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Abstract

The genus Escherichia is composed of Escherichia albertii, E. fergusonii, five cryptic Escherichia clades and E. coli sensu stricto.

Furthermore, the E. coli species can be divided into seven main phylogroups termed A, B1, B2, C, D, E and F. As specific

lifestyles and/or hosts can be attributed to these species/phylogroups, their identification is meaningful for epidemiological

studies. Classical phenotypic tests fail to identify non-sensu stricto E. coli as well as phylogroups. Clermont and colleagues

have developed PCR assays that allow the identification of most of these species/phylogroups, the triplex/quadruplex PCR

for E. coli phylogroup determination being the most popular. With the growing availability of whole genome sequences, we

have developed the ClermonTyping method and its associated web-interface, the ClermonTyper, that allows a given strain

sequence to be assigned to E. albertii, E. fergusonii, Escherichia clades I–V, E. coli sensu stricto as well as to the seven main

E. coli phylogroups. The ClermonTyping is based on the concept of in vitro PCR assays and maintains the principles of ease of

use and speed that prevailed during the development of the in vitro assays. This in silico approach shows 99.4% concordance

with the in vitro PCR assays and 98.8% with the Mash genome-clustering tool. The very few discrepancies result from

various errors occurring mainly from horizontal gene transfers or SNPs in the primers. We propose the ClermonTyper as a

freely available resource to the scientific community at: http://clermontyping.iame-research.center/.

DATA SUMMARY

The code used in the methods described here is deposited in
a github repository at the following address: https://github.
com/A-BN/ClermonTyping

We confirm all supporting data, code and protocols have
been provided within the article or through supplementary
data files. We provide three supplementary tables. This
material and corresponding links to the files are available
for download in the online version of this article (Supple-
mentary Material).

INTRODUCTION

The genus Escherichia is composed of Escherichia albertii,
E. fergusonii, five cryptic Escherichia clades (I–V) and E. coli
[1]. Based on average nucleotide identity of 95% to define a
species, E. clade I should be considered as a subspecies of
E. coli; E. clades III and IV as subspecies of a novel species
and E. clades II and V as two novel species [2–4]. However,
we here use the nomenclature of E. clades I–V and refer to

the classical E. coli as E. coli sensu stricto. E. albertii is the
most divergent species of the genus whereas E. fergusonii is
closely related to E. coli sensu stricto [1]. Classical pheno-
typic tests such as API 20 Enterobacteriaceae (bioM�erieux)
or MALDI-TOF mass spectrometry fail to accurately iden-
tify the non-E. coli sensu stricto species. The cryptic clades
are phenotypically indistinguishable from classical E. coli
[3]. Furthermore, the species E. coli can be divided into
seven main phylogroups termed A, B1, B2, C, D, E and F
[5]. Interestingly, specific lifestyles and/or hosts can be
attributed to these species/phylogroups [6–8] and the
assignment of a given strain to such species/phylogroups is
meaningful and classically performed in epidemiological
studies. Multilocus sequence typing (MLST) using either the
Warwick [9] or the Pasteur Institute [10] scheme provides
complementary and useful information as it allows us to
characterize strains further into clonal complexes and
sequence types.

Clermont and colleagues have since 2000 provided several
PCR assays allowing the easy and rapid assignment of the
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strains in these species/phylogroups. One of the most popu-
lar is the triplex [11], becoming quadruplex in 2013 [5],
Clermont PCR, which assigns E. coli sensu stricto strains to
four and seven phylogroups, respectively. PCR assays for
Escherichia clade assignment [1] and more recently for
E. albertii [12, 13] and E. fergusonii [13] assignment have
also been reported.

With the growing number of available complete genomes
(more than 10 000 E. coli genomes are available at the NCBI
RefSeq database to date), it would be useful to have ‘in silico
PCR assays’ that would allow us to assign strains to a spe-
cific species/phylogroup directly from the strain’s complete
sequence. Several groups have now reported such in silico
Clermont phylo-typing but none of them provides precise
methodology or a validation step [14–16]. In addition, one
group has reported discrepant results between the core
genome phylogenetic tree and the in silico Clermont typing
for E. coli F phylogroup strains [16].

In this context, we have developed and validated the Cler-
monTyping method and its associated web-interface, the
ClermonTyper, that allows us to assign a given strain
sequence to E. albertii, E. fergusonii, Escherichia clades I–V,
E. coli sensu stricto as well as to the seven main E. coli phy-
logroups. The ClermonTyping method is based on the con-
cept of in vitro PCR assays and maintains the principles of
ease of use and speed that prevailed during the development
of the in vitro assays. We propose this tool as freely available
to the scientific community.

THEORY AND IMPLEMENTATION

General intention

The ClermonTyping is an in silico method that aims to
reproduce the results of the E. coli phylo-typing by PCR
proposed by Clermont et al. in 2000 [11] and updated in
2013 [5] as well as the various PCR assays developed to
identify the Escherichia clades [1] and E. albertii [12]. In
addition, we have developed in the present study an E. fer-
gusonii-specific PCR. We designed the ClermonTyping with
two main goals in mind: (i) it had to be fast and easy to use
for all members of the scientific community anywhere and
anytime, and (ii) the results had to be as concordant as pos-
sible with the in vitro method.

ClermonTyping comes in two flavours: a command line set
of scripts and executables and a website, the ClermonTyper,
with a very user-friendly interface that will allow anyone to
assign/phylo-type Escherichia sp. strains with only a few
clicks in a web browser.

Outline of the method

The method takes a DNA FASTA/multi-FASTA formatted
Escherichia sp. genome. A BLAST database is then created
using this query genome and the BLASTn algorithm is
called with specific parameters to find matches for a set of
primers described in Table S1 (available in the online ver-
sion of this article) [17]. The BLAST result is then interpreted

as the PCR would be in terms of presence or absence of
amplification for each pair of primers.

The design of this PCR method can in some particular cases
lead to misleading results (in vitro as well as in silico), for
example when a SNP at a particular position prevents
primer annealing or in cases of recombination or horizontal
transfers, including insertion sequences (IS), between
genomes [18]. To address these cases, we added a phy-
logroup determination step based on a genome-clustering
tool called Mash [19]. Mash allows us to approximate a
pairwise mutation distance between the query genome and
a manually curated database representing as much as possi-
ble the Escherichia sp./phylogroup genomic diversity. We
use a Mash2.0 screen command to estimate the nearest
genome in an Escherichia sp. manually curated genomic
database. What we term the ‘Mash group’ is the species/
phylogroup of the nearest genome in the database (Fig. 1).

This information is then aggregated in the form of an
HTML report easily interpretable for the user.

Inputs and ouputs

Inputs

To run an analysis, the user will call the bash script clermon-
Typing.sh that accepts three arguments as described below.

The only mandatory input for ClermonTyping is a FASTA/
multi-FASTA file containing assembled genomic DNA
sequence(s) from Escherichia sp. The genome can be pro-
vided as a full chromosome (one contig) or as a set of multi-
ple contigs. The sequence must be one of a single clone
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produced through any kind of sequencing method. The gen-
eral quality of the sequence and its assembly is crucial for
accurate results. This file path is passed to the script through
the ��fasta argument.

The user can optionally input a name for the analysis using
the ��name argument. The results are stored in a directory
named after the ��name argument value (created inside the
working directory). In the absence of a value, the results can
be found in a directory named ‘analysis’ followed by the cur-
rent date as year, month, day and time: analysis_YYYY-
MM-DD_hhmmss, e.g. analysis_2017_12_25_
134557.

The third and last argument is also optional and, given
through ��threshold, is an integer and sets the mini-
mal size in nucleotides for a contig to be included in the
analysis. This filter can be used to eliminate errors due to
the presence of small contigs of poor quality in the assem-
bly. The ideal threshold value will depend on each genome
assembly but 2000, 1000 and 500 would be the most com-
mon figures to use. The default value is set to 0.

Outputs

ClermonTyping outputs multiple files, and we chose not to
delete any intermediates that could be of interest for some
users. The output directory will contain the following (in
the case of no ��name given):

– db/; a directory containing the BLAST database

– analysis_YYYY-MM-DD_hhmmss.html; this file is
the main report and contains most of the information per-
taining to the analysis; it is also the form in which the online
ClermonTyping will return its result, directly in the user’s
web browser

– analysis_YYYY-MM-DD_hhmmss.R; the R script
that generated the html report

– analysis_YYYY-MM-DD_hhmmss.phylogroups.
txt; a tab-separated value file written by clermont.py with
the following fields: ‘fasta file name’, ‘obtained amplicons’,
‘quadruplex PCR results’, ‘supplementary PCR results’, ‘phy-
logroup’, ‘mash results filename’

– fasta_file_name.xml; an xml file written by BLAST

N (one for each FASTA in the input query)

– fasta_file_name_mash_screen.tab; a tsv
table written by Mash and described here [20] (one for each
FASTA in the input query)

ClermonTyping also copies the query FASTA file into the
output directory.

In silico PCR assays

In order to mimic the behaviour of the in vitro PCR meth-
ods, the genomic FASTA file is first converted to a BLAST

formatted database using the makeblastdb tool.

A set of 30 primers (15 primer pairs described in Table S1) is
then fed to the BLAST N algorithm using the 90% identity
threshold and a word size of six [17]. The xml formatted
BLAST report obtained is processed by a python script that
translates it into a PCR result. Three conditions are required
for a target to be considered a valid amplicon:

. forward and reverse primers must match on the same
contig

. the amplicon size must not differ from its expected size
by more than 20% (allowing for small indels in the
target)

Fig. 1. ClermonTyping method flowchart. The algorithm takes a FASTA file as input and determines the species/plylogroup in two

distinct ways: by Mash and in silico PCR. A warning is given when the two methods do not reach a consensus.
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. the three nucleotides located at the 3¢ end of each
primer must exhibit perfect homology with the matrix
and there must not be more than six mismatches in the
remainder of the primer annealing.

The presence or absence of the different amplicons consti-
tutes a profile that allows for species/phylogroup assignment
(Fig. 2). The flow scheme starts with the E. albertii specific
primers followed by the E. fergusonii primers developed in
the present study. The different profiles for E. coli sensu
stricto and Escherichia clades are respectively described by
Clermont and colleagues in 2013 [5] and 2011 [1]. The pos-
sible returned profiles are: A, B1, B2, C, D, E, F, E. clade I,
E. clade II, E. clade III, E. clade IV, E. clade V, E. albertii
and E. fergusonii. Other profiles will simply be flagged as
‘Unknown’. They correspond to profiles never encountered
in vitro. They can be due to various problems occurring
during the sequencing process (strain contamination, poor
quality sequence) or to horizontal gene transfers or SNPs in
the primers. These profiles will alert the user who will have
to check the Mash assignation.

Mash species/phylogroup assignment

Although the quadruplex PCR method and associated PCR
assays are very efficient and quickly and easily classify

strains into Escherichia species/E. coli phylogroups, they can
give erroneous results under some conditions. Indeed, by
design the method only takes into account a very small pro-
portion of the genome. A simple nucleotide variation, SNP
or indel can completely prevent primer annealing and dra-
matically change the result given by the method. For exam-
ple, a mutation in the most 3¢ part of the region targeted by
the primer TspE4.C2_F in a B1 strain would transform the
result of the quadruplex PCR from phylogroup B1 (+ � �
+) to phylogroup A (+ � � �). In the same way, any hori-
zontal transfer encompassing one of the target DNA frag-
ments would alter the result. There are many such possible
cases.

In order to detect these particular cases, we take advantage
of the efficiency and speed of the Mash genome distance
estimation method [19]. Using this tool, we are able to
determine the genomic relatedness of the query with all the
strains present in the database and hence the most likely
species/phylogroup to which it belongs.

The Mash database

The Mash database was created using the mash -sketch
option and comprises 83 strains manually curated to repre-
sent much of the diversity of E. clades, E. fergusonii and

Fig. 3. Neighbour-joining tree depicting the phylogenetic structure of the genus Escherichia. The distances are computed by Mash on

the manually curated database containing 83 strains representing the Escherichia sp./phylogroup diversity. The tree is rooted on

E. albertii strains, as they are the most divergent within the genus Escherichia [1]. Bar, 0.008 Mash distance unit.
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E. albertii as well as representatives of E. coli phylogroups
(Fig. 3). We chose not to include an extensive number of
strains to keep it lightweight and very fast to interrogate.

These strains were then included as part of our testing data-
set and will be discussed further below.

Final report

The generation of the final report comprises a few validation
steps that will allow printing of warning messages that are eas-
ily interpretable for the user. First, for each FASTA in the
query, we analyse the Mash output and check that only one
species/phylogroup stands out. Otherwise an output warning
message is created indicating that the input FASTA file might
contain multiple genomes. If Mash simply fails to find a close
match in its database the most probable hypothesis is that the
query FASTA is only a partial genome. As stated earlier, a
mutation affecting the binding of one of the primers would
lead to an incorrect species/phylogroup assignment. Mash is
insensitive to these mutations and in the case of a discrepancy
between the in silico PCR assay result and the Mash phy-
logroup/species the user will be warned and should be able to
make a decision regarding the data.

Implementation

The ClermonTyper web interface is hosted by CATIBioMed
(IAME UMR 1137) and is accessible at http://clermontyp-
ing.iame-research.center/.

Performance assessment

On well-characterized strains

To demonstrate the accuracy of ClermonTyping, we gathered
a test dataset of 334 well-characterized strains representative
of the E. albertii, E. fergusonii, Escherichia clade and E. coli
phylogroup diversity, encompassing 230 strains from three
archetypal collections (ECOR, IAI and NILS) [21–23] as well
as 104 archetypal strains [24] from which the complete
genomes were available. For all these strains (except SMS-3–5
for which the DNA was not readily available), the species as
well as the phylogroup assignment have been determined in
vitro in our laboratory by the various Clermont PCR assays
(Table S2). The sequence type according to the Warwick and
Pasteur schemes are indicated when available [9, 10]. Lastly,
we undertook a Mash assignment of the strains (Table S2).

We then compared the species/phylogroup assignment based

on the three methods (in vitro PCR, in silico PCR and Mash

assignment). We observed only two discrepant results between

the in vitro and in silico species/phylogroup typing (strains

IAI17 and IAI42), giving an overall concordance above 99%

(Fig. 4). In four cases the Mash phylogroup was not the same

as the one given by the in silico quadruplex (strains IAI17,

IAI24, IAI42 and ECOR44).

We investigated these four cases further and were able to
understand the cause of these discrepancies or to provide a
probable explanation. Strain IAI17 is determined to be an A

Fig. 4. Concordance between the three methods used for Escherichia species/phylogroup assignment (PCR Clermont method in vitro,

ClermonTyper and Mash). The data, presented as percentages, are based on 334 strains representing the Escherichia sp./phylogroup

diversity (Table S2). The discrepancies between the PCR Clermont method in vitro and Mash are due to the limitations of the Clermont

method resulting from horizontal gene transfers or SNPs in the primers. The discrepancies between the in vitro and in silico Clermont

methods are due to strain contamination and IS1 insertion. Finally, concordance between the Mash and in silico Clermont methods is

subject to the same bias of strain contamination and to the limitations from the original PCR Clermont method cited above.
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phylogroup strain by both in vitro PCR (+ � � �) and
Mash but appears as a D strain with in silico PCR (+ + �
�). This is due to the presence of chuA in the FASTA file,
on a small contig (less than 5 kb) that might be a result of
contamination that occurred at some point during the
sequencing experiment. This hypothesis was confirmed by
re-sequencing of the strain, which provided the expected A
phylogroup profile (+ � � �).

Regarding the three other strains, a more biological explana-
tion seems likely. In the case of strain IAI42, the in silico
method assigned an ‘Unknown’ profile (� � + �) instead
of (+ � + �) in the in vitro profile (Table S2). In fact, the
length of the arpA PCR product in the in vitro PCR was
higher than expected. Classical Sanger sequencing of this
PCR product showed the insertion of an IS1 of 800 bp. The
absence of the arpA amplicon in the in silico method is due
to limitation of assembling repeated sequences, making vir-
tual amplification impossible. Re-sequencing of the strain
gave the same result. Nevertheless, if the assembly had been
possible, the increased length of the virtual amplification of
arpA would have considered the result as negative. For
strains IAI42 and ECOR44, both PCR methods return an E
phylogroup because of the arpA amplification specific to
phylogroup E. If we look at the Mash results, the strains
belong to phylogroup D and the same result would be
obtained by any method based on whole genome data
(Table S2). The origin of this arpA allele characteristic of
the E phylogroup is probably a horizontal transfer event.

These four complex cases from the whole test dataset show
that the method is very robust and gives pointers for the user
to determine whether the results should be taken with caution.

On other strains found in Enterobase

Of the 334 strains present in Table S2, 311 are E. coli sensu
stricto and the members of species E. albertii, E. fergusonii
and E. clades II–V are under-represented. Because they are
far more distant than the E. coli sensu stricto strains, they
might prove challenging for our method so we gathered a
second test dataset consisting only of strains of non-sensu
stricto Escherichia. These strains were found using Entero-
base [25] based on multiple research criteria, resulting in
the 180 strains listed in Table S3. For these strains, we
achieved 100% agreement between the in silico PCR typing
and the Mash typing.

Updating of the method

The proposed system is based on current knowledge of the
Escherichia genus phylogeny but can be easily updated. As
an example, E. coli strains of the ST117 (Warwick nomen-
clature) lineage appeared as belonging to the F group with
both in vitro and in silico methods. However, these strains
are equidistantly located between the B2 and F phylogroups
and some authors have recently proposed to create a G phy-
logroup for this lineage [26]. If this is confirmed using a
subsequent panel of strains and a specific gene/SNP is iden-
tified, it will be easy to update the ClermonTyper for the
assignment of strains to this new phylogroup.

CONCLUSION

We have developed ClermonTyping, a user-friendly, open
source and freely available method, and its web counter-
part, the ClermonTyper, which mimics the in vitro PCR
assays previously used by the scientific community. This
tool allows, with high accuracy, a given strain of the genus
Escherichia to be assigned to a specific species, and for
E. coli sensu stricto strains to be assigned to a phylogroup.
It has the advantage, in epidemiological studies, to allow
comparison with the data obtained using in vitro typing
assays.
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