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Abstract

The detection and identification of bacterial pathogens involved in acts of bio- and agro-
terrorism are essential to avoid pathogen dispersal in the environment and propagation
within the population. Conventional molecular methods, such as PCR amplification, DNA
microarrays or shotgun sequencing, are subject to various limitations when assessing
environmental samples, which can lead to inaccurate findings. We developed a hybrid-
ization capture strategy that uses a set of oligonucleotide probes to target and enrich
biomarkers of interest in environmental samples. Here, we present Oligonucleotide
Capture Probes for Pathogen ldentification Database (OCaPPI-Db), an online capture
probe database containing a set of 1,685 oligonucleotide probes allowing for the detec-
tion and identification of 30 biothreat agents up to the species level. This probe set can
be used in its entirety as a comprehensive diagnostic tool or can be restricted to a set of
probes targeting a specific pathogen or virulence factor according to the user’s needs.

Database URL: http://ocappidb.uca.works

Introduction

Bacterial pathogens are a major public health concern be-
cause of their ability to cause severe illness. Some bacteria,
including Bacillus anthracis, Yersinia pestis and Francisella
tularensis, are prone to be used in acts of bio- and agroter-
rorism due to their ease of dissemination, low infective
doses and high morbidity rates (1, 2). Therefore, pathogen
species belonging to 26 bacterial genera have been classi-
fied in the pathogen priority list of the National Institute of

©The Author(s) 2017. Published by Oxford University Press.

Allergy and Infectious Diseases (NIAID), which is com-
posed of organisms that pose the highest risk to public se-
curity (https://www.niaid.nih.gov/). These pathogens are
subclassified into categories A, B and C according to their
virulence and ease of dissemination.

To minimize the consequences of the intentional, acci-
dental or natural release of these pathogens into the envir-
onment and to avoid propagation of these pathogens
within the population, technologies that can rapidly and
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accurately detect and identify biological agents are
required. The environmental context of the dissemination
of these pathogens needs to be taken into account when de-
signing detection strategies. Indeed, methods based on cul-
ture and biochemical tests are valuable for clinical
samples, but not for environmental samples because of
their low sensitivity and their inability to directly detect the
microorganisms present at or below the risk levels from
these complex samples (3). Culture-independent molecular
methods are more suitable for environmental diagnostics
(4). Classical and real-time polymerase chain reaction
(PCR) approaches are highly specific and sensitive for
pathogen detection, but because of the short length of
amplified fragments, these methods only provide informa-
tion on the presence/absence of the pathogen and their use
is limited for high-resolution identification and studies of
molecular epidemiology. DNA microarrays (5) can provide
information on different pathogenic microorganisms or
different biomarkers of one pathogen simultaneously,
environmental samples.

which is advantageous for

Nevertheless, microarrays often require a pre-
hybridization PCR amplification step and are subject to
false positive or negative rates, which are highly problem-
atic when dealing with deadly biological pathogens.
Finally, shotgun sequencing of environmental samples can
detect known, unknown, unsuspected and even emerging
pathogens, but only if present in high quantities, which is
rarely the case for such biological agents (6).

As an alternative to traditional methods, we developed a
hybridization capture strategy that allows for the enrich-
ment of DNA sequences containing targeted biomarkers
from metagenomics samples through the use of target-
specific oligonucleotide probes (7, 8). We demonstrated
that after enrichment, the probe-targeted biomarker can
represent >40% of the obtained sequences compared with
shotgun sequencing in which only 0.003% of the sequences
corresponded to the targeted gene (9). This hybridization
capture method is able to detect the targeted biomarker and
its unknown variants even if present in very low copy num-
bers in complex environments (9-11). Indeed, thanks to the
enrichment and the sensitivity of the method, we were able
to reveal the presence of extremely rare biomarkers that
could not be directly detected by quantitative PCR. The ap-
proach also permits to enrich the complete biomarker and
its flanking regions over tens of kilobase pairs (kbp), allow-
ing for precise identification at the species or strain level.
To optimize throughput, hybridization capture can be used
for the simultaneous analysis of one to several hundreds of
biomarkers in several samples simultaneously.

Here, we present the Oligonucleotide Capture Probes
for Pathogen Identification Database (OCaPPI-Db), which

is an oligonucleotide hybridization capture probe database

targeting virulence factors and genes used to discriminate
the NIAID’s priority list for bacterial pathogens. The use
of this probe set coupled with a hybridization capture
strategy could be used as a sensitive and efficient alterna-
tive diagnostic tool to detect and identify bioterrorism
agents from various environmental samples to prevent
propagation of these agents within the population.

Database construction and development

Sequence collection

To target the NIAID’s 30 priority bacterial genera or spe-
cies through hybridization capture (Table 1), previously
published studies were reviewed to obtain information re-
garding biomarkers used to detect and identify each of the
pathogens. Specific genes from existing databases of patho-
gen virulence factors such as VFDB (12) were also utilized
to complete the list of biomarkers. Finally, a list of specific

Table 1. Database composition

Category  Bacterial pathogens Number of Number of
targeted probes
biomarkers  designed

A Bacillus anthracis 14 126

Clostridium botulinum 14 185
Francisella tularensis 11 84
Yersinia pestis 12 86
B Brucella species 9 38
Burkholderia species 5 19
Campylobacter jejuni 12 65
Chlamydiophyila psittaci 4 25
Coxiella burnetii 6 38
Escherichia coli 19 121
Clostridium perfringens 8 66
Listeria monocytogenes 17 124
Vibrio species 8 46
Salmonella species 8 58
Shigella species 8 38
Staphylococcus aureus 12 57
Rickettsia prowazekii 2 33
Yersinia enterocolitica 12 53
C Rickettsia species 3 28
Mycobacterium tuberculosis 9 55
C (Emerging) Anaplasma phagocytophilum 3 29
Bartonella henselae 5 35
Bordetella pertussis 6 65
Borrelia burgdorferi 3 14
Borrelia miyamotoi 3 16
Clostridium difficile 3 26
Ebrlichia species 5 17
Enterococcus species 8 65
Leptospira species 6 32
Streptococcus pyogenes 10 41
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biomarkers was defined for each of the bacteria (Figure 1).
These biomarkers can be virulence factors, broadly
defined, functional genes, antibiotic resistance genes or any
other genes allowing for the specific enrichment of the
pathogen at the genus level, and whenever possible at the
species level. If no genes were species-specific, biomarkers
were selected so that all, or a subsection, of the species
from the corresponding genus are enriched in a manner
where species can be discriminated based on small bio-
marker sequence variations. A total of 245 biomarkers
were thus selected to target the 30 bacterial genera or spe-
cies of interest (Table 1).

Fasta sequences of the selected genes were collected
from GenBank using the WWW-Query research tool
(http://doua.prabi.fr/search/query_fam.php)  with  the
names of the organism and the gene targeted as keywords
(Figure 1). Collected sequences for each gene were then
aligned using ClustalW (13) to visually ensure that all se-
quences correspond to the gene of interest and to remove

Literature review

Specific genes selection

Genbank sequence collection
WWW-Query

Removing of ambiguous sequences

ClustalW

Probe design and selection

KASpOD

Probe specificity evaluation

HiSpOD

Final set of probes

Figure 1. Overview of the database construction workflow.

from the sequence data set any sequences arising from er-
roneous gene annotation (Figure 1).

Probe design

Probes were designed using KASpOD (K-mer based
Algorithm for high-Specific Oligonucleotide Design) soft-
ware (14) (Figure 1). KASpOD is a fast k-mer-based soft-
ware that allows for the selection of highly specific and
explorative probes based on large sequence data sets.
KASpOD first extracts group-specific k-mers from targeted
and non-targeted datasets if provided, and removes k-mers
found in both groups to keep only targeted data set-
specific probes. Fully overlapping k-mers are then clustered
using CD-HIT (15) at an 88% identity threshold. For each
cluster, a degenerate consensus probe is constructed taking
into account sequence variability at each position.
Coverage of each degenerate consensus probe specific for
the targeted data set is then measured using PatMaN (16)
and specificity is assessed in the same way by comparing
degenerate probes against the non-target group sequences.
Pathogen-targeting probe design was conducted using
the selected gene sequences, and non-targeted gene se-
quences if necessary, to obtain genus- or species-specific
probes. The probe length was set to 80-mer, and the edit
distance, defined as the total number of differences, gaps
and/or mismatches allowed between the probes and the
full-length sequences, was set to 3. Among all the degener-
ate probes designed for each gene, a minimal set of probes
was selected so that probes are distributed uniformly over
the full-length gene, with approximately one probe for
each 200 bp and no probe overlap (Figure 1). Probes with
the best coverage were preferentially selected to target the
largest gene
hybridizations with non-targeted sequences were excluded.

diversity, and probes showing cross-

Probe validation

The quality and specificity of each probe were evaluated
using HiSpoD (High Specific Oligo Design) (17) (Figure 1),
a functional microarray probe design algorithm that uses
individual nucleic acid sequences or consensus degenerate
sequences to design highly specific probes. For each se-
quence, the algorithm selects all probes of a given size
along the sequence by incrementing the constant defined
probe size in a window. Probes are then filtered according
to their degeneracy, melting temperature (T,,) and com-
plexity stretch (maximum authorized number of identical
consecutive bases). Probes that successfully pass the
first step are then assessed for similarity using the BLASTN
dedicated EnvExBase database
containing approximately 10 million microbial coding

program against the
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data sequences (CDSs) from the EMBL databank. Percent
identity and similarity stretch are then determined for all
positive results from the previous BLASTN analysis to
identify potential cross-hybridizations. The algorithm fi-
nally provides all filtered oligonucleotides, the list of se-
quences targeted by each probe and their potential cross-
hybridizations.

Thereby, all the probes selected for each gene were vali-
dated for quality and specificity using HiSpOD. The probe
length was set to 80-mer so that probes were directly sub-
jected to filtering and specificity tests without any other
probe determination step. The Tm range was designated
between 50 and 80 °C, the maximal degeneracy threshold
was set to 512 and the complexity stretch was set to 10. A
similarity search was performed with a 90% similarity
threshold between the probe and non-target sequences and
a 15-mer maximal consecutive match of probes with the
non-target sequences. Probes meeting the quality criteria
and specific for the targeted gene and genus were selected
for the hybridization capture probe set. A total of 1,685
probes targeting 245 genes from the NIAID’s 30 priority
bacterial genera or species were thus obtained (Table 1).

Web interface

To make all the pathogen-targeting probes easily available,
we developed a web interface to freely access and down-
load the 1,685 probes that compose our database
(Figure 2). The website, freely available online at http://
ocappidb.uca.works, was implemented using Framework
Symfony 3 (PHP 7), ORM Doctrine 2 (MySQL 5) and
HTML 5/CSS 3/java-script for Ul Based on the NIAID’s
pathogen categories A, B and C, the OCaPPI-Db web inter-
face provides a hierarchical browse of the database con-
tent. When a pathogen is selected, the probes designed for
all the genes of this genus or species are then displayed.
Associated information is provided for each probe: cat-
egory, phylogenetic assignment of the pathogen, gene
name, gene function, gene length, gene IDs, probe ID,
probe sequence, probe length, probe degeneracy, start and
end position, T,,, GC%, gene sequences coverage, se-
quences covered and design tool. Probes can also be ob-
tained using a rapid search with keywords for a genus or a
biomarker name, a gene function or any of the information
provided for the probes. Only probes that match these
keywords are then displayed. Probes can also be obtained
through an advanced search using multiple criteria.
Selected probes can be downloaded both in tabular and
FASTA formats. The gene sequences used to design
each probe can also be downloaded through the download
tool.

Discussion

The detection and identification of bacterial pathogens
involved in acts of bio- and agroterrorism is essential to
avoid their dispersal in the environment and their propaga-
tion within the population. Conventional molecular meth-
ods, such as PCR amplification, DNA microarrays or
shotgun sequencing, are better for identifying pathogens in
environmental samples compared to culture or biochemical
methods. Nevertheless, these available molecular methods
are limited in accuracy and sensitivity when assessing com-
plex environmental samples (4).

As an alternative method, we developed a hybridization
capture strategy that uses a set of oligonucleotide probes to
target and enrich biomarkers of interest and their potential
unknown variants in environmental samples (7). Due to
our method’s specificity, sensitivity and ability to simultan-
eously assess several biomarkers, this strategy appears well
suited for the detection and identification of agents of bio-
and agroterrorism in environmental samples. Therefore,
we constructed OCaPPI-Db, a capture probe database con-
taining a set of 1,685 80-mer oligonucleotide probes allow-
ing for the specific enrichment of the NIAID’s 30 category
A, B and C bacterial genera or species (Table 1). These
probes target 245 different biomarkers correspond to viru-
lence factors but also any other genes allowing for the spe-
cific enrichment of the pathogens of interest.

This probe set can be used in its entirety in hybridiza-
tion capture experiments to simultaneously detect and
identify all the above-mentioned pathogens with potential
for use as agents of bio- or agroterrorism due to the enrich-
ment of their associated biomarkers. Alternatively, probes
targeting genes belonging to a particular genus can be se-
lected to obtain a genus-specific diagnostic tool; probes
targeting toxin-coding genes from all pathogens can be se-
lected to evaluate the potential pathogenicity of the pre-
sent species; or probes targeting one biomarker, specific
for one bacterial genus, can be selected to enrich this spe-
cific gene and to identify gene variants potentially respon-
sible for enhancement of a pathogen’s virulence. Thus, a
desired set of probes can be selected from the complete
database to adapt this scalable tool to the diagnostic
requirements.

Probe design has been performed so that probes are
gene-specific, and at least genus-specific. Nevertheless,
based on selected genus biomarker sequences or a combin-
ation of detected genes, species discrimination is possible.
Moreover, due to the enrichment of complete biomarkers
and their flanking regions over several tens of kbp by hy-
bridization capture, reconstruction of very long subsets of
genomes or even complete genomes is possible. Based on
this sequence data, identification of pathogens can reach
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Figure 2. Screenshots of the OCaPPI-Db web interface.

the strain- or biovar-level and provide insight regarding or-
ganism origin and evolution. Furthermore, due to the ex-
plorative design of probes, all variants of the targeted
biomarkers are captured, allowing for the possibility of de-
tecting all pathogens, including modified and unknown
bacterial agents. This information obtained from hybrid-
ization capture can be used to confirm the information
provided by cultivation methods or even help the isolation
of pathogens for further studies.

Future work will be directed towards the application of
hybridization capture to environmental samples contami-
nated with biothreat agents with the complete or partial set
of probes to determine the sensibility and specificity of our
method, and towards the characterization of the benefits of
using our strategy compared to conventional molecular
methods. Nevertheless, given the sensitivity and specificity of
the probes designed with the same strategy and used in dif-
ferent hybridization capture experiments on metagenomic
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samples (9-11), the efficiency of the probes listed in
OCaPPI-Db should be confirmed. Other sets of probes tar-
geting the viral and fungal pathogens of the NIAID’s priority
list will be designed to provide a comprehensive diagnostic
tool capable of detecting and identifying any biothreat agent.
Additionally, the enrichment of the database with probes tar-
geting pathogens of clinical importance or targeting an ex-
haustive list of antibiotic resistance genes may also be a
future endeavor. OCaPPI-Db will be updated annually add-
ing newly designed probes and re-evaluating probe specificity
considering the new sequences published in the databases.

Acknowledgements

We would like to thank N. Parisot for KASpOD improvements and
technical support.

Funding

French ‘Direction Générale de ’Armement’ (DGA). Funding for open
access charge: Université Clermont Auvergne and SATT Grand Centre.

Conflict of interest. None declared.

References

1. Barras,V. and Greub,G. (2014) History of biological warfare
and bioterrorism. Clin. Microbiol. Infect., 20,497-502.

2. Jansen,H.J., Breeveld,F.]., Stijnis,C. et al. (2014) Biological warfare,
bioterrorism, and biocrime. Clin. Microbiol. Infect., 20, 488-496.

3. Mirski,T., Bartoszcze,M., Bielawska-Drozd,A. et al. (2014)
Review of methods used for identification of biothreat agents in
environmental protection and human health aspects. Ann. Agric.
Environ. Med., 21, 224-234.

4. Doggett,N.A., Mukundan,H., Lefkowitz,E.]. et al. (2016)
Culture-independent diagnostics for health security. Health
Secur., 14, 122-142.

5. Uttamchandani,M., Neo,J.L., Ong,B.N. e al. (2009)
Applications of microarrays in pathogen detection and biode-
fence. Trends Biotechnol., 27, 53-61.

10.

11.

12.

13.

14.

15.

16.

17.

Quince,C., Curtis,T.P. and Sloan,W.T. (2008) The rational ex-
ploration of microbial diversity. ISME ], 2, 997-1006.

Gasc,C., Peyretaillade,E. and Peyret,P. (2016) Sequence capture
by hybridization to explore modern and ancient genomic diver-
sity in model and nonmodel organisms. Nucleic Acids Res., 44,
4504-4518.

Ribiere,C., Beugnot,R., Parisot,N. ef al. (2016) Targeted gene
capture by hybridization to illuminate ecosystem functioning.
Methods Mol. Biol., 1399, 167-182.

Denonfoux,]., Parisot,N., Dugat-Bony,E. et al. (2013) Gene cap-
ture coupled to high-throughput sequencing as a strategy for tar-
geted metagenome exploration. DNA Res., 20, 185-196.
Bragalini,C., Ribiere,C., Parisot,N. ez al. (2014) Solution hybrid
selection capture for the recovery of functional full-length eu-
karyotic cDNAs from complex environmental samples. DNA
Res., 21, 685-694.

Ranchou-Peyruse,M., Gasc,C., Guignard,M. et al. (2016) The
sequence capture by hybridization: a new approach for revealing
the potential of mono-aromatic hydrocarbons bioattenuation in
a deep oligotrophic aquifer. Microb. Biotechnol., doi:10.1111/
1751-7915.12426.

Chen,L., Zheng,D., Liu,B. et al. (2016) VFDB 2016: hierarchical
and refined dataset for big data analysis—10 years on. Nucleic
Acids Res., 44,D694-69D697.

Larkin,M.A., Blackshields,G., Brown,N.P. (2007)
Clustal W and Clustal X version 2.0. Bioinformatics, 23,
2947-2948.

Parisot,N., Denonfoux,].,

et al.

(2012)
KASpOD—a web service for highly specific and explorative

Dugat-Bony,E. et al.

oligonucleotide design. Bioinformatics, 28, 3161-3162.

Li,W., and Godzik,A. (2006) Cd-hit: a fast program for cluster-
ing and comparing large sets of protein or nucleotide sequences.
Bioinformatics, 22, 1658-1659.

Prufer,K., Stenzel,U., Dannemann,M. et al. (2008) PatMaN:
rapid alignment of short sequences to large databases.
Bioinformatics, 24, 1530-1531.

Dugat-Bony,E., Missaoui,M., Peyretaillade,E. et al. (2011)
HiSpOD: probe design for functional DNA microarrays.
Bioinformatics, 27, 641-648.



