genomes (MAGs) [35]. While these approaches have strengths, none of them allows 
for a precision metagenomic analysis (taxa specific) and in silico virulotyping, serotype, and AMR prediction for STECs in 
a single workflow.

Here we present centriflaken to address this gap. centriflaken is an integrated suite of automated data analysis work-
flows enabled by Nextflow [36]. This pipeline processes metagenomic data to generate metagenome-assembled genomes 
(MAGs) and performs comprehensive in silico analysis for Shiga toxin-producing Escherichia coli (STEC), following the 
approach described by Maguire et al. (2021). Centriflaken streamlines the entire process, from raw sequencing data to 
final results, and provides user-friendly output in the form of summary plots and tables, accessible through a MultiQC 
HTML report generated automatically by the pipeline. The development of centriflaken aligns closely with FDA’s New Era 
of Smarter Food Safety initiative, which emphasizes the use of new technologies and approaches to create a safer, more 
digital, and traceable food system. By enabling faster, more comprehensive analysis of metagenomic data, centriflaken 
supports FDA’s goals of strengthening root cause analyses, improving predictive analytics, and responding more rapidly to 
outbreaks.

Materials and methods

Centriflaken pipeline

A high-level overview of centriflaken workflow is presented in Fig 1. The pipeline can be run on any UNIX based machine. 
The main analysis starts by taking UNIX input paths to the fastq_pass reads folder generated by Oxford Nanopore. It then 
filters out any reads less than 4000 bp and then performs taxonomic classification and extracts all E. coli only reads using 
centrifuge [37] followed by taxon specific assembly using flye assembler v2.9 [33]. The assembled contigs are reclassified 
to identify the E. coli taxon using kraken2 [34] and extract the E. coli contigs to produce a final Metagenomically assem-
bled Genome (MAG). The final MAG is interrogated (in the case of STEC) against several specific databases. Serotype-
finder [14] is used to serotype the MAGs, ABRicate (https://github.com/tseemann/abricate) is run to identify known AMR 

https://github.com/tseemann/abricate
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genes using various databases (AMRfinder plus [38], MEGARes 2.0 [39], RESFINDER [40], ARG-ANNOT [41]) and their 
results are shown in a final MultiQC report. All the analysis steps are automated using Nextflow and the pipeline runs in 
parallel for all samples.

The centriflaken GitHub repository provides guidance on acquiring the necessary Centrifuge and Kraken databases. 
For Centrifuge, links to pre-built indices are available, while for Kraken, step-by-step instructions for database construc-
tion are provided. Detailed information can be found in the repository’s README file at: https://github.com/CFSAN-Bio-
statistics/centriflaken/blob/main/README.md#databases. It is recommended to run centriflaken using conda software 
virtual environments for users who do not have access to HPC cluster with singularity. The pipeline can also be run using 
docker or singularity containers by switch the -profile flag when invoking the pipeline. Detailed instructions on setup 
and running the pipeline on data from Maguire et al. 2021 [24] can be found at https://github.com/CFSAN-Biostatistics/
centriflaken/blob/main/readme/centriflaken.md. centriflaken is also made available via Galaxy user interface via the FDA 
HFP GalaxyTrakr instance (https://galaxytrakr.org). The previously published protocol (https://www.protocols.io/view/
centriflaken-an-automated-data-analysis-pipeline-f-kxygxzdbwv8j/v5) can be used to run analysis on GalaxyTrakr. While 
centriflaken is designed to work with both Illumina short reads and Oxford Nanopore long reads, this publication specifi-
cally focuses on its application to long-read sequencing data generated by Oxford Nanopore technologies. An example of 
centriflaken’s performance using Illumina short reads can be found in S4 MultiQC HTML Report in S4 File.

Validation of centriflaken and accuracy assessment

Centriflaken was initially tested and validated using data from Maguire et. al. 2021 [24]. The presence of the complete 
genome and synteny of the completely closed genomes on the final assemblies was checked using the whole genome 
alignment tool available in the CLC Genomics workbench software v24.0 (QIAGEN, Redwood City, USA). Further testing 

Fig 1.  A brief overview of the centriflaken pipeline. The pipeline starts by taking as input a UNIX path to FASTQ files after which multiple read files 
belonging to the same sample are merged followed by excluding reads whose length is less than 4000 bp. Then, reads are extracted belonging to a 
taxon of interest using Centrifuge following which the target assembly is performed using flye. Kraken2 is now used to extract contigs binned as the taxa 
of interest and these contigs are used for further downstream analysis such as subtyping, virulotyping, AMR gene finding, etc. The outputs from all these 
downstream processes are used to generate a summary report using MultiQC.

https://doi.org/10.1371/journal.pone.0329425.g001
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was conducted with data generated from two ZymoBIOMICS Microbial Community Standards (ZymoBIOMICS Microbial 
Community Standard II – log distribution – catalog number D6311, and ZymoBIOMICS Microbial Community DNA Stan-
dard – catalog number D6306) (ZymoBIOMICS, Irvine, CA), and can be found on GenBank using the accession numbers 
in S1 Table. The centriflaken final testing was done using 21 overnight enriched samples for STEC collected in two differ-
ent seasons during 2020 and 2021 (sample collection and processing detailed below).

Overnight enrichments of agricultural waters

Water samples were collected from various sites, and no permits were required because a member of the study team was 
affiliated with the relevant authority. All samples were prepared according to the established protocol: dx.doi.org/10.17504/
protocols.io.j8nlk8nydl5r/v1. Briefly, water samples (225 ml) from the Southwestern US were enriched by adding an equal 
volume of 2 × modified Buffered Peptone water with pyruvate (mBPWp; NEOGEN, Lansing, MI, USA) as described in 
USFDA Bacteriological Analytical Manual (BAM) Chapter 4A [32], with 6.0 mL of acriflavin-cefsulodin-vancomycin (ACV) 
supplement added after five hours of static incubation at 37°C ± 1°C. After the addition of the ACV supplement, enrich-
ments were incubated at 42°C ± 1°C for an additional 16 ± 3 hours.

DNA extraction

Genomic DNA from 1 ml of each of the 21 enriched agricultural water sample was extracted using the Maxwell RSC 
Cultured Cell DNA Kit with a Maxwell RSC Instrument (Promega Corporation, Madison, WI, USA) according to the man-
ufacturer’s instructions DNA concentration was determined by a Qubit 4 Fluorometer (Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer’s instructions.

STEC qPCR detection

The presence of STEC was determined by qPCR as described in Chapter 4A of the FDA BAM detecting stx1, stx2, and 
wzy [32]. Briefly, the DNA retrieved from the 21 samples were diluted 1:10 in nuclease-free water and 2µl was added to 
28µl master mix containing 0.25µM stx1 and stx2 primers, 0.3µM wzy primers, 0.2µM stx1 probe, 0.15µM stx2 and wzy 
probes, 1X Internal Positive Control Mix (Cat: 4308323, Applied Biosystems), 1X Express qPCR Supermix Universal Taq 
(Cat: 11785200, Invitrogen), and ROX passive dye. All primers and probes (S2 Table) employed in this study were pur-
chased from IDT (Coralville, IA, USA).

Nanopore sequencing

DNA recovered from the 21 enriched AW samples was sequenced using a GridION nanopore sequencer (Oxford Nanopore 
Technologies, Oxford, UK). The sequencing libraries were prepared using the Genomic DNA by Ligation kit (SQK-LSK109) 
and run in FLO-MIN106 (R9.4.1) flow cells, according to the manufacturer’s instructions for 72 hours (Oxford Nanopore 
Technologies). The runs were live base called using either Guppy v3.2.10 or 4.2.3 included in the MinKNOW v19.12.6 and 
v20.10.6 software (Oxford Nanopore Technologies, Oxford, UK), respectively, with the fast-calling model. The two Zymo-
BIOMICS Microbial Community Standards (ZymoBIOMICS Microbial Community Standard II – log distribution – catalog 
number D6311, and ZymoBIOMICS Microbial Community DNA Standard – catalog number D6306) (ZymoBIOMICS, Irvine, 
CA), were also sequenced as described above using 1 ug of DNA as the initial amount for preparing the library.

Results

Software pipeline overview

The data analysis steps in centriflaken are automated using the Nextflow workflow manager [36], which provides advan-
tages such as process parallelization, sample provenance, retry on failure, tool dependency solutions using containers 



PLOS One | https://doi.org/10.1371/journal.pone.0329425  December 23, 2025 6 / 17

and conda software virtual environments among many others. Successful execution of the workflow produces output for 
each process in its own output folder named after the process name. The workflow design also ensures reproducibility of 
results, and it is easy to share HTML brief reports for further assessment. Due to the inherent advantages of using Next-
flow, centriflaken can be run on-premises HPC clusters or in the cloud.

Initial validation with known samples

The entire centriflaken workflow was initially executed and validated on 7 samples from the Bioproject PRJNA639799 
(available at NCBI) using conda software virtual environments. This metagenomic study provided nanopore-based data 
for each water enriched sample spiked with different STEC levels to determine detection and classification of STECs 
using nanopore sequencing [24]. These nanopore read dataset provided differential coverage for the spiked STEC strain, 
and the workflow runtime for all seven samples was around 20 hours. The entire process when performed manually took 
almost 24 hours for a single sample [24]. centriflaken reduced the analysis time from 24 hours per sample to approx-
imately 3 hours per sample, representing an 87.5% reduction in processing time. Both the manual workflow and the 
automated Nextflow version were evaluated on the Reedling HPC Cluster, which uses SLURM for job scheduling with 
each compute node containing 48 CPU cores and 256 GB of memory. Each of the individual steps of the centriflaken 
workflow were executed in batch mode (i.e., each command was written sequentially as a bash script). In contrast the 
Nextflow version automatically parallelizes the entire sequence of pipeline steps. centriflaken recovered STEC genomes 
with genome completeness of at least 85% when the concentration of spiked STEC was above 106 CFU/ml (Table 1 and 
Fig 2). For comparison, the number of total contigs per STEC spiked water sample when performing the step by step 
analysis nanopore data workflow [24] was a little bit higher than when using centriflaken, but a similar number of contigs 
containing the STEC spiked genome was recovered (with minimal differences observed only at the two recoverable lowest 
inoculation levels), confirming the equivalency of both analysis workflows (Table 1). However, centriflaken has a step that 
extracts the contigs matching the requested taxa and therefore the analysis is only performed in those contigs, accelerat-
ing and making the analysis more precise (see workflow on Fig 1). The pipeline analysis also showed the same virulence 
profile for each sample to what was reported previously in Maguire et al 2021 (Table 2, S1 MultiQC HTML Report in S1 
File), demonstrating the accuracy and reproducibility of the centriflaken workflow. This high level of genome completeness 
at concentrations above 106 CFU/ml demonstrates centriflaken’s sensitivity and accuracy in detecting and characterizing 
STEC in complex metagenomic samples, a crucial capability for food safety applications. In accordance with standard 

Table 1.  In silico virulence factor analysis of metagenomic assembled genomes (MAGs) obtained using centriflaken for the Maguire et al. 
(2021) dataset. Showing the agreement of the results obtained by both workflows (manually vs. centriflaken).

Sample EDL933  
Inoculation  
Level
(CFU/ml)

Serotype stx 
type

eae Maguire et al 2021
Contig No.

centriflaken
Contig No.

Flow cell number/
sample fastq

EDL 933 genome 
coverage

type (genome and 
plasmid)a

(genome
and plasmid)a

%

Water 0 O9 – – 31 2 FAL00940 0

Water+Ecoli1 7.3 x 108 O157:H7 1a gamma-1 44 (1+) 8 (1+) FAL 11217 100

Water+Ecoli2 7.3 x 107 O157:H7 1a gamma-1 40 (1+) 11 (1+) FAL01664 100

Water+Ecoli3 7.3 x 106 O157:H7/ O9 1a gamma-1 41 (8+) 30 (9+) FAL11341 100

Water+Ecoli4b 7.3 x 105 O157:H7/ O9 1a gamma-1 92 (63+) 60 (59+) FAL00908 85

Water+Ecoli5 7.3 x 104 O9 – – 28 4 FAL00870 0

Water+Ecoli6 7.3 x 103 O9 – – 24 2 FAL01662 0
aIn parenthesis, the number of contigs that contain the entire chromosome, a plus sign (+) indicates the presence of a contig that matched the EDL933 
circular plasmid.
bfragmented genome assembly limit.

https://doi.org/10.1371/journal.pone.0329425.t001

https://doi.org/10.1371/journal.pone.0329425.t001
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FDA food safety protocols for STECs, an enrichment step is performed prior to sequencing to amplify target pathogen 
concentrations from potentially low initial levels to the detectable range (≥106 CFU/ml).

Performance with ZymoBIOMICS microbial communities

The centriflaken workflow was further tested on samples from a previous study using the ZymoBIOMICS microbial com-
munity DNA Bioproject PRJNA751542, Biosample SAMN20520875 [25] and two additional samples (ZymoBIOMICS 
Microbial Community DNA Standard and ZymoBIOMICS Microbial Community Standard II – log distribution) (NCBI 
accession provided here). Both communities consist of a mixture of 10 microbes belonging to different genera and species 
but at different proportions. ZymoBIOMICS microbial community composition is at a 12% concentration each bacterium 
and 2% for the two yeasts, while ZymoBIOMICS Microbial Community Standard II composition is quite different. Zymo-
BIOMICS Microbial Community Standard II composition is as follows: of Listeria monocytogenes – 89.1%, Pseudomonas 
aeruginosa – 8.9%, Bacillus subtilis – 0.89%, Saccharomyces cerevisiae – 0.89%, Escherichia coli – 0.089%, Salmonella 
enterica – 0.089%, Lactobacillus fermentum – 0.0089%, Enterococcus faecalis – 0.00089%, Cryptococcus neoformans – 
0.00089%, and Staphylococcus aureus – 0.000089%.

Only the ZymoBIOMICS microbial community DNA samples contained enough E. coli (108 CFU per 1 ug) to be within 
the limits of genome assembly (>106 CFU/ 1 ug) as establish previously for ONT metagenomic samples using the LSK-
109 library preparation kit [24] (s2 multiQC HTML Report in S2 File). centriflaken identified the E. coli presence in the 
sample belonging to serotype O33:H32 and carried 4 known AMR genes using the NCBI AMRfinder plus tool (blaEC, 
mdtM, emrD, and acrF) [38]. The ZymoBIOMICS Microbial Community Standard II – log distribution contained ~ 105 E. coli 

Fig 2.  Comparative analysis of EDL933 genome assemblies obtained by centriflaken during the initial validation with known samples. This 
figure compares the EDL933 genome of the strain used in Maguire et al. (2021) with assemblies obtained using centriflaken for the same samples at 
various EDL933 enrichment spiking levels. The analysis demonstrates the recovery of the E. coli O157:H7 MAG (Metagenome-Assembled Genome) in 
either completely closed or fragmented forms (see Table 1). Each horizontal track represents EDL933-matching contigs extracted from a sample. Homol-
ogous segments across genomes are indicated by the same color and connected. Sequence coordinates in base pairs are shown on respective scales. 
The reference genome, labeled as EDL933_2 and indicated with a star (*), serves as the basis for comparison.

https://doi.org/10.1371/journal.pone.0329425.g002

https://doi.org/10.1371/journal.pone.0329425.g002
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CFU per 1 ug, well below the assembly limit for the technique. That sample still returned a signal for E. coli (159 unique 
taxa matching reads) but no E. coli MAGs were recovered and therefore the correct identity as well as the virulence or 
serotype characteristics of the E. coli strain could not be determined (s2 multiQC HTML Report in S2 File). These results 
highlight centriflaken’s ability to accurately identify and characterize E. coli strains even in diverse microbial communities, 
while also demonstrating its limitations at lower bacterial concentrations. This information is vital for understanding the 
tool’s applicability in various real-world scenarios.

Analysis of unknown agricultural water

After validating the centriflaken workflow with known samples, the next step was to assess its performance with ONT data 
obtained after sequencing unknown overnight enriched agricultural water samples suspected of containing STECs. For 
that purpose, we tested the performance on 21 samples obtained after overnight enrichment of agricultural water. qPCR 
screening of these 21 enriched samples confirmed the presence of stx (17/21) and O157 wzy (12/21) genes. The results 
are summarized in Table 3. Four samples tested negative for either stx or O157 wzy genes and were used as negative 
control for evaluating the centriflaken pipeline.

The entire precision metagenomics STEC analysis of the 21 samples was completed in less than 7 hours using cen-
triflaken (S3 MultiQC HTML Report in S3 File). Fig 3 shows the full metagenomic analysis workflow, starting from sample 

Table 2.  Comparative results of the virulotyping of the same ONT data generated (Maguire et al 2021) [24] by both workflows (manually vs. 
centriflaken).

E. coli Maguire 2021 E. coli centriflaken

Virulence Gene EDL933
reference

Watera 1 2 3 4 5 6 Water 1 2 3 4 5 6

astA + – + + + + – – – + + + + – –

ehxA + – + + + + – – – + + + + – –

espA + – + + + + – – – + + + + – –

espB + – + + + + – – – + + + + – –

espF + – + + + + – – – + + + + – –

espJ + – + + + + – – – + + + + – –

espK + – + + + + – – – + + + + – –

espP + – + + + + – – – + + + + – –

tccP + – + + + + – – – + + + + – –

etpD + – + + + + – – – + + + + – –

gad + – + + + + – – – + + + + – –

iha + – + + + + – – – + + + + – –

iss + – + + + + – – – + + + + – –

nleA + – + + + + – – – + + + + – –

nleB + – + + + + – – – + + + + – –

nleC + – + + + + – – – + + + + – –

tir + – + + + + – – – + + + + – –

katP + – + + + + – – – + + + + – –

pssA + – + + + + – – – + + + + – –

air + – + + + + – – – + + + + – –

toxB + – + + + + – – – + + + + – –

aSamples: Water (0 CFU/ml STEC EDL933), 1 (7.3 x 108 CFU/ml), 2 (7.3 x 107 CFU/ml), 3 (7.3 x 106 CFU/ml), 4 (7.3 x 105 CFU/ml), 5(7.3 x 104 CFU/ml), 
and 6 (7.3 x 103 CFU/ml).

https://doi.org/10.1371/journal.pone.0329425.t002

https://doi.org/10.1371/journal.pone.0329425.t002
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collection to final reporting, including the initial culturing step. centriflaken was run on a Reedling HPC Cluster, which uses 
SLURM for job scheduling with each compute node containing 48 CPU cores and 256 GB of memory. The total reads 
per experiment ranged from 1.3 to 2.8 million reads, of which 11–40% matched E. coli, with median read sizes between 
4,252–6,177 bp (Table 4). The number of total E. coli contigs per sample ranged from 178 to 1,069.

Every sample contained more than one different E. coli strain, with varying degrees of diversity. If the predicted 
serotypes identified among the many MAGs obtained per sample is used as a measure of E. coli diversity, the number 
of E. coli strains per sample ranged from eight to forty-eight (Table 4). The identification of multiple E. coli strains in 
each sample showcases centriflaken’s capacity to detect and differentiate various strains in complex environmental 
samples, a key advantage for comprehensive food safety assessments. There were only 3 samples that were identi-
fied as positive for the stx genes but one of them (FAL11384) lacked any adhesion genes used in our search (Tables 
3 and 4). Sample FAL01198 was positive for subA and FAQ33923 detected the eae gene allele epsilon-7. On the 
other hand, 8 samples returned a signal for the eae gene, and one sample contained saa. The virulotyping showed 
the presence of several relevant virulence genes such as T3SS (eae, espA, espB, espD, espF, espI, espJ, and tir) and 
other plasmid borne virulence relevant genes (espP and exhA) (Table 5), however a fully closed STEC genome was 
not recovered from any sample. While a fully closed STEC genome was not recovered, the detection of numerous vir-
ulence genes demonstrates centriflaken’s potential for comprehensive pathogen profiling, providing valuable insights 
for risk assessment in food safety contexts. AMR profiling showed the presence of a very diverse set of antimicrobial 
resistance genes per sample, from 2 to up to 20 genes, representing resistance to 10 antibiotic classes and multidrug 

Table 3.  qPCR results for stx and wzy genes for the 21 enriched samples.

Sample qPCR O157 wzy (Cq value) qPCR stx gene type STEC concentration (CFU/ml)a

FAO96374 + (25.7) 1, 2 5.45E + 05

FAL11425 – – –

FAL11145 + (27.3) 1, 2 1.87E + 05

FAL11151 + (24.3) 2 1.48E + 06

FAO72169 + (27.5) 1, 2 1.58E + 05

FAL00958 – – –

FAL11351 + (22.3) 1, 2 8.87E + 05

FAL05306 + (23.8) 1, 2 1.98E + 06

FAL16059 – 1, 2 7.22E + 05

FAQ34034 + (25.9) 1, 2 4.87E + 05

FAO71993 + (27.6) 1, 2 1.485E + 05

FAL11417 + (27.5) 1, 2 1.485E + 05

FAO97359 + (22.5) 2 4.99E + 06

FAL17459 – – –

FAQ33890 + (24.3) 1, 2 1.42E + 06

FAQ33923b + (22.6) 1, 2 4.72E + 06

FAL11387 – – –

FAL01556 – 1, 2 7.93E + 05

FAL11305 – 1, 2 5.55E + 05

FAL11384b – 1, 2 2.85E + 06

FAL01198b – 1, 2 7.26E + 06
aThe CFU/ml were calculated based on either the O157 wzy or stx genes qPCR results.
bstx genes were also detected in the assembled nanopore data.

(+) positive. (-) negative.

https://doi.org/10.1371/journal.pone.0329425.t003

https://doi.org/10.1371/journal.pone.0329425.t003
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efflux genes, underscores the potential of centriflaken for comprehensive pathogen characterization beyond just viru-
lence factors (S3 Table).

Discussion

Importance of rapid and automated metagenomic analysis for food safety

Given the critical role of irrigation water in food production, rapid and accurate detection of STECs in these waters is 
essential but especially during outbreak investigations. Traditional detection methods, such as qPCR followed by exten-
sive selective plating and whole genome sequencing (WGS), are labor-intensive and may take up to two weeks to confirm 
the correct identification of an isolate. Fast metagenomic analysis is crucial for accelerating this timeline. By integrating 
qPCR with long read metagenomic sequencing of the pre-enrichment step, definitive detection and virulence characteriza-
tion of STECs can be achieved within 3–4 days. While microbiological confirmation is still required, this approach poten-
tially enables faster implementation of corrective actions since overall turnaround time is reduced by almost one week.

Centriflaken: Addressing bioinformatic bottlenecks

However, the bioinformatic analysis of sequencing data [24] remains complex, involving many tools and steps to generate 
a complete STEC analysis. This process often requires up to 24 hours per sample -even when those samples analyses 
are run in parallel. To address this bottleneck, a workflow named centriflaken was developed to automate the entire pro-
cess and to reduce the analysis time. centriflaken enables taxa-specific precision metagenomic analysis, in silico virulo-
typing, serotyping, and AMR prediction for STECs in a single, reproducible workflow. centriflaken consolidates the different 
steps of a precision metagenomic approach into a scalable, highly reproducible, and easy-to-install workflow using Next-
flow [36]. It outputs final reports, summary plots and tables through a MultiQC HTML report for user friendly review as part 
of the pipeline. By automating and streamlining the analysis process, centriflaken not only saves time but also reduces 
the potential for human error, enhancing the reliability and reproducibility of STEC detection in complex environmental 
samples.

Fig 3.  Workflow of the complete precision metagenomic analysis. The figure shows the sequential steps from sample collection and overnight 
culturing to DNA extraction, qPCR, library preparation, Oxford Nanopore sequencing, and data analysis using the centriflaken pipeline, ending with the 
generation of the final report. This overview summarizes the rapid, end-to-end process used for the detection and characterization of STEC in agricul-
tural water samples.

https://doi.org/10.1371/journal.pone.0329425.g003

https://doi.org/10.1371/journal.pone.0329425.g003
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Table 4.  Sequencing statistics, serotypes, stx genes and eae genes, identified per sample.

Flow cell ID Total reads median read 
length (bp)

E. coli 
reads

Serotypes identified
(O types)

stx 
type

eae contig 
No.

E. coli
strains

FAO96374 1,663,883 4252 422,626 O10,O103,O109,O110,O113,O123,O128ac,O15,O16,O162,O166,O
18,O185,O33,O6,O7,O73,O8,O82,O83,O84,O88,O9a

– – 596 23

FAL11425 1,961,120 4687 211,801 O153,O170,O178,O185,O8,O81,O82,O93 – – 178 8

FAL11145 1,492,283 4577 358,148 O10,O110,O123,O128ac,O139,O148,O15,O162,O18ac,O20,O21,O
3,O33,O55,O6,O7,O73,O82,O89,O9

– – 378 20

FAL11151 1,279,866 5452 287,970 O10,O110,O146,O150,O156,O162,O166,O175,O18ac,O20,O33,O3
8,O6,O8,O82,O84

– + 389 16

FAO72169 1,993,174 4262 460,423 O1,O106,O110,O125ab,O139,O148,O168,O170,O174,O185,O18ac
,O27,O33O4,O75,O79,O8,O81,O82,O92,O9a

– + 555 21

FAL00958 2,048,345 4748 374,847 O101,O103,O106,O11,O113,O117,O13/O129,O136,O140,O153,O1
56,O166,O179,O18,O2,O29,O33,O61,O7,O74,O8,O81,O84

– + 647 23

FAL11351 2,130,871 4628 447,483 O106,O113,O139,O140,O142,O18ac,O20,O33,O36,O43,O48,O63,
O7,O82,O88,O9

– – 662 16

FAL05306 2,268,698 4807 499,114 O1,O104,O106,O109,O110,O123,O124,O139,O140,O147,O15,O1
50,O156,O162:H6,O166,O20,O28ac/O42,O33,O4,O55,O6,O7,O8,
O81,O88

– – 578 25

FAL16059 2,074,822 5150 466,835 O12,O125ab,O128ac,O140,O142,O162,O166,O23,O26,O51,O6,O6
2,O7,O70,O74,O8,O84,O88,O9

– – 529 19

FAQ34034 2,128,440 4917 542,752 O10,O100,O101,O103,O104,O128ab,O132,O138,O139,O15,O171,
O178,O18,O20,O33,O36,O6,O7,O73,O8,O82,O83,O88,O89,O93

– – 535 25

FAO71993 2,263,618 4928 563,641 O105,O106,O123,O125ab,O132,O142,O150,O156,O163,O166,O1
70,O179,O181,O22,O23,O3,O33,O4,O46,O51,O52,O59,O6,O7,O8
,O86,O88,O9

– – 647 28

FAL11417 1,912,515 5366 535,504 O102,O12,O125ab,O139,O140,O142,O146,O153,O154,O16,O162,
O166,O167,O18ac,O20,O21,O22,O23,O26,O43,O46,O51,O6,O62,
O7,O73,O8,O82,O86,O88,O9a

– – 655 31

FAO97359 2,778,554 6177 630,732 O10,O105,O110,O112ab,O132,O146,O147,O150,O157,O16,O16
2,O17/O77,O170,O18,O20,O28ac,O33,O45,O53,O55,O6,O8,O82,
O93,O9a

– + 659 25

FAL17459 2,460,121 5671 509,245 O106,O113,O150,O156,O174,O175,O178,O18ac,O21,O22,O28ab,
O29,O6,O7,O8,O82,O93

– + 497 17

FAQ33890 2,222,447 5289 575,614 O1,O102,O103,O121,O123,O139,O140,O142,O15,O150,O153,O16
2,O163,O166,O171,O18ac,O20,O28ac/O42,O33,O36,O4,O45,O48,
O5,O51,O6,O7,O73,O8,O81,O82,O86,O88,O89,O9

– + 815 35

FAQ33923 2,364,590 4759 766,127 O10,O102:H21,O104,O105,O113,O123,O134,O139,O140,O15,O1
50,O162,O166,O18,O20,O33,O36,O45,O6,O7,O71,O73,O74,O8,O
82,O88

2 + 695 26

FAL11387 2,569,355 5312 565,258 O104,O106,O113,O126,O132,O139,O140,O141,O150,O154,O163,
O166,O170,O179,O18ac,O20,O22,O29,O36,O45,O48,O52,O7,O8,
O81,O83,O85,O93

– + 614 28

FAL01556 2,459,180 5256 639,387 O101,O104,O106,O12,O128ac,O13/O129,O142,O153,O18ac,O21,
O22,O23,O29,O3,O52,O6,O62,O7,O8,O9,O93,O99

– – 542 22

FAL11305 2,719,671 5451 734,311 O101,O12,O140,O142,O146,O15,O20,O23,O29,O3,O43,O52,O6,O
62,O7,O8,O88,O9

– – 519 18

FAL11384 2,638,854 5043 976,376 O10,O100,O101,O102,O110,O114,O12,O123,O124,O128ac,O130,
O134,O139,O140,O142,O146,O148,O150,O153,O154,O16,O163,O
166,O172,O178,O18ac,O2,O21,O22,O23,O24,O29,O3,O36,O43,O
54,O6,O62,O65,O69,O7,O73,O8,O80,O84,O88,O9

1, 2 – 949 47

FAL01198 2,503,390 5391 1,001,356 O10,O101,O104,O112ac,O113,O116,O117,O12,O121,O126,O128a
c,O130,O139,O140,O142,O146,O148,O150,O153,O16,O166,O169
,O171,O175,O178,O18ac,O20,O21,O22,O23,O28ac/O42,O29,O45,
O5,O51,O6,O62,O7,O73,O75,O8,O82,O83,O84,O86,O8,O9,O9a

2 – 1069 48

https://doi.org/10.1371/journal.pone.0329425.t004

https://doi.org/10.1371/journal.pone.0329425.t004
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centriflaken uses many tools to provide a comprehensive analysis of ONT metagenomics samples. The associated 
tools were chosen based on the steps used for the analysis of ONT samples previously published [24] and by benchmark 
performance, e.g., taxonomic classification and binning [37], E. coli reads extraction [24], assembly [33], taxonomic clas-
sification [34], and final in silico profiling [14,38]. Built with a modular Nextflow DSL2 design, centriflaken is easily updated 
to include improved tools in future revisions or new ONT chemistries,such as the recent shift from R9.4.1 to R10.4.1.

Performance benchmarking

Centriflaken was first evaluated using previous analyzed data under Bioproject PRJNA639799 [24], and two ZymoBIO-
MICS microbial community datasets. For STEC-spiked samples, centriflaken achieved 100% genome completeness at 
concentrations >10⁷ CFU/ml and 85% at 10⁶ CFU/ml—mirroring the results from manual, stepwise analyses [24]. Serotyp-
ing, virulence gene detection, and AMR profiling were also consistent with previously reported outputs. In the ZymoBIOM-
ICS microbial community dataset, centriflaken accurately identified the E. coli strain present in the community as serotype 
O33:H32 and detected four AMR-related genes, including blaEC, mdtM, emrD, and acrF [42]. In contrast, the E. coli 
genome was not recovered from the ZymoBIOMICS Microbial Community Standard II (Log Distribution), as its concentra-
tion was below the ~ 10⁶ CFU threshold necessary for effective assembly [24].

In spiked agricultural water samples, centriflaken recovered STEC genomes with ≥85% completeness at ≥10⁶ CFU/
ml (Table 1 and Fig 2). Although manual analysis produced slightly more contigs overall [24], the number of contigs 
corresponding to the STEC genome was equivalent, confirming the equivalency of both analysis workflows (Table 1). 
centriflaken also includes a step that extracts only the contigs belonging to the target taxa, streamlining the process and 
improving accuracy (Fig 1). The virulence profiles identified were consistent with prior results from Maguire et al. (2021) 
[24], confirming the accuracy and reproducibility of the workflow (Table 2, S1 MultiQC HTML Report in S1 File).

Table 5.  STEC virulotyping for 21 enriched agricultural waters by centriflaken.

Sample eae saa suba exhA espA espB espD espF espI espJ espP tccP tir

FAO96374 – – – + – – – – – – – – –

FAL11425 – – – – – – – – – – – – –

FAL11145 – – – + – – – – – – – – –

FAL11151 + – – – + + + – – – – – +

FAO72169 + + – + + + + + – + + – +

FAL00958 + – – + + + + – – + – – +

FAL11351 – – – + + + + – – – – – +

FAL05306 – – – + – – – – – – – – –

FAL16059 – – – + – – – – – – – – –

FAQ34034 – – – + – – – – – – – – –

FAO71993 – – – + – – – – – – – – –

FAL11417 – – – + – – – – – – – – –

FAO97359 + – – – + + + – – – – – +

FAL17459 + – – + + + + + – – – – +

FAQ33890 + – – + + + + + – + – + +

FAQ33923 + – – + + + + + + – – – +

FAL11387 + – – – – – – – – + – – –

FAL01556 – – – + – – – – – – – – –

FAL11305 – – – + – – – – – – – – –

FAL11384 – – – + – – – – – – – – –

FAL01198 – – + + – – – – – – + – –

https://doi.org/10.1371/journal.pone.0329425.t005

https://doi.org/10.1371/journal.pone.0329425.t005
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Real-world application and limitations

The performance of the centriflaken workflow was further evaluated using 21 real-life enriched agricultural water sam-
ples. The results showed that each sample contained multiple E. coli strains—ranging from 2 to 13—based on predicted 
serotype profiles. The presence of so many strains per sample, combined with their high concentrations as measured by 
qPCR (~10⁶ CFU/ml) (Table 3), made it difficult to generate fully closed MAGs.

This finding highlights a key limitation of the methodology: recovering and characterizing STEC genomes in silico is 
challenging when samples are highly complex and contain multiple E. coli strains, especially when these strains outcom-
pete the STEC target. Despite this challenge, three samples were identified as containing stx genes and adhesion genes 
such as saa or eae. A representative case was sample FAQ33923, which contained 26 distinct E. coli serotypes, including 
O104, O113, and O45—three serotypes commonly associated with human infections. Several virulence genes, including 
stx2 and eae, were detected. The eae gene matched an Escherichia albertii intimin allele (eae epsilon-7/Xi allele, Gen-
Bank accession FJ609833.1), while stx2 was located on a separate contig, suggesting that these genes originated from 
different strains within the same enrichment. This observation underscores the limitations of metagenomic reconstruc-
tion in complex microbial communities, where fragmented assemblies and strain diversity can obscure the true genomic 
context of virulence determinants. An additional eight samples produced E. coli MAGs that harbored eae genes. The 
eae subtypes identified included: gamma-2 (in two samples), epsilon-7/Xi (in four samples), and beta-1 (in one sample). 
Regarding AMR prevalence in those 21 samples, between 2 and 20 genes were detected per sample. These genes 
potentially confer resistance to 10 antibiotic classes, including multidrug efflux systems. While these limitations highlight 
areas for future improvement, they also underscore the complexity of real-world samples and the importance of centriflak-
en’s ability to detect multiple strains simultaneously.

Future directions and potential impact

Centriflaken continues to evolve. The modular structure of the workflow setup of centriflaken using Nextflow allows further 
refinements as soon as future developments in ONT sequencing or metagenomics arise, as observed recently with the 
introduction of newer chemistries (R10.4.1) [43–51]. Nextflow-based parallelization enhances computational efficiency. 
With R10.4.1’s improved basecalling accuracy [43–48], there is growing potential to recover complete STEC genomes 
directly from complex samples—enabling phylogenetic comparisons to public genomes via the NCBI Pathogen Detection 
database. (https://www.ncbi.nlm.nih.gov/pathogens/).

ONT long reads further facilitate genome closure by resolving repetitive regions, as previously demonstrated with STEC 
EDL933 O157:H7 [24]. This is fully leveraged in centriflaken’s reassembly step, which focuses analysis on user-defined taxa 
to reduce computational load and maximize accuracy by only using the addressed taxa through a precision metagenomic 
approach as previously described [24]. centriflaken is publicly available at: https://github.com/CFSAN-Biostatstics/centriflaken.

Centriflaken supports any user-defined taxon, including Listeria monocytogenes and Salmonella, expanding its utility 
for foodborne pathogen surveillance. All software dependencies are containerized for portability and reproducibility. The 
development of centriflaken as a useful tool in combination with metagenomic analysis is an important step in evaluation 
of a variety of samples associated with fresh produce. As a result, metagenomic analysis can now be completed within 
hours rather than weeks—providing precise detection and characterization of STEC and other pathogens in tested sam-
ples. While initially focused on STEC, centriflaken’s flexible design allows for adaptation to other foodborne pathogens. 
This versatility positions it as a valuable tool for comprehensive food safety monitoring, potentially revolutionizing how we 
approach pathogen detection and outbreak investigation.

Looking to the future

Centriflaken is currently available to Human Foods Program users via the HFP HPC cluster and GalaxyTrakr: https://www.
protocols.io/view/centriflaken-an-automated-data-analysis-pipeline-f-kxygxzdbwv8j/v5. As ONT long-read metagenomics 

https://www.ncbi.nlm.nih.gov/pathogens/
https://github.com/CFSAN-Biostatstics/centriflaken
https://www.protocols.io/view/centriflaken-an-automated-data-analysis-pipeline-f-kxygxzdbwv8j/v5
https://www.protocols.io/view/centriflaken-an-automated-data-analysis-pipeline-f-kxygxzdbwv8j/v5
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continues to mature, tools like centriflaken could play a transformative role in culture-independent pathogen detection and 
source tracking. Its portability makes it suitable for point-of-care testing and field deployment in food and water testing 
scenarios. Future studies should focus on optimizing centriflaken for even lower bacterial concentrations, integrating it 
with other emerging technologies like machine learning for predictive analytics, and validating its performance across a 
wider range of food and environmental matrices.

Conclusion

Centriflaken significantly accelerates and streamlines STEC detection in environmental samples. It provides a scalable, 
automated alternative to labor-intensive traditional workflows, delivering fast, reproducible, and accurate results. With 
continued enhancements and integration of newer ONT chemistries (e.g., R10.4.1), centriflaken may support real-time 
surveillance of foodborne pathogens directly from complex samples and shorten response times in outbreak scenarios. 
Furthermore, ongoing improvements and adaptations will potentially enhance its utility for food safety monitoring. In 
conclusion, centriflaken represents a substantial advancement in metagenomic analysis for food safety applications. By 
dramatically reducing analysis time and complexity while maintaining high accuracy, it has the potential to transform STEC 
detection and characterization, ultimately contributing to more rapid and effective food safety interventions.
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