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1. INTRODUCTION

The EURGen-RefLabCap project is complementary to the European Centre of Disease
Prevention and Control (ECDC) European Antimicrobial Resistance Genes Surveillance
Network (EURGen-Net). The project aims at improving capacities of National Reference
Laboratories (NRLs) in European countries for identification and for phenotypic and
genotypic characterization of carbapenem-resistant Enterobacterales (CRE) and colistin-
resistant CREs (CCRE), and other antimicrobial-resistant pathogens. Furthermore, the
project aims at strengthening capacities for national surveillance and outbreak
investigation of CRE/CCRE and improve the availability and quality of European-level
molecular surveillance data. One of the main goals of the EURGen-RefLabCap project is to
support modernisation of diagnostic and molecular typing tests using whole-genome
sequencing (WGS) analytical methods in order to achieve those respective aims.

This protocol provides a framework to perform WGS directed towards short-read paired-
end massive parallel synthesis sequencing, specifically using Illumina platforms (Illumina,
Inc., San Diego, CA, USA) such as MiSeq and NextSeq. In addition, it presents the
framework for bioinformatic analysis of CRE/CCRE using three pipelines to detect
antimicrobial resistance determinants - particularly, resistance to colistin and
carbapenems. The protocol covers the steps of obtaining high quality DNA, performing
library preparation and sequencing of the DNA, performing bioinformatics analysis
(taxonomic analysis, bacterial typing, detection of genetic determinants of antimicrobial
resistance, cluster analysis) and adopting best practices for data management.
Furthermore, this protocol defines specific quality control (QC) strategies, QC parameters
and respective thresholds. Using other WGS platforms might yield results of equally good
quality, but the bioinformatics tools and QC thresholds should be adapted accordingly.

Note: In most cases, WGS-based outbreak analysis cannot stand alone in outbreak
investigations, but it is a powerful tool to guide directed epidemiological investigations.

The document will also be accompanied by a suite of supporting documents to aid novel
users in becoming familiar with the most relevant WGS concepts and terms. These will also
provide a review of available bioinformatics tools, bioinformatics development initiatives,
and reference gene databases for the detection and prediction of relevant drug resistance
determinants in CRE/CCRE, as well as scientific and technical background for each step of
the workflow, links to other relevant resources which contain more detailed descriptions of
certain steps, and related scientific literature. The suite of supporting documents will be
available on the EURGen-RefLabCap website https://www.eurgen-reflabcap.eu/.

The EURGen-RefLabCap does not endorse nor is endorsed by any of the companies, brands
or products referred in this document.


https://www.eurgen-reflabcap.eu/

2. ProToOCOL

This protocol describes the different steps necessary to perform WGS of CRE/CCRE.
Furthermore, it describes how to perform bioinformatic analysis of CRE/CCRE through
open-source, curated bioinformatics tools and databases. Users might opt to employ
different approaches as long as these are properly validated for the purpose. For each step,
different methods, kits, and tools exist, thus it is important to carefully consider and take
into account the laboratory’s existing and available consumables, kits, and equipment that
can be applied to this procedure. It is plausible that, as the laboratory’s expertise increases,
some of the proposed steps can be streamlined or skipped entirely. However, it is useful
to start by using the complete protocol with as many QC steps as possible, to gain
maximum understanding of the WGS process and troubleshooting possibilities.

Procedure Theory/ Comments
DNA extraction and QC

1. From a primary culture, select one single Streaking out a fresh culture from a single
isolated colony to prepare a subculture. | colony should be implemented as a routine.

2. Inspect the subculture carefully to ensure = Do not extract DNA from cultures that are
purity. If the culture is not pure, prepare not pure.
a new subculture.

3. Extract bacterial DNA using in-house Examples of commercial kits are, among

protocols or commercial kits. others, ThermoFisher Easy-DNA gDNA
Purification Kit and Qiagen DNeasy Blood &
Tissue Kit.

A range of instruments exists for more
automated high-throughput DNA
extraction, one example being the MagNa
Pure 96 instrument.

Be aware that extraction methods based on
salt and ethanol precipitation can result in
poor plasmid extraction, which can be
problematic for determination of
antimicrobial resistance (AMR) genes, as
these often reside on plasmids.

4. Measure UV 260/280 absorbance ratio This can be done by using, for example,
values of the DNA samples to confirm Nanodrop or Bioanalyser.
that they are in the interval 1.8 - 2.0.

If absorbance ratio values are outside the
interval, the DNA should be re-extracted.

If QC thresholds are not achieved, the
DNA should be re-sequenced.


https://www.thermofisher.com/order/catalog/product/K180001
https://www.thermofisher.com/order/catalog/product/K180001
https://www.qiagen.com/us/products/discovery-and-translational-research/dna-rna-purification/dna-purification/genomic-dna/dneasy-blood-and-tissue-kit/
https://www.qiagen.com/us/products/discovery-and-translational-research/dna-rna-purification/dna-purification/genomic-dna/dneasy-blood-and-tissue-kit/
https://www.thermofisher.com/order/catalog/product/ND-ONEC-W?SID=srch-srp-ND-ONEC-W
https://www.agilent.com/en/product/automated-electrophoresis/bioanalyzer-systems/bioanalyzer-instrument/2100-bioanalyzer-instrument-228250

DNA Concentration and Dilution
5. Measure the concentration of the
undiluted DNA samples.

If below the necessary concentration, re-
extract the DNA.

If above the necessary concentration,
dilute the DNA with the adequate buffer
to achieve a final concentration in
accordance with the library preparation
protocol.

6. Confirm the DNA concentration of the
diluted samples.

7. The DNA dilution and confirmation of the
DNA concentration should be repeated
until the desired concentration is
achieved.

Library preparation and DNA sequencing

8. Perform library preparation.

Various methods for library preparation
exist and they depend on the chosen
sequencing platform.

The DNA quantity should be assessed, since
a specific amount of DNA needs to be used
for the library preparation step. Many
laboratories use Qubit fluorometer and
respective dsDNA reagent Kkits.

Alternatively, Nanodrop spectrophotometer
may be used to quantify DNA, using only
1-2 pl of sample volume.

Example: a final concentration of 2 ng/ul is
needed if using the Nextera XT Library
Preparation Reference Guide, with input of
5 ul of each library.

This may be done using, for example, the
Qubit fluorometer and the Qubit™ dsDNA
High Sensitivity Assay Kit.

In case the initial DNA concentration is too
low it will be necessary to re-extract DNA
from the sample or concentrate the DNA
solution.

Currently, Illumina is the most widely used
sequencing platform, and protocols with
preparation guidelines for specific library
kits and guidelines for sequencing on the
specific machinery are frequently updated
and available on the Illumina website.
Examples are the Illumina Nextera XT
Reference guide or Illumina DNA Prep
Reference Guide.

Other library preparation kits and protocols
can be used. According to the choice, other
reference guides and accessory documents
might be needed.


https://www.thermofisher.com/dk/en/home/industrial/spectroscopy-elemental-isotope-analysis/molecular-spectroscopy/fluorometers/qubit.html
https://www.thermofisher.com/order/catalog/product/Q32851
https://www.thermofisher.com/order/catalog/product/ND-ONEC-W?SID=srch-srp-ND-ONEC-W
https://www.thermofisher.com/document-connect/document-connect.html?url=https%3A%2F%2Fassets.thermofisher.com%2FTFS-Assets%2FLSG%2Fmanuals%2FQubit_dsDNA_HS_Assay_UG.pdf
https://www.thermofisher.com/document-connect/document-connect.html?url=https%3A%2F%2Fassets.thermofisher.com%2FTFS-Assets%2FLSG%2Fmanuals%2FQubit_dsDNA_HS_Assay_UG.pdf
https://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/samplepreps_nextera/nextera-xt/nextera-xt-library-prep-reference-guide-15031942-06.pdf
https://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/samplepreps_nextera/nextera-xt/nextera-xt-library-prep-reference-guide-15031942-06.pdf
https://emea.support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/illumina_prep/illumina-dna-prep-reference-guide-1000000025416-10.pdf
https://emea.support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/illumina_prep/illumina-dna-prep-reference-guide-1000000025416-10.pdf

WGS raw data extraction and QC

9. Extract the raw data and store them
locally.

The raw data might be located on the
Illumina sequencer or from a cloud
solution such as Illumina sequence hub.

10. Perform QC of the sequences.

Minimum QC parameters should be
determined, specifically the average
read length, coverage and number of
reads.

Raw data should preferably be examined
for potential contaminations.

Raw reads should be trimmed for
adaptors and low quality regions.

The raw reads are in the fastg file format,
which also includes quality parameters
(phred scores).

The cloud solution also offers a range of
visual QC parameters to evaluate the
sequencing run.

The quality of the sequences should always
be assessed, as poor quality sequences can
lead to major errors in prediction of genes
and phylogenetic analysis.

FastQC is an example of a tool that can be
used for this purpose.

Average read length should be equal to the
expected read length from the sequencing
platform.

Depth of coverage should be as high as
possible. No harmonised cut-off exists, but
a minimum coverage of 30X is often used as
standard. Lower coverage values may
interfere with later analysis and prevent
comparison of inter-laboratory data. Thus,
these should not be implemented routinely,
even if they might be accepted for specific
internal analysis.

Number of reads should be sufficient to
ensure a coverage of at least 30X, using the
formula: “Coverage = Number of reads x
(Read length / Genome size)".

For instance, KRAKEN can be used to
quantify the number of reads assigned to
other species than the target species. The
percentage of reads assigned to other
species should be residual (for example less
than 5%). Contamination checks can also
be facilitated by tools such as KmerFinder or
rMLST.

Using tools such as Bbtools or Trimmomatic.



https://basespace.illumina.com/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://ccb.jhu.edu/software/kraken/
https://cge.food.dtu.dk/services/KmerFinder/
https://pubmlst.org/species-id
https://jgi.doe.gov/data-and-tools/software-tools/bbtools/
http://www.usadellab.org/cms/index.php?page=trimmomatic

If QC thresholds are not achieved, the
DNA should be re-sequenced or re-
extracted.

Genome assembly and QC

11. Assemble the reads into contigs (fasta
files).

12. Perform QC of the assembly.

Minimum QC parameters should be
determined, specifically the number of
contigs, N50, coverage and genome
size.

The proposed QC thresholds should, in
principle, guarantee that results
obtained with assembled data are
comparable with results obtained with
raw data. Furthermore, using
benchmarking datasets ensures that
the selected assembly tool and QC
thresholds yield accurate results.

If QC thresholds are not achieved, the
DNA should be re-sequenced or re-
extracted.

Genome assembly may be performed using
SPAdes, Unicycler or other preferred
assembly tools.

Most assembly programs can be installed
locally, and many institutions performing
WGS routinely have this step incorporated
into their analysis pipeline.

A tool that can be used for this purpose is
QUAST. Other available public QC and
assembly pipelines, such as BIFROST, exist
on Github or other repositories.

Most assembly QC parameters are
dependent on the sequencing platform and
bacterial species. If using Illumina platforms
to analyse CRE/CCRE:

Number of contigs should be less than 500.
A higher number may point to poor
sequence quality or to contamination (also
with isolates belonging to the same species,
which is not always detectable with species
identification tools or through analysis of
raw data).

N50 should be as high as possible, and
larger than 15,000.

Depth of genome coverage should be at
least 30X.

Genome size should be within 10% of
deviation of the expected genome size. A
larger genome size can indicate that the
sample was contaminated (including with
isolates belonging to the same species),
while a smaller genome size can be due to
poor DNA extraction or insufficient amount
of sequenced data. Enterobacterales
genome size is generally between 4.5 - 5.5
million bps.


https://cab.spbu.ru/software/spades/
https://github.com/rrwick/Unicycler
http://quast.sourceforge.net/quast
https://github.com/

Bacterial species identification and QC

13. Use a curated bioinformatics tool to
perform species identification.

If using KmerFinder, the QC parameters
should be confirmed as follows:

- at least 90% of template and of
query coverage when summing up
the several hits from the same
species;

- low number of individual hits;

- high score (naturally occurring
when both previous parameters are
fulfilled);

- absence (or very low percentage) of
hits belonging to different species.

If using rMLST, the QC parameters
should be confirmed as follows:

- at least 96% of support:

- absence of hits
different species.

belonging to

If QC parameters of the primary and
secondary tools are not fulfilled, the
DNA should be re-extracted.

Bacterial isolate typing

14. Use a species-specific MLST typing
scheme such as PubMLST.

Examples of commonly used species
identification tools are KmerFinder and
rMLST. Other tools are available for
bacterial species identification. Independent
of the tool used, it is of critical importance
to fulfil the QC parameters specific for the
selected tool.

If the QC parameters of your chosen tool
are not fulfilled, species can be determined
with a second tool.

If a sequence type (ST) is not assigned, a
different scheme may be used, if available.

If no schemes successfully assign a ST, the
target isolate might also represent a new
ST. However, the possibility of
contamination with isolates belonging to the
same species should be considered when
troubleshooting.

Tools such as MLST can be used to perform
the analysis in user friendly interfaces.
Other species-specific tools or pipelines
also include bacterial typing; one example
is Kleborate, a tool to screen genome
assemblies of Klebsiella pneumoniae
species complex.


https://cge.food.dtu.dk/services/KmerFinder/
https://pubmlst.org/species-id
https://cge.food.dtu.dk/services/KmerFinder/
https://pubmlst.org/species-id
https://pubmlst.org/organisms
https://cge.food.dtu.dk/services/MLST/
https://github.com/katholt/Kleborate

Detection of antimicrobial resistance genes (ARGs) and chromosomal point
mutations (PMs) mediating antimicrobial resistance in CRE and CCRE

15. Use a curated bioinformatics tool to
perform detection of genetic AMR
determinants.

If using ResFinder, the default analysis
thresholds of minimum 90% of identity
and minimum 60% of length are
recommended.

If using AMRFinderPlus, the default
analysis thresholds of minimum 90% of

identity and minimum 50% of length are
recommended.
If using CARD-RGI, the analysis

parameters of “perfect and strict hits
only” and “include nudge [nudge =295%
identity Loose hits to strict]” are
recommended.
16. Evaluate the results (also called “hits”)
obtained with the chosen tool.

Currently there are three main tools with
associated specific databases to detect
ARGs and PMs in WGS data: ResFinder,
AMRFinderPlus and CARD-RGI.

CARD is not recommended for non-
experienced users as the output requires in-
depth knowledge for correct interpretation.

Sensitivity and specificity of the tools for
detection of ARGs and PMs may be modified
by adjusting the thresholds and/or
parameters used for the analysis.

Be aware of which ARG and PMs are
included in your chosen database: lack of
hits might be due to real absence of the
genes or mutations in the query genome,
but might also be due to absence of those
in the database.

It is also possible to combine more than one
tool and/or database for detection of ARGs
and PMs, which requires careful evaluation
of the results obtained.

For ARGs:

Length and identity of the gene(s) in the
query genome (i.e. the genome you
sequenced) should be equal to 100% of the
gene(s) in the database used by the tool.

If length < 100% and identity < 100%, it
should be verified if the gene is artificially
truncated due to being positioned at the
beginning or end of a contig or if it is truly
a partial gene.

If identity is < 100% and length < 100%, it
should be confirmed by searching other
databases or literature if that variant has
been described; if not, the impact of the
nucleotide mutation(s) on the amino-acid
sequence may be assessed.

Silent mutation: this scenario is consistent
with a predicted phenotype of


https://cge.food.dtu.dk/services/ResFinder/
https://www.ncbi.nlm.nih.gov/pathogens/antimicrobial-resistance/AMRFinder/
https://card.mcmaster.ca/analyze/rgi
https://cge.food.dtu.dk/services/ResFinder/
https://www.ncbi.nlm.nih.gov/pathogens/antimicrobial-resistance/AMRFinder/
https://card.mcmaster.ca/analyze/rgi

Cluster analysis and respective QC

17.Design a general approach regarding
frequency of cluster analysis.

microbiological resistance to the relevant
antimicrobial(s) (with few exceptions).

Other type of mutation: it is recommended
not to predict an AMR phenotype but to
report the detected gene variant and its
attributes.

The presence of multiple genes from the
same gene family should be carefully
evaluated to determine if it is an artefact of
the tool/database used (which is revealed
by observing if the genes are placed at the
same positions in the same contig) or if it is
a true occurrence. Generally, this scenario
is consistent with a predicted phenotype of
microbiological resistance to the relevant
antimicrobial(s).

For chromosomal PMs:

Specific PMs or combinations of PMs in
selected genes and bacterial species are
known to mediate resistance to specific
antimicrobials. If these “known” mutations
are detected, the isolate likely exhibits
microbiological resistance to the specific
antimicrobial(s). If detecting “unknown”
mutations (mutations for which a role in
AMR has not been elucidated yet), results
should be reported but the phenotype
cannot be predicted.

Bear in mind that PMs mediating AMR are
generally species-specific.

For outbreak investigation purposes, cluster
analysis can be initiated as soon as there
are suspicions of an outbreak, and repeated
as often as needed once new isolates are
collected.

Warning signs that might suggest that
cluster analysis should be conducted are,
for example, increase in incidence of a
certain species or a certain sero- or
sequence type, or observing unexpected
antimicrobial resistance profiles.

For routine surveillance purposes it may be
decided to perform the analysis every last
Friday of each month, as an example.



18.Choose a general approach regarding
isolates to include in the cluster analysis.

19. Perform SNP-based phylogenetic
analysis with CSIphylogeny, FastTree or

other tool.

Analysis should be performed with raw
WGS data and an adequate reference
should be selected (an isolate with
predicted high genetic relatedness).

Inclusion criteria may be “all isolates from
the species”, “all isolates belonging to the
same MLST”, “all isolates collected in the

last three months”, etc.

Epidemiological information is necessary for
understanding the significance of cluster
analysis results (especially for detecting
outbreaks).

The results should be interpreted: a SNP
distance under 5 suggests relatedness of
isolates, but slightly higher thresholds
should not be discarded (e.g. up to 25
SNPs) depending on the nature of the given
outbreak.

Be aware of method limitations: at least
90% of each query genome should have
been included in the alignment to create the
distance matrix; lower percentages of
alignment directly suggest limited
relatedness of the isolates or that a non-
optimal reference was used for mapping.

20. Additionally, or instead, choose another Clustering approaches can also be used and
clustering approach such as using there are online interfaces, like
species-specific core-genome  MLST cgMLSTFinder, that facilitate their use.
schemes.

cgMLST approaches may provide lower

resolution than SNP-based analysis. On the
other hand, a well-desighed and thoroughly
validated cgMLST scheme may produce
more robust comparisons than SNP
analysis, especially for bacterial species
which undergo rapid recombination events.

CgMLST is also suitable for long-term
surveillance as computations generally
scale better with dataset size.

The results should be interpreted: the

threshold of 0.0030 dissimilarity has been
proposed for inferring genetic relatedness
among Enterobacterales isolates. The
conversion of percentage of dissimilarity
into number of alleles depends on the
cgMLST scheme of each species.

Example: 0.0030 x 2,358 loci included
in K. pneumoniae scheme = maximum of 7
different alleles

In general terms, differences of 5 alleles
suggest close genetic relatedness, but
higher values should not be discarded (e.g.
up to 10).


https://cge.food.dtu.dk/services/CSIPhylogeny/
http://www.microbesonline.org/fasttree/
https://www.cgmlst.org/ncs
https://www.cgmlst.org/ncs
https://cge.food.dtu.dk/services/cgMLSTFinder/

Data and metadata storage

21.Store raw sequence data perpetually,
either in private or public databases.

22.Store trimmed and assembled data
likewise.

23. Store bioinformatic results, if feasible.

Raw sequence data must be accompanied
by minimum metadata parameters.
Examples of minimum fields are:

- metadata of the isolate: collection
date; geographical origin; source;
sample type; expected species;
storage location

- details on DNA extraction: date of
extraction; kit used; DNA
concentration; storage location

- details on library preparation
protocol: date of preparation; kit
used; DNA concentration of each
input library; layout of the
microtiter plate; normalization and
dilution approaches

- sequencing platform and
sequencing run: platform name;
sequencing run number;

sequencing start date; sequencing
end date; sequencing yield

- raw data QC: average read length;
coverage; number of reads

If storing assembled data, information on
the assembly approach and QC should be
included.

If storing bioinformatics results, at least the
following details should be stored:
information on the workflow, QC results,
date of the analysis and/or version of the
bioinformatics tools and databases used,
and interpretation guidelines that were
used.



3. SURVEILLANCE OF CRE/CCRE AND OUTBREAK INVESTIGATION

Analysis of WGS data for CRE/CCRE, together with epidemiological data, is vital for
detecting the emergence of high-risk clones/plasmids, monitoring of time and spatial
trends, detection and investigation of outbreaks in both community and healthcare settings
and for the identification of high-risk populations, sources of transmission and prevention
and control measures.

WGS-based routine and/or sentinel genomic surveillance of healthcare priority pathogens
provide a cornerstone in both local, regional and national epidemic preparedness. As a first
step, laboratories should implement a local sampling strategy, laboratory and clinical case
definitions aligned with EUCAST guidance and EU case definitions for communicable
diseases, and selection criteria for performing WGS.

WGS-based surveillance of CRE/CCRE includes steps for detection of genetic determinants
of antimicrobial resistance (AMR). Investigation mainly focuses on acquired antimicrobial
resistance genes (ARGs) and chromosomal point mutations (PMs) in specific target genes.
Either of these mechanisms can lead to decreased susceptibility towards antimicrobials of
relevance in public health settings.

It is important to note that one isolate harbouring ARGs or PMs that mediate resistance
towards a class of antimicrobials can express different phenotypes to the individual agents
included in that antimicrobial class. Also, different gene variants within the same gene
family can lead to different phenotypes. Finally, there can be situations where the presence
of an ARG will not lead to phenotypic resistance, due to variation in gene expression,
possible simultaneous changes in expression of efflux pumps, and potential porin loss.
Similarly, not all PMs in target genes will lead to phenotypic resistance. However, due to
incomplete knowledge regarding the effects of all possible mutations in target genes, and
the possibility that these PMs have a cumulative effect in the expression of resistance
phenotypes (as extensively described in literature for PMs in the gyrase and topoisomerase
genes, associated with fluoroquinolone resistance), these should be kept under
surveillance.

In addition to the investigation of ARGs and PMs, selected isolates from a defined site (such
as a hospital or healthcare facility, the community, a region or country) can be further
analysed by WGS to determine the genetic relatedness between isolates. This requires the
use of a suite of genomic typing tools, including but not limited to multi-locus sequence
typing (MLST), core genome multi-locus sequence typing (cgMLST), and phylogenetic
single nucleotide polymorphisms (SNP)-based analysis. Furthermore, plasmid content and
presence of genes encoding virulence factors may also be determined using WGS data.
These bacterial typing and cluster analysis strategies are able to support epidemiological
analysis aimed at monitoring the introduction and expansion of high-risk multidrug
resistant clones, transmission events and detection of clusters and outbreaks.

The analytical WGS pipeline should be desighed to meet the identified characterization and
cluster analysis needs, by using sequencing and bioinformatics approaches that produce
standardized results. Thus, to ensure comparability of WGS results among sites, agreement
should be reached on the minimum quality control parameters and respective thresholds.
These threshold parameters should be established with caution and always be used in
combination with clinical epidemiological data, population and species characteristics.

Finally, by uploading raw sequence data with associated metadata to international
databases, such as the European Nucleotide Archive and the National Center for
Biotechnology Information, and by actively engaging in participation in the upcoming ECDC
portal EpiPulse, investigations can be extended to assess cross-border transmission.



https://www.ebi.ac.uk/ena/browser/home
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ecdc.europa.eu/en/publications-data/epipulse-european-surveillance-portal-infectious-diseases
https://www.ecdc.europa.eu/en/publications-data/epipulse-european-surveillance-portal-infectious-diseases
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