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Abstract

The increase in available sequence data has advanced the field of microbiology; however, making sense of these
data without bioinformatics skills is still problematic. We describe MICRA, an automatic pipeline, available as a web
interface, for microbial identification and characterization through reads analysis. MICRA uses iterative mapping
against reference genomes to identify genes and variations. Additional modules allow prediction of antibiotic
susceptibility and resistance and comparing the results of several samples. MICRA is fast, producing few false-positive
annotations and variant calls compared to current methods, making it a tool of great interest for fully exploiting
sequencing data.
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Background
High-throughput sequencing (HTS) technologies have
emerged as a cost-effective and convenient approach for
addressing many microbiological questions, drastically
transforming this field. Having access to complete genomic
information has revolutionized fundamental research in
microbiology, allowing, for example, the development of
novel antimicrobial compounds and vaccines [1]. HTS also
enables new approaches for clinical applications, providing
novel methods for genome-based diagnosis [2] and thus
for treatment of infectious diseases [3] and outbreak
follow-up [4]. The launch of second generation benchtop
sequencers, cheaper platforms with performance that is ad-
equate in terms of throughput for investigating microbial
genomes, has contributed to this revolution in micro-
biology, and the coming third generation of sequencers
should accelerate this. The Food and Drug Administration
(FDA) is developing concepts for validation of HTS tests

for infectious disease diagnostics and the detection of
antimicrobial resistance and virulence markers [5],
representing a milestone for HTS-based diagnostics.
However, to be implemented in laboratories, standar-
dization, optimization, and validation assays must be
conducted for both the technical aspects and the bio-
informatics analyses.
Despite the availability of a huge number of tools, ana-

lyzing HTS data can be challenging for fundamental and
clinical research. The constant evolution of the tech-
nologies and algorithms result in a lack of standardized
procedures for the analysis of HTS [6]. In addition,
several tools have to be used successively for complete
analysis, which is a difficult task without bioinformatics
support. Only a few complete pipelines exist and most
of them are only for pathogen identification. The term
“identification” has to be distinguished from the term
“characterization”. The aim of identification is to deter-
mine the strains, whereas the characterization of micro-
bial genomes is an in-depth study to highlight genetic
features, including gene transfer or infra-specific vari-
ation. A fast and automatic tool offering an easy-to-use
interface and readable results for the characterization of
microbial genomes could be of great interest for time-
effective, full exploitation of HTS data.
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Here we describe MICRA, for Microbial Identification
and Characterization through Reads Analysis. The ori-
ginality of MICRA lies in the way it exploits the in-
creasing number of sequenced microbial genomes
combined with efficient read mapping methods, rather
than following the prevalent procedure of de novo
assembly and sequence annotation. Big variations in
sequencing depth—for example, if bacteria contain
plasmids—could make the de novo assembly process
difficult and result in a significant increase of the exe-
cution time. In MICRA, two mappers, a fast mapper
and a robust mapper, are combined and a new adapted
and fast variant caller specific for prokaryotes was de-
veloped, in order to be effective and to avoid any loss
of data [7]. MICRA is freely available as a web interface
developed to be user-friendly for both clinicians and
biologists [8]. Parameters are optimized to offer the

user an entirely automatic analysis, requiring only reads
as input. For more specialized tasks, MICRA offers the
possibility of customizable analyses by giving access to
a lot of setting parameters. The outputs are directly
readable and usable. MICRA was evaluated on several
studies. All results show that MICRA is fast (around
10 minutes in most cases) and efficient and provides
new insights for fundamental microbiology and for the
study of circulating and emerging strains.

Results
The MICRA pipeline
The structure of the MICRA pipeline, organized in four
main parts, is schematically presented in Fig. 1.
The pre-processing part, which is optional, allows read

quality checking and trimming. The first module uses
FastQC [9] to check the quality of reads. Cutadapt [10]

Fig. 1 The MICRA pipeline. Ovals represent the input files. Black boxes represent the four main parts of the MICRA pipeline and blue boxes show
the constitutive modules. Dashed lines are used for optional steps. CDS coding sequence
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is used in the second module for adapter and quality
trimming. Detection and trimming of adapters can be
done automatically (sequence adapters are identified
from FastQC results) or from sequences provided by the
user. The reads are trimmed according to quality (Q20
by default) and size (20 nucleotides by default) thresh-
olds; these values can be changed.
The sequence identification part aims to identify the

reference sequences which will then be used in the core
part of MICRA. The user can choose either to provide
their own list of reference sequences (using NCBI identi-
fiers; circle 2 in Fig. 1) or to let MICRA automatically se-
lect the potential reference sequences from reads (circle 1
in Fig. 1). To identify reference genomes and/or plasmids,
a subset of the reads is BLASTed against a database
containing selected complete genome and/or plasmid se-
quences (see “Methods”). The sequences showing the
greatest numbers of hits are kept in an ID list. The se-
quence identification strategy was validated using several
bacterial strains and sequencing technologies (Additional
file 1: part 1). The second module automatically down-
loads FASTA and GFF files from NCBI or a local server
for each entry in the ID list.
The core pipeline part of MICRA, consisting of four

modules, takes as inputs the GFF and FASTA files ob-
tained from the previous part and the FASTQ file(s)
containing reads. In the first module, the whole set of
reads is mapped against all the reference genome se-
quences with a fast mapper, SNAP [11]. Mapping met-
rics are returned for each reference sequence and the
percentage of genome coverage value is used to identify
the closest reference sequence. Then a robust mapper,
SHRiMP2 [12] for Ion Torrent reads and Bowtie2 [13]
for Illumina reads, is used with the whole set of reads
against the closest reference genome, allowing the vari-
ant calls and a comparative list of annotations to be ob-
tained (in CSV and FASTA format). For paired-end data,
only the concordant pairs of reads are mapped in order
to keep reads as pairs in the next steps. Home-made
scripts were developed to compute the mapping metrics,
the list of annotations, and to call variants from the
SAM alignment file (see “Methods”). A SVG picture of
the comparative annotations against the closest reference
genome is also produced in this step using CGView [14].
Each feature from the annotation file is then classified into
five classes by MICRA: 1) absent (less than 10% covered),
2) present (more than 80% covered), 3) low complexity se-
quence (detected with DustMasker [15]), 4) partially
present (coverage between 40 and 80% distributed among
up to two blocks of conservation), 5) divergent (other-
wise). When the user asks for plasmid processing, the
same steps are performed leading to the identification and
characterization of plasmids. In the third module, iterative
mapping with the robust mapper is performed: the reads

which are not mapped against the closest reference gen-
ome and plasmids are then iteratively mapped against the
other reference genomes. This step produces consensus
sequences built from the mapping (i.e., for consecutive
covered positions in the reference sequence the consensus
sequence is deduced from the reads) and the complete list
of covered annotations. The reads that are still unmapped
at the end of the iterative mapping steps are then used in
the de novo assembly module. MIRA [16] is used for de
novo assembly of Ion Torrent reads and SPAdes [17] for
Illumina reads. Resulting contigs are then annotated by
BLASTing them against the PATRIC CDS database [18].
Sequences and annotations produced by the core part of
MICRA can then be used in the post-analysis part.
The post-analysis part contains two independent

modules. The comparison module allows the user to
compare the annotations and/or the variant calls from
several samples. A Venn diagram is produced to easily
compare the different samples; the genes or variants
from the different parts of the Venn diagram are also
available. The second module aims to identify potential
antibiotic susceptibility and resistance. Susceptibility and
resistance genes for a given list of antibiotic drugs can
be detected from the sequences produced by the core
pipeline. The susceptibility genes are identified by
BLASTing the sequences against a local version of
DrugBank [19] and the resistance genes are identified by
BLASTing the sequences against a modified version of
the Antibiotic Resistance DataBase [20] (see “Methods”).
A very easy to interpret table (in HTML format) sum-
marizing the predicted susceptibility and resistance for
each drug is returned, as well as the detailed BLAST
results.
MICRA is publicly available at http://www.pegase-

biosciences.com/MICRA. The web interface was devel-
oped to be intuitive and easy to use: only the FASTQ file
containing reads and the indication of the sequencing
technology used are required. However, the MICRA
interface also offers the user many customizable parame-
ters to fit different requirements and all the cutoffs used
in MICRA can be adjusted. Results from MICRA are
returned as a zip directory containing a user-friendly sum-
mary HTML file allowing easy navigation of the results. A
detailed user guide describing the parameters and the
generated result files is available on the website [21].

Validation studies
In order to validate the MICRA pipeline, we first used the
well-studied genome of Escherichia coli str. K12 substr.
DH10B under fully controlled conditions with real and
simulated reads. Promising results were obtained and con-
firmed in two real context studies: a fundamental research
case study with a strain of Bordetella pertussis (which has
a genome with a high number of repeats) and a clinical
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case study with the data from a German outbreak caused
by an unusual strain of Escherichia coli.

Formal validation of MICRA using Escherichia coli str. K12
substr. DH10B data
In order to test MICRA under fully controlled condi-
tions, simulated reads were generated from a genome ar-
tificially mutated by creation of base variations, gene
insertions, and deletions. The genome of E. coli str. K12
substr. DH10B was artificially mutated: 23,290 point mu-
tations were randomly introduced along the genome se-
quence, two shiga toxin genes (Shiga toxin 2 subunit A
and B) from E. coli O157:H7 str. Sakai were inserted,
and finally the mdtL gene, implicated in chlorampheni-
col resistance, was deleted (see “Methods”). From this
artificially mutated genome sequence, one million artifi-
cial reads with a mean length of 200 bp and mimicking
Ion Torrent read characteristics were simulated using
CuReSim [7] and paired-end (PE) Illumina reads of 100-
bp length and DNA fragments with a mean size of
200 bp (standard deviation of 10) were simulated with
ART [22] to obtain a theoretical sequencing depth
around 40×. To mimic a plasmid transfer event, reads
simulated from the pSFO157 plasmid to reach a theoret-
ical mean sequencing-depth of 80× were added.
MICRA was used with the FASTQ file(s) containing

the simulated reads. The E. coli str. K12 substr. DH10B
genome (NCBI: CP000948.1) was identified as the clos-
est reference genome, covered at 99.94% (99.971% for
PE reads) with a mean depth of 42× (39.99× for PE
reads). Observing the comparative annotations of K12-
DH10B, only one coding sequence (CDS) was tagged as
absent, corresponding to the artificially deleted gene
mdtL. A total of 20,571 variant calls (20,834 for PE
reads) were predicted and 20,558 (20,833 for PE reads)
of these were correctly predicted, corresponding to a re-
call of 0.882 (0.894 for PE reads) and a precision of
0.999 (0.999 for PE reads). In order to validate our vari-
ant caller, these results were compared with the results
produced by freebayes [23], an independent variant
caller (see “Methods”): 20,153 (20,971 for PE reads) vari-
ants were predicted in around 5 minutes, leading to a re-
call of 0.864 (0.900 for PE reads) and a precision of
0.999 (0.999 for PE reads). These results prove that the
in-house variant caller is efficient and fast.
The plasmid pSFO157 (NCBI: AF401292.1) was identi-

fied by MICRA with a coverage of 97.18% (98.20% for
PE reads) and a mean depth of 78× (78× for PE reads),
close to the theoretical expected sequencing depth. The
comparative genomics results from the mapping against
the pSFO157 plasmid showed that two CDSs (w0034
and w0076) were not covered. These two CDSs code for
a duplicated IS30 transposase gene. This gene sequence
is also present in the K12-DH10B genome, resulting in

the mapping of the corresponding reads onto the gen-
omic IS30 transposase sequence during the first step of
the pipeline analysis and explaining the non-covered re-
gion in the plasmid sequence. The consensus sequence
built from the mapping step produced six sequences
(three with PE reads) from K12-DH10B and eight se-
quences (three with PE reads) from the pSFO157 plas-
mid. At the end of this step, 415 reads (1334 pairs) were
still unmapped and used for de novo assembly, produ-
cing only one contig (one contig for PE reads) larger
than 500 bp. For both single and paired-end read simu-
lations, automatic annotation of the de novo generated
contig identified CDSs, among which were the Shiga-like
toxin II subunit A precursor and Shiga-like toxin II sub-
unit B precursor. The de novo assembly step allows
MICRA to detect the artificial horizontal transfer of the
two shiga-toxin genes. The antibiotic susceptibility and
resistance module highlighted two differences in com-
parison with the prediction from the K12-DH10B gen-
ome sequence: the artificial strain is predicted to be
sensitive to chloramphenicol due to the deletion of the
mdtL gene and to be tetracycline-resistant due to a se-
quence encoded in the artificially introduced pSFO157
plasmid.
In order to avoid simulation biases and confirm the

previous results, the same experiment was carried out
after changing the initial conditions: one million real Ion
Torrent reads (to reach a mean depth of 40×) were used
as input and the artificially mutated genome sequence
was integrated among the reference genomes instead of
the K12-DH10B genome. MICRA identified the K12-
DH10B mutated genome as the closest reference with a
coverage of 99.92% and a mean depth equal to 38×. The
only CDSs not covered were shiga toxin subunit A and
B, which is consistent with the fact that shiga toxin
genes are not naturally present in the K12-DH10B genome.
Out of the 22,741 total predictions, 22,733 mutations were
correctly predicted, corresponding to a precision of 0.999
and a recall of 0.976 (0.999 and 0.938 respectively with
freebayes). Better recall values were obtained with the real
reads rather than with the simulated ones, certainly due to
higher error rates in the simulated data [7]. The mdtL
gene, which was deleted in the mutated genome, was iden-
tified during the iterative mapping against the MG1655
genome (NCBI:NC_000913.3). The de novo assembly
with the 11,944 remaining unmapped reads resulted in
eight contigs greater than 500 bp corresponding to hu-
man sequences. The antibiotic susceptibility and resist-
ance module used with these data showed a profile
identical to the expected wild strain profile with chlor-
amphenicol resistance mediated by the mdtL gene and
tetracycline susceptibility.
MICRA was then assessed under real-life conditions

and results were compared to external tools. A set of
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2,290,055 reads with a mean length of 200 bp and a mean
quality of Q28 from a 316 Ion Torrent run was used [24].
First, MICRA was used with the entire set of reads and
only the K12-DH10B genome (NCBI:CP000948.1) as ref-
erence sequence. This illustrates how variation between a
mutant and its related wild-type strain can be identified.
The reference genome was covered at 100% with a mean
depth of 88×, producing a complete consensus sequence
from the mapping step. Two variants were called by
MICRA: one SNV of a T to a C at position 1,103,559 with
a frequency of 90.14% and a depth of 96 reads at this pos-
ition in an IS1 transposase (locus: ECDH10B_1059), im-
plying an amino acid change from a tyrosine to a histidine;
and one insertion of a T at position 4,272,971 with a fre-
quency of 95.33% and a depth of 107 reads at this position.
Sanger sequencing of these two regions was performed
(see “Methods”). The insertion of a T at position 4,272,971
was confirmed, but the SNV was not. When the 200-bp
sequence around the false positive SNV was searched for
in the genome, eight repeated regions were identified.
Seven of the eight repeats contained a C whereas one re-
peat contained a T. The mapper was not able to discrimin-
ate the reads in these regions and mapped them on the
eight possible positions. In position 1,103,559, the real
base is a T but the pipeline flagged a mutation to a C due
to the multi-position mapped reads. De novo assembly of
unmapped reads led to 26 contigs greater than 500 bp.
Those sequences matched mainly with human repeated
sequences.
Secondly, to evaluate the pipeline behavior without the

K12-DH10B reference sequence, the MICRA sequence
identification module was first run to select six genomes
and five plasmids in order to obtain a final list of refer-
ence sequences containing five genomes (excluding the
K12-DH10 genome) and five plasmid sequences. The
closest reference genome identified was E. coli str. K12
substr. MG1655 (NCBI: NC_000913.3) with a coverage
of 97.41%, a mean depth of 88×, and around 98% of
reads mapped. No plasmids were identified but 4038
CDSs were predicted from the K12 substr. MG1655 gen-
ome, and 14 from the other reference genomes. De novo
assembly produced 21 contigs greater than 500 bp. Five
of the longest contigs corresponded to K12-DH10B se-
quences and are specific to this strain. The other contigs
correspond to human sequences. In order to evaluate
the pipeline performance, the MICRA results were com-
pared with de novo-based approaches. MIRA [16] and
IonGAP [25] were used with the same set of reads and
QUAST [26], a quality assessment tool for genome as-
sembly, was used to compare the results which are
shown in Table 1.
The first interesting difference is the runtime: more

than 3 h were required to produce an assembly with de
novo-based approaches whereas MICRA required

around 10 minutes. With the reference genome, MICRA
was able to reconstruct 100% of the genome. When the
K12-DH10B genome was discarded, MICRA was still
able to cover 97% of the genome sequence with 41 con-
tigs covering 4019 complete and seven partial genes on
the 4127 genes annotated in the K12-DH10B genome
(NCBI:CP000948.1), with a reduced number of false
positive mutations (73 mismatches and 22 indels). De
novo assembly-based approaches produced at least four
times more contigs than the MICRA approach (267 with
MIRA and 197 with IonGAP), covering around 96.5% of
the reference sequence and a lower number of covered
genes. The number of errors is greater than the number
obtained with MICRA, especially for indels. IonGAP
used MIRA for the assembly steps, keeping only large
contigs (>500 bp), so the results are close to the results
obtained with MIRA only. MICRA sequences contained
more Ns than the assembly-based methods due to the
low coverage positions which are encoded by N in our
method. The number of miss-assemblies was greater for
MICRA and were mainly relocations. Relocation is a
miss-assembly where the left flanking sequence aligns
over 1 kbp away from the right flanking sequence on the
reference, or they overlap by more than 1 kbp, and both
flanking sequences align on the same chromosome. The
MICRA pipeline used a reference genome to obtain
consensus sequences and the order of the gene on the
reference genome can differ from the sequenced gen-
ome, producing a relocation event in this evaluation. In
addition to the assembly step, IonGAP uses a compara-
tive genomics module and a module for bacterial classifi-
cation and annotation, producing some results directly
comparable with the MICRA results. IonGAP contains a
variant caller using raw reads and requiring a reference
genome, here K12-DH10B, making this step comparable
to the MICRA results with the reference genome. Two
mutations were detected with MICRA, one true positive
and one false positive. With IonGAP, 2684 mutations
were predicted, of which 18 with genotype confidence
equal to or greater than 10 could be considered as sig-
nificant. Among the 18 mutations, 17 were tested by
Sanger sequencing and proved to be false positives, and
the true positive mutation, the insertion of a T at posi-
tion 4,272,971, was not identified. No plasmid sequences
were present in the sequencing sample. MICRA pre-
dicted no plasmids but IonGAP returned 260 BLAST
hits for plasmid identification.

A fundamental research case study: the Pillemer strain of
Bordetella pertussis
Bordetella pertussis is a pathogen restricted to humans.
It is the causative agent of whooping cough. In 1954, the
first acellular vaccine against pertussis was introduced
by Louis Pillemer using the strain which was named

Caboche et al. Genome Biology  (2017) 18:233 Page 5 of 14



after him, Pillemer (or P134). Ten years later the use of
this strain as a vaccine was abandoned because of tox-
icity problems and it was replaced by whole cell vac-
cines. The genomic characteristics of the Pillemer strain
have only been superficially investigated, mainly using
PFGE (Pulsed-field gel electrophoresis) profiles for com-
parison to other circulating or vaccinal strains in
neighbor-joining classification studies [27]. We sequenced
a lab-adapted Pillemer strain (named P134S for strepto-
mycin resistant) using a PGM Ion Torrent sequencer [28].
The genomes of B. pertussis strains contain a high number
of inserted repeated sequences (more than 260 for the
Tohama I strain) and we therefore used the MICRA op-
tions for analysis of high-repeat content genomes (i.e.,
the parameters of the mapper are adapted to fit the
high-repeat content). As expected, Bordetella pertussis
Tohama I strain (NCBI:NC_002929.2) appears to be the
closest reference genome, with a coverage of nearly 94%
and a mean depth of sequencing close to 17× (Additional
file 1: part 2-1). The variant calls between P134S and
Tohama I (Additional file 1: part 2-2) showed the low
number of only 351 variations (304 SNVs and 47 indels).
To evaluate the reliability of the MICRA variant caller we
experimentally confirmed five out of the 351 variations:
three coding SNVs, one non-coding SNV, and one inser-
tion were tested by Sanger sequencing (Additional file 1:
part 2-3). These five variations were confirmed at the
exact positions detected by MICRA and the predicted
inserted bases in fimC were confirmed to be a TG di-
nucleotide as predicted.
MICRA also detected two clusters of Tohama I genes

absent in the P134S genome (from BP0911 to BP0934
and BP1136 to BP1141). A CGH array experiment using
a microarray of the whole coding genes according to an-
notation file NC_002929 was performed as previously
described [29]. This CGH assay compared the P134S
genome, as query template, to a derivative of Tohama I
strain called BPZE1 [30] as reference. BPZE1 was used
instead of the Tohama I genome because two genes (dnt

and ampG) were artificially removed and can therefore
be considered as an internal control of the CGH array
reliability. The log ratios of hybridization intensities be-
tween P134S and BPZE1 genome-derived targets were
calculated. As expected, the log ratios of known absent
genes in BPZE1 (dnt and ampG) are significantly very
high, indicating their presence in P134S and absence in
BPZE1. In contrast, the log ratios of intensities for the
reporters of clusters BP0911 to BP0934 and BP1136 to
BP1141 show significantly low values (logFC < −1), indi-
cating absence of these genomic regions in the PP134S
genome (Fig. 2a). This analysis was validated by compar-
ing the calculated t-values to the normal distribution using
a QQ plot representation. Divergent genes show clear dis-
crimination on the QQ plot, representing a not normally
distributed group on the left-hand side of the graph for
the genes absent in the P134S strain and on the right-
hand side for the genes absent in BPZE1 (Fig. 2b).
Finally, four additional regions were detected by

MICRA in the P134S genome compared to Tohama I.
These regions were detected to be highly similar to four
clusters of genes present in the Bordetella bronchiseptica
RB50 genome. The presence of these regions in P134S
was validated by PCR (Additional file 1: part 2-4).

A clinical case study: the 2011 German outbreak caused
by E. coli O104:H4
In May of 2011, an enteroaggregative E. coli O104:H4
strain disseminated through contaminated bean sprouts
caused a large outbreak in Germany [31]. This strain
caused hemolytic, uremic, and enterohemorrhagic diar-
rhea syndrome and a total of 4075 cases and 50 deaths
were reported. Initially, the isolate from a 16-year-old
girl (TY2482) was sequenced using the Ion Torrent
PGM and five runs on 314 chips were produced. Illumina
sequencing was then performed to obtain the finished
complete sequence of a TY2482 strain that contained one
chromosome and three plasmids (pG, pESBL, and pAA)
[32]. Sequencing data from these circulating strains

Table 1 Comparison of results obtained with MICRA, MIRA and IonGAP

MICRA with DH10B MICRA without DH10B MIRA IonGAP

Time 9 minutes 11 minutes 3 h >3 h

Number of contigs > 500 bp 1 41 267 197

N50 4686138 2836109 88618 121061

Genome fraction (%) 100 97.195 96.314 96.752

Number of Ns 2 91 89 4

Number of mismatches 1 73 147 116

Number of short indels 1 17 63 64

Number of long indels 0 5 5 0

Number of genes 4127 + 0 part 4019 + 7 part 3919 + 106 part 3927 + 95 part

Number of misassemblies 0 19 5 9
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represented good material to evaluate the pipeline per-
formance in the context of a real infectious case. In all ex-
periments, we only used the five first runs generated with
the Ion Torrent technology [33] in order to simulate the
situation at the early stage of the outbreak period. The
poor quality of the sequencing data is due to the early age
of the technology at that time.
MICRA was first used with the TY2482 chromosome

and plasmids to evaluate the performance of the ana-
lysis, independent of the choice of the reference se-
quences given as input (Additional file 1: part 3-1).
MICRA was then run in an automatic fashion. In order
to get as close as possible to the original outbreak condi-
tions, the sequences released after 2011 were discarded
from the MICRA database, leading to the automatic se-
lection of five genomes and ten plasmids. The closest
reference genome identified was E. coli strain 55989
(NCBI:CU928145.2), covered at more than 95% with a
mean depth of 10×. Two plasmids were identified: a plas-
mid of E. coli O7K1 str. CE10 (NCBI:CP003038.1) similar
to the pG plasmid with a coverage of 100% and a mean
depth of 413×, and the plasmid pEC Bactec of E. coli
(NCBI:GU371927.1) similar to the pESBL plasmid and
covered at 96% with a mean depth of 11×. No plasmid
similar to pAA was identified due to the similar region
shared between this plasmid and the chromosome se-
quence. During the analysis, the strain was rapidly charac-
terized and we checked that the main features could be
easily retrieved in the MICRA results. Figure 3 shows some
MICRA results highlighting the features described in [32].
The MICRA pipeline, for the main part, is not based

on de novo assembly, which is a process known to be
time-consuming. We compared the MICRA results with

those obtained with the existing de novo-based ap-
proaches. QUAST [26] was used to compare the se-
quences obtained with MICRA, IonGAP, and MIRA
(Additional file 1: part 3-2). The number of contigs pro-
duced by MICRA is lower, the N50 is greater, and the
genome fraction is similar between the two approaches.
MICRA induced more mismatches than the de novo ap-
proaches but much fewer indels, which is the main error
type induced by Ion torrent technology but are well
taken into account by MICRA.
Another point to be considered with de novo-based

approaches is that genes have a high probability to be
fragmented into several contigs, making the sequence
annotation difficult. To evaluate this bias, the perform-
ance of MICRA was compared to results obtained from
a de novo assembly with three different prokaryotic an-
notation tools: BG7 [34], developed for analysis of this
infectious episode, RAST [35], and PROKKA [36]. The
results from IonGAP, based on a de novo assembly with
MIRA and PROKKA for the annotation step, were also in-
cluded. Table 2 shows the precision, recall and F-measure
values obtained with the five approaches. MICRA pre-
dicted fewer CDSs than any of the other tools but the pre-
cision value was significantly better with MICRA (0.95),
meaning that the CDSs are well predicted (few false posi-
tives) and its recall value (0.87) was close to the other
tools. These results show that our method based on map-
ping and comparative genomics allows for the correct de-
tection of a large part of the gene content of the
sequenced organism, in a much shorter time.
The Robert Koch Institute provided the antibiogram

for this strain that we compared to the antibiotic suscep-
tibility profile predicted by MICRA and with the results

a b

Fig. 2 CGH array results comparing the P134S strain gene content to BPZE1 gene content. a Obtained log ratios from the CGH array experiment
are represented as a MA plot. Genes within the clusters predicted by MICRA to be absent in P134S are indicated in red. Genes known to be
absent in BPZE1 are indicated in green. Dashed red line represent log ratio = −1. b QQ plot of t-statistic for P134S strain gene content compared
to BPZE1 gene content as determined by CGH array. Quantiles of t-statistics distribution for all ORFs were plotted against a normal standard distribution.
Genes highlighted in panel a are marked with red and green stars and appear not normally distributed, indicating a highly divergent log ratio
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obtained with two other methods: results from Kuznet-
sov et al. [37], consisting of BLASTing contigs against
ARDB and DrugBank, and ResFinder [38]. IonGAP re-
sults were not included in the comparison because they
are raw hit BLAST and a link between an alignment and

the corresponding drug resistance cannot be easily
made. Table 3 shows the results of the predictions.
MICRA correctly predicted 20 of the 22 in silico predict-
able antibiotics. The incorrect prediction for chloram-
phenicol is due to the detection of the mdtM and mdtL

Fig. 3 Examples of MICRA results highlighting the biological features. a Extracted lines of the CSV annotation file from mapping. The yellow
highlighted lines show the shiga toxin 2 genes and several tellurite resistance genes characteristic of the strain. b The comparative genome
picture produced with CGView against the E. coli 55989 strain. The additional ROD elements correspond to the deleted regions identified in
Rhode et al. [32] c Extracted results of MICRA de novo contig annotation showing components of the microcin gene cluster, the tellurite
resistance gene cluster, and the mercury resistance gene cluster. d Venn diagram showing the comparison of CDSs obtained with MICRA
between the strains EL2009-2050, EL2009-2071, and TY2482

Table 2 Precision, recall, and F-measure values for five sequence annotation approaches

Number of CDSs True positives False negatives False positives Precision Recall F-measure

MICRA 4913 4658 695 255 0.95 0.87 0.91

BG7 6190 4846 507 1344 0.78 0.91 0.84

RAST 7958 4778 575 3180 0.6 0.89 0.72

PROKKA 7482 4840 513 2642 0.65 0.9 0.75

IonGAP 6514 4411 942 2103 0.68 0.82 0.74
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genes, which encode multidrug-resistance proteins asso-
ciated with chloramphenicol resistance but are not in-
cluded in ResFinder. In comparison, the other tools did
not make as many predictions, 15 for Kuznetsov et al. and
17 for ResFinder, with two incorrect predictions for both
of them. Results showed that MICRA is therefore able to
predict a susceptibility profile close to the real
antibiogram.
Two E. coli O104:H4 isolates close to TY2482 were

sequenced and studied [39]: 2009EL-2050 and 2009EL-
2071. We used MICRA with a subset of the single
Illumina reads and the same reference genomes as the
sequences used for the TY2482 isolate (Additional file 1:
part 3-3). MICRA identified a new plasmid close to the
E. coli LF82 plasmid for the 2009EL-2050 strain, which
is specific to this strain [39]. An interesting result was a
difference between the two predicted resistance profiles:
2009EL-2050 was predicted to be resistant to the tetra-
cycline whereas the 2009EL-2071 strain was predicted to
be sensitive, which was observed by experimentally mea-
sured antibiotics resistance profiles [39]. The MICRA
comparison module was then used to rapidly compare
the TY2482, 2009-2050, and 2009-2071 strains. A Venn

diagram (Fig. 3d) showed that the three strains share a
large number of CDSs and that the two 2009EL strains
share more CDSs. Among the CDSs shared between
TY2482 and 2009EL-2050, the tetA gene implicated in
the tetracycline resistance was retrieved by MICRA.

Additional application examples
In order to confirm the performance of MICRA, we
performed two additional complete case studies with
Ion torrent and Illumina paired-end data from
Staphylococcus aureus and Clostridium autoethano-
genum (Additional file 1: part 4). The results show that
MICRA produced redundant sequences with paired-
end data, especially with selected sequences genetically
distant from the studied sequence, but also that it is
still able to correctly identify more true CDSs than the
other approaches. We also showed that MICRA is able
to deal with varying sequencing depth and can be of
great interest in cases where the assembly process is
difficult (Additional file 1: part 4-1 on S. aureus Ion
torrent data). Finally, the results greatly illustrate the
potential and power of using MICRA in re-sequencing

Table 3 Comparison between experimentally measured and computationally predicted antibiotics susceptibility profiles

Antibiotic Class Exp. MICRA Kuznetsov et al. ResFinder

Ampicillin Beta-lactam, penicillins R R* ND R**

Amoxicillin Beta-lactam, penicillins R R* ND R**

Piperacillin Beta-lactam, penicillins R R* S R**

Cefuroxim Beta-lactam, cephalosporins R R* ND R**

Cefoxitin Beta-lactam, cephalosporins R R R R**

Cefotaxim Beta-lactam, cephalosporins R R* ND R**

Ceftazidim Beta-lactam, cephalosporins R R R R**

Cefpodoxime Beta-lactam, cephalosporins R R R R**

Imipenem Beta-lactam, carbapenems S S S R**

Meropenem Beta-lactam, carbapenems S S S R**

Amikacin Aminoglycoside S S S ND

Gentamicin Aminoglycoside S S S ND

Kanamycin Aminoglycoside S S S ND

Tobramycin Aminoglycoside S S S ND

Streptomycin Aminoglycoside R R R R

Ciprofloxacin Fluoroquinolone S S ND S

Norfloxacin Fluoroquinolone S R* ND S

Tetracyclin Polyketide R R R R

Nitrofurantoin Furans S S S ND

Trimethoprim/sulfamethoxazole Aminopyrimidine R R R R

Chloramphenicol Phenicol S R ND S

Fosfomycin Phosphonic acids S S R S

Note that ResFinder mainly makes predictions for antibiotic classes rather than individual drugs. R resistant, S sensitive, R* not sensitive considered as a particular
resistance, R** prediction for beta-lactam class, not individual drugs, ND not determined. Incorrect predictions appear in bold text
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projects or mutant study projects (Additional file 1:
part 4-2 on C. autoethanogenum data).

Discussion
The accessibility of HTS technologies has revolutionized
the field of microbiology. However, some challenges
have to be addressed before HTS becomes a routinely
used tool, especially because of data analysis, which is
still lacking standard and easy-to-use protocols driven
by robust pipelines [6]. In this view, we developed a
pipeline for fast and efficient automatic characterization
of microbial genomes from HTS data.
MICRA is able to deal with data produced by the two

main benchtop sequencers (Ion Torrent PGM and
Illumina MiSeq). It easily and rapidly highlights inter-
esting biological and clinical features, predicts anti-
biotic susceptibility and resistance profiles, as well as
compares several strains in a matter of minutes. We
tested MICRA with several validation cases and, in all
of them, MICRA determined gene content with result
quality equal to or better than other existing solutions.
The power of HTS analysis with MICRA is illustrated
by the immediate determination of variation points
compared to a reference strain, allowing the user to im-
mediately focus on important variations which could
explain phenotype differences. This rapidity and effi-
ciency is of particular interest for the characterization
of a large number of strains, for instance in a microbial
GWAS context [40].
In the near future, we hope that MICRA will become

enriched with additional modules thanks to user feed-
back. MICRA was developed and optimized for bacterial
genomes but can also be adapted to other organisms
such as viral or small eukaryotic genomes. Due to its
mapping iterative approach, MICRA should deal with
sequenced genomes obtained from culture-independent
methods.
To our knowledge, MICRA is the only automatic HTS

pipeline based on mappers and comparative genomics,
offering an easy-to-use web interface and readable re-
sults. MICRA is fast enough to be used in real-time out-
break contexts and entirely fits with actual needs for
wider HTS use in microbiological and clinical research.

Conclusions
Fast and cost-effective access to HTS data has
prompted the development of efficient and reliable so-
lutions for bioinformatics analyses. Here we present
MICRA, an automatic pipeline for microbial genome
characterization based on iterative read mapping onto
annotated reference genomes available in databases.
MICRA allows the rapid annotation of genomes and
plasmids and the efficient determination of variations
relative to close reference genomes thanks to the

development of a new variant caller specific for pro-
karyotes. Additional modules allow for comparison of
results and automatic determination of antibiotic resist-
ance profiles. MICRA is freely available [41, 42] and
easy-to-use as a web interface [8] requiring only reads
as input. Assessment of MICRA in formal, clinical, and
research contexts shows that it is much more rapid
(10 minutes in most cases) and accurate than the usual
de novo-based assembly methods.

Methods
Databases used in MICRA
The identification module of MICRA uses homemade da-
tabases containing some of the complete sequences ex-
tracted from the NCBI and selected for their completeness,
for the quality of their annotations, and to avoid similar se-
quences. We extracted 1533 complete genomes from the
ftp summary file for bacterial genomes [43].
Similarly, an initial list of 4437complete sequences for

plasmids was obtained from [44]. However, some plas-
mid sequences were very similar. We used PSI-CD-HIT
[45] (options -c 0.9 -G 1 -g 1 -prog blastn -circle 1) to
cluster sequences showing more than 90% identity and
we kept only one representative sequence of each cluster,
leading to a final database containing 3807 complete
plasmid sequences.
The PATRIC CDS database is used during the annota-

tion of the contigs produced by de novo assembly.
The antibiotic susceptibility and resistance module

used two databases: the susceptibility is predicted from a
local version of DrugBank (http://www.drugbank.ca) and
the antibiotic resistance determination is based on a
modified version of ARDB (https://ardb.cbcb.umd.edu/).
Some links between resistance genes and drugs were
added and some others were deleted by comparing the
genes and associated drugs with The Comprehensive
Antibiotic Resistance Database (CARD) [46]. The beta-
lactams were re-encoded according to CARD data and
the fosfomycin link was deleted in the deoxycholate as-
sociation from ARDB.

MICRA scripts and external software
MICRA contains in-house scripts developed in Java for
running, linking, and parsing the results of the steps exe-
cuted with external software [41, 42]. In addition to
these constitutive scripts, a variant caller was developed
to be accurate, fast, and adapted to prokaryotic genomes.
The reference sequence is encoded by an array and for
each position the mapping data are stored: the corre-
sponding base in the reference genome, the number of
reads mapped at this position (a multi-mapped read is
counted as 1/n with n the number of mapping positions
for this read), and the list of variants with their fre-
quency. The consecutive variant positions are not
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considered independent: when a deletion of three con-
secutive bases occurs the mutation is not counted on
the three corresponding bases but as a deletion of size 3
in the first position, which decreases the number of false
positive variant calls. In addition to call variants, data
encoded in the array-based data structure also allow the
genome coverage, the mean depth, and the coverage in
percentage of annotations to be computed.
MICRA is using several other technologies and exter-

nal software in its different parts: FastQC [9] and cuta-
dapt [10] in the pre-processing part, BLAST 2.2.28 [47]
in the sequence identification part, core pipeline and
antibiotic parts, BioPerl in the sequence identification
part to download files from NCBI, readSeq in the core
pipeline to format FASTQ file, the bp_genbank2gff3.pl
script [48] to convert GenBank format to GFF format in
the sequence identification part, DustMasker [15] to
identify low complexity regions in the core pipeline,
SHRiMP 2.2.3 [12] for the robust mapping of the Ion
Torrent reads, SNAP 0.15 [11] for the fast mapping of
the Illumina and Ion Torrent reads, bowtie 2-2.2.9 [13]
for the robust mapping of Illumina reads, MIRA 4.0.2
[16] for de novo assembly of Ion Torrent reads, SPAdes-
3.9.0 [17] for de novo assembly of Illumina reads,
CGView [14] for comparative genomics visualization.
The comparison module is based on R with the use of
the VennDiagram package [49] to produce graphics.

The MICRA web interfaces and the computational
resources
The MICRA Web service is deployed on an Ubuntu ser-
ver (version 14.04) with 256 GB of RAM and 2 × 12-core
processors (2.6 GHz). An Apache HTTP server with
PHP and javascript technologies are used for the
MICRA website. MICRA jobs are run in docker con-
tainers to eliminate conflicts and enhance security.

Simulated data from the K12-DH10B genome
The genome of E. coli str. K12 substr. DH10B
(NCBI:CP000948) was artificially mutated: 21,052 SNVs
and 2238 deletion/insertion polymorphisms (DIPs) were
randomly introduced using a script developed specifically
to record position and nature of mutations. Two shiga-
toxin genes (Shiga toxin 2 subunit A and B) from E. coli
O157:H7 str. Sakai (NCBI:NC_002695) were inserted
between positions 1,557,859 and 1,557,915 and finally the
mdtL gene implied in chloramphenicol resistance
(3,987,222–3,988,397) was deleted. From this artificially
mutated genome, 1,000,000 reads were simulated with
CuReSim 1.2 to obtain a theoretical sequencing-depth
around 40× with the default parameters (read size of
200 bp with a standard deviation of 20, 1% of deletions
0.5% of insertions, and 0.5% of substitutions). To mimic
the transfer of a plasmid, 50,000 reads from the pSFO157

plasmid (NCBI:AF401292), corresponding to a theoreti-
cal sequencing-depth of 80×, were also simulated with
CuReSim (default parameters) and added to the FASTQ
file which was finally shuffled. Paired-end Illumina
reads were simulated with ART from artificially mu-
tated genome with parameters -l 100 (read size) -m 200
(mean fragment size) -s 10 (standard deviation for frag-
ment size) and -f 40 (sequencing-depth of 40×) and
from pSFO157 plasmid with parameters -p -l 100 -f 80 -m
200 -s 10. Resulting reads were then merged in two
FASTQ files which were finally synchronously shuffled.

Evaluation of the MICRA variant caller
To evaluate the MICRA variant caller, we compared our
results to the variant calls with FreeBayes, a variant
caller able to call variants from prokaryotic data. Free-
bayes was used in version 9.9.2-27 (commit id:5d5b8ac)
with the default settings except the -p parameter set to 1
for haploid genome. FreeBayes produces a file in Variant
Call Format (VCF) that contains all variations. The VCF
file was filtered to keep only variations with a depth of
at least 5 reads and a frequency of at least 90% to be
comparable to the MICRA results.
The performance of the variant callers was evaluated

by computing precision and recall values as follows:
precision = CM/(CM + IM) and recall = CM/(CM + IM
+ NM), where CM is correctly identified mutations,
i.e., same type and same or equivalent position as the
artificially introduced mutation, IM is incorrectly iden-
tified mutation, and NM is not-found mutation.

Sanger validation of the K12-DH10B variant calls
MICRA predicted SNVs for E. coli str. K12 substr.
DH10B were targeted by PCR. Thus, two primer pairs
were designed: one targeting the putative T/C transition
with forward primer gtcatcgtctgcgcggaaatg and reverse
primer gatctcaagcgtacgtattgtcggt, amplifying a locus of
433 bp (starting position 1103286 to ending position
1103718), the other targeting the putative T-insert with
forward primer cccactggttgcggtcaaact and reverse primer
tggtgccgactaccggaatcg, amplifying a locus of 497 bp
(starting position 4272686 to ending position 4273182).
Each PCR mix has been compounded with 300 nM of
each primer, 2.5 U of HotStart Taq Plus (Qiagen, Venlo),
2 mM of MgCl2 and 100 ng of E. coli DH10B DNA ex-
tract. PCR occurred following thermocycling: 5 min at
95 °C as activation step and 36 cycles composed of a
denaturating step of 15 s; at 95 °C, annealing of 15 s; at
58 °C, an extension of 1 min at 72 °C. A final extension
step occurred during 4 min at 72 °C. PCR products were
purified with a QIAquick PCR Purification Kit (Qiagen,
Venlo) and then Sanger sequenced. In the same way,
PCR/Sanger sequencing were carried out for each

Caboche et al. Genome Biology  (2017) 18:233 Page 11 of 14



suspected false positive SNV found with IonGap with
following primers:

Sequencing data
The K12-DH10B reads were obtained from Life technol-
ogy from an Ion Torrent run with a 316 chip. The corre-
sponding FASTQ files are available at [24].
The Pillemer P134 strain was lab adapted to obtain

streptomycin resistance. The obtained resistant mutant
was grown in Stainer Scholte (SS) medium + 100 μg/ml
streptomycin at 37 °C to reach an OD600nm of 2.0. Gen-
omic DNA was extracted using a QIAmp DNA minikit
(Qiagen) and a sequencing library was prepared using
Ion Shear Plus and Ion Plus Fragment kits (Life Tech-
nologies). The library was sequenced on an Ion Torrent
PGM using a 314® chip (Life Technologies). The raw
reads are available in SRA:SRR4019415 [28]. Cutadapt
[10] (options -m 50 -q 20) was used to filter and trim
the bad quality bases. A total of 623,304 reads were ob-
tained after the quality trimming process.
The five Ion Torrent runs from the German outbreak

were downloaded from [33] (Run 1-5), representing a
total of 629,368 reads with a mean length of 105 bp and
with qualities varying from Q28 to Q10, resulting in a
mean theoretical depth of 10×. No pre-processing steps
were performed. Illumina reads for E. coli 2009-2050 [50]

and 2009-2071 [51] strains were extracted, respectively,
from SRR647664 and SRR647666 obtained from the SRA
databank. Reads sampling was performed with fastq-
sample [52] to obtain a mean depth of 40 × .

Evaluation of the annotations
In the 2011 German outbreak study, the annotation used
as ground truth was the BROAD Institute annotation of
the last assembly that included 5164 genomic genes and
189 genes from three plasmids. The gene sequences were
downloaded from [53]. BG7 could not be run because of
bugs in the program. The results corresponding to the an-
notation of the 3057 contigs and including 6190 genes
were downloaded from [54]. The RAST web interface was
used with the 3057 contigs and the reference organism se-
lected was E. coli (taxid:562). Prokka was used with default
parameters and the 3057 contigs.
To compare the annotation results, an in-house script

was used to BLAST the BROAD genes against the CDSs
predicted by each tool. Once a sequence was identified
as present, it was removed from the list in order to count
exactly the correct number of similar gene sequences. A
predicted CDS was considered as a true positive if it has a
significant hit in the BROAD gene sequences, as a false
positive if it has no BLAST hit, and as a false negative if no
BROAD reference gene had a sequence similar to that pre-
dicted by the annotation tool. Precision and recall values
were computed as follows: precision = TP/(TP + FP) and
recall = TP/(TP + FN). The F-measure combines the preci-
sion and recall values and was computed as: F-measure =
2*(Precision*Recall)/(Precision + Recall).

Evaluation of the predicted antibiotic susceptibility
profile
At the beginning of the outbreak, the Robert Koch Insti-
tute provided the microbial characterization, including the
clinically important antibiotic susceptibility profile [55].
These data were used to evaluate the antibiotic suscep-
tibility predictions obtained with MICRA and two
others methods. In [37] 364 contigs from a later assem-
bly (NCBI:AFOB01) were BLAST against DrugBank and
ARDB. ResFinder [38], which is able to take raw reads as
input, here the five Ion Torrent runs, assembled the reads
into contigs and searched for susceptibility and resistance
genes.

Parameter settings
All the result files generated with MICRA and the
complete description of parameters used in each experi-
ment can be found in Additional file 1: part 5 and at [24].
IonGAP [25] was run with the sequencing DH10B FASTQ
file and NCBI:CP000948 as reference genome in the formal
context and with the five Ion Torrent runs and the E. coli
55989 genome (NCBI :NC_011748) as reference in the

Position on
CP000948

Forward primer Reverse primer

257145 ttttcaccccgcaggacgacg cgtccagtgctcaacgtccg

484383 aggaaagccagggcagcgt aaaaggcggcaccaaccgc

484932 acatattacgcgagcgggcgt ctttattggcgggcgtaccca

484933

672430 tgagcaggcgtcatcaggc acgctggaaacctcgcaggta

676073 tctgatcaccggcgaacagga tgatgtcctgcgccgttctg

1176162 acggtgctgatgtcccacc ccgcaaccatatgctggttgga

1394032 tggatacaccttgggcgtcaaac cctgccatttgttcggcagtg

1586269 tccgttacctgacacgctgg actggaatgcaaactcatcacctgc

1741990 cagatgtgggacgcagcgat ggtccaatcggcctgacgat

1741991

1971021 acgatgcgtattgctgcgatcc caaatcgcgtcggcaacctg

2595983 tgcggggtaaccagcacaac tggtcactaacctgggcgtc

3273274 tgatgcttttcgtcgcgttgatgc acacatgactgctcaaacggcag

3602710 actgcgcctaataccgctgc tcagattatcgtggtggcgtgc

3978859 agtcgatggtgatcgcccgt agcagtgtcttgcccgattgc

4301094 accgcgtggtaagcgagttg acagttgagcgttaccagcgg

4631097 tgttatcacgccgggagcca cgtaactttcacaaacgttgagcgc
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clinical context. MIRA [16] assembler was used with its de-
fault parameters optimized for Ion Torrent reads (job =
denovo,genome,accurate ; technology = iontor) and 24
threads. QUAST [26] was used with its default parameters.

Availability and requirements
Poject name: MICRA
Project home page: http://www.pegase-biosciences.com/
MICRA
Source code: https://github.com/caboche/MICRA
Archived version: https://zenodo.org/record/1045801
Operating system(s): Platform independent
Programming language: Java
Other requirements: none
License: GNU GPLv3

Additional file

Additional file 1: Supplementary figures, notes, and tables. (PDF 3297 kb)
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