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A B S T R A C T

In the event of a bioterror attack, a prompt, sensitive and definite identification of the agents involved is of major
concern for confirmation of the event and for mitigation of countermeasures. Whether the information from in-
telligence forces is limited concerning the biothreat identity or one suspects the presence of a novel or engineered
agent, the genetic identification of microorganisms in an unknown sample is challenging. High-throughput
sequencing (HTS) technologies can sequence a heterogeneous mixture of genetic materials with high sensitivity
and speed; nevertheless, despite the enormous advantages of HTS, all previous reports have analyzed unknown
samples in a timeframe of a few days to a few weeks. This timeframe might not be relevant to an emergency
scenario. Here, we present an HTS-based approach for deciphering the genetic composition of unknown samples
within a working day. This outcome is accomplished by a rapid library preparation procedure, short-length
sequencing and a prompt bioinformatics comparison against all available microbial genomic sequences. Using
this approach, as a proof of concept, we were able to detect two spiked-in biothreat agents, B. anthracis and Y. pestis,
in a variety of environmental samples at relevant concentrations and within a short timeframe of eight hours.
1. Introduction

The ever-growing concern about the abuse of biothreat agents to
create terror has emerged in the past few decades as a primary interna-
tional security challenge, owing to the simple and inexpensive produc-
tion, easy dissemination, and complicated detection of these agents; the
expense of protection against these agents; and the psychological, eco-
nomic and social impact of bioterror acts. Early detection and identifi-
cation of biothreat agents during an intentional release is essential to
initiate emergency responses and mitigate such an incident. Efforts are
being made across the globe to develop state-of-the-art technologies and
systems for the detection and identification of biothreat agents. However,
until now, there is no single system that can detect all biothreat agents.

In the relatively simple scenario where there is a solid suspicion of a
specific biothreat agent, molecular biology techniques, which are mostly
PCR-based and involve the amplification of a defined target, are
employed. For instance, CDC-defined Tier 1 biothreat agents such as
B. anthracis and Y. pestis [1] are well-defined and have multiple genetic
tests for detection [2, 3, 4, 5, 6, 7]. These methods allow a rapid and
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straightforward identification compared to conventional microbiological
methods, which are time-consuming. These techniques are highly sen-
sitive and specific, and they can yield results within one or two hours
from only a few copies of the target nucleic acid in the sample. However,
PCR-based methods demand a level of prior knowledge that is not always
present. Furthermore, newly emerged biothreat agents or genetically
modified agents might not be detected at all. When there is no previous
information about the content of a sample (i.e., an unknown sample), the
ultimate nucleic acid-based detection method should be based on DNA
sequencing. Sequencing of the entire content of a sample might not only
provide an answer for the 'yes or no question' of whether a specific bio-
threat agent is present in the sample but also answer the 'what question',
i.e., the question of what the sample contains, including the character-
ization of different genomic traits. Such an approach is not dependent on
the growth of organisms; only the presence of their nucleic acid in the
sample is needed for identification.

Until a decade ago, the use of DNA sequencing to decipher the content
of an unknown sample was not feasible. Traditional Sanger-based
sequencing was not suitable for analyzing mixtures and was expensive,
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Table 1
Environmental sample collection.

Sample # Source Spike-in (concentration) DNA Con
(ng/μl)

1–104 Sidewalk mixed with soil BA (104/ml) ND
1–105 Sidewalk mixed with soil BA (105/ml) ND
1–106 Sidewalk mixed with soil BA (106/ml) ND
1–107 Sidewalk mixed with soil BA (107/ml) ND
2 Public stairway BA (105/ml) ND
3 Sidewalk BA (105/ml) ND
4 Parking lot BA (105/ml) ND
5 Asphalt road BA (105/ml) ND
6 Flowerbed soil BA (105/ml) 0.13
7 Orchard soil BA (105/ml) 0.15
8 Grass BA (105/ml) 0.10
9 Rock, lichen BA (105/ml) ND
10 Rock, lichen BA (105/ml) ND
11–104 Asphalt road YP (104/ml) ND
11–105 Asphalt road YP (105/ml) ND
11–106 Asphalt road YP (106/ml) ND
11–107 Asphalt road YP (107/ml) ND
11–108 Asphalt road YP (108/ml) 0.90
11–109 Asphalt road YP (109/ml) 12.1

*BA¼ B. anthracis strain Vollum (ATCC 14578), YP ¼ Y. pestis strain EV76, ND ¼
not determined, <0.1 ng/μl, measured with the Qubit high-sensitivity DNA kit.
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time-consuming and laborious. The emergence of high-throughput
sequencing (HTS) technologies paved the way for the comprehensive
detection of pathogens without any prior knowledge. These massively
parallel sequencing platforms can sequence a heterogeneous mixture of
genetic materials with high sensitivity and speed and with a lower cost
per base compared to the traditional Sanger sequencing method [8, 9].
HTS has other benefits apart from the improved detection of known and
unknown pathogens in different samples; among these benefits are the
ability to detect nonculturable organisms and the ability to detect coin-
fections, drug resistance and antibiotic resistance [10]. The use of HTS
for the characterization of biothreats in unknown environmental samples
is therefore potent and promising. In a study by Be1 et al., HTS was used
for the detection of B. anthracis in soil and air samples, and a detection
level of as few as 10 genomic equivalents of B. anthracis DNA per nano-
gram of background nucleic acid was demonstrated [11]. More recently,
Plaire et al. performed a comparative analysis of the sensitivity of met-
agenomic sequencing and PCR in detecting a simulant of B. anthracis
(Bacillus atrophaeus) in soil samples and found a similar detection level
[12].

Despite the enormous advantages of HTS in comparison with Sanger
sequencing, all the previous reports that used HTS in this context
analyzed the genetic content of a sample in a timeframe of a few days to a
few weeks. This timeframe might not be relevant to an emergency sce-
nario such as a major biological attack. Here, we present, for the first
time, the use of HTS for deciphering the genetic content of unknown
samples within a working day. This result is accomplished by an
approach we developed that comprises a combination of a rapid library
preparation procedure utilizing Nextera XT technology, short (60 nt) HTS
with the MiSeq sequencer and prompt bioinformatics comparison against
all available bacterial, viral and fungal genomic sequences. Using this
approach, as a proof of concept, we were able to detect two CDC Tier 1
agents, B. anthracis and Y. pestis, in a variety of environmental samples at
relevant concentrations and within a relatively short timeframe.

2. Methods

2.1. Environmental sample collection

Environmental samples were collected in the Ness Ziona town area,
Shfela District, Israel. The samples were taken from places that represent
a typical town, e.g., asphalt-paved roads, sidewalks, orchards and park-
ing lots (see details in Table 1). No specific permissions were required for
the acquisition of the environmental samples, as all collections were
performed on unprotected land. These environmental studies did not
involve any endangered or protected species.

The samples were collected from a 20 cm2 area using two swabs
soaked in 1� PBS and one dry swab. The swabs were then vortexed
vigorously in 5 ml PBS. At this stage, the samples were inoculated with
serial dilutions of B. anthracis strain Vollum (ATCC 14578) spores or
Y. pestis strain EV76 [13] bacteria corresponding to 104–109 CFU/ml. The
samples were aliquoted to 1 ml and then centrifuged at 14,000 rpm for 5
min. Nine hundred microliters of the supernatant was removed, and the
remaining 100 μl was resuspended in 100 μl 20% Triton X-100 (Sigma).
The samples were then microwaved at maximum power for 7 min for
sterilization and were used for DNA extraction.

2.2. DNA extraction, quantification and carrier DNA supplementation

DNA was extracted from the samples using the DNA QIAamp DNA
Blood Mini Kit (Qiagen) with a protocol for blood and body fluids in a
QIAcube robot and was recovered in a 100 μl elution volume in ddH2O.
Analysis of DNA in the extracts using a NanoDrop 2000 spectropho-
tometer (Thermo Fisher Scientific) yielded values below the limit of ac-
curate detection (5 ng/μl). Consequently, the DNAwas quantified using a
Qubit fluorometer and the Qubit DNA HS Assay Kit (Invitrogen), which
can measure DNA at subnanogram concentrations. The DNA was diluted
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to 0.2 ng/μl, as required by the Nextera XT sample preparation protocol.
If the concentration of the extracted DNA was below 0.2 ng/μl, carrier
DNA (B. subtilis strain 168) was added to a total amount of 1 ng in 5 μl,
according to the Nextera XT sample preparation protocol.

2.3. Library preparation and HTS

1 ng of DNA was transferred to the library preparation step utilizing
the Nextera XT DNA Sample Preparation Kit (Illumina Inc., San Diego,
CA, USA). The standard manufacturer protocol was modified to optimize
library preparation from environmental samples. For each sample, the 20
μl tagmentation reaction contained 5 μl of amplicon tagment mix (ATM),
which includes the enzyme used for tagmentation, 10 μl of TD buffer, 1
ng of input DNA (4 μl combined, with or without carrier DNA) and 1 μl of
20mg/ml bovine serum albumin (BSA). The tagmentation reactions were
incubated in a thermal cycler at 50 �C for 5 min. Subsequently, the tag-
mented DNA was amplified via limited-cycle PCR. The quality and
quantity of the purified libraries were assessed using the high-sensitivity
(HS) DNA kit on an Agilent 2100 Bioanalyzer. The libraries were
normalized to 3 nM, denatured with 0.2 N NaOH for 5 min and diluted
1:100 in HT1 buffer (Illumina) to a final concentration of 15 pM. The
diluted libraries were sequenced with an Illumina MiSeq with 50 bp v2
run chemistry. The sequencing length was 60 nt in single-read mode.
Each sample was spiked with 0.2 pM phiX174 library (Illumina).

2.4. Bioinformatic analyses

All reads generated by HTS were taxonomically profiled with
Pathoscope 2.0 [14] using a constructed target genome library contain-
ing all complete bacterial (5414), viral (5777) and fungal (3451) ge-
nomes downloaded from NCBI. The reads were aligned to these
databases using the Bowtie2 algorithm [15] with the default Pathoscope
parameters. The phiX174 sequence and similar sequences were manually
curated from the results.

2.5. Real-time PCR assays for B. anthracis detection

Real time PCR assays were performed in a 25 μl reaction volume using
the SensiFAST™ Probe Lo-ROX kit (BIOLINE) on a 7500 real-time PCR
system (Applied Biosystems). The PCR was carried out under the
following conditions: 2 min at 95 �C followed by 40 cycles at 30 s 95 �C
and 30 s 60 �C. The primer and probes for B. anthracis quantification were



Fig. 1. Schematic presentation of the sample profiling steps. Each step is represented by a box of a different color, with the time for each step (in hours) noted below
each box. W/WO ¼ with/without; Taxon. Prof. ¼ taxonomic profiling.

Table 2
Sequencing reads from the environmental samples spiked with a serial dilution of
B. anthracis spores.

Mapped reads Spiked-in B. anthracis spores (CFU/ml). see Table 1 for details

104 105 106 107

Bacillus anthracis 1,125 4,404 5,205 4,103
Bacillus subtilis 3,486,962 5,697,983 648,733 513,889
Total # of reads 13,931,864 15,392,183 1,900,913 1,429,718
Mapped reads 3,858,630 6,210,179 675,269 533,545
Fraction mapped 0.28 0.40 0.36 0.37
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adapted from Wielinga et al. 2011 [16] and were purchased from Inte-
grated DNA Technologies, Inc. The primers and probe sequences were as
follows:

PL3_f:AAAGCTACAAACTCTGAAATTTGTAAATTG;
PL3_r:CAACGATGATTGGAGATAGAGTATTCTTT.
Tqpro_PL3: FAM-AACAGTACGTTTCACTGGAGCAAAATCAA-BHQ1.

3. Results

The approach for the rapid identification of pathogens in unknown
environmental samples using HTS is summarized in Fig. 1. We estab-
lished a rapid and comprehensive procedure that starts with an unknown
environmental sample and ends with a detailed metagenomic profile of
the identified agents in a timeframe of eight hours.

In our approach, the DNA is first extracted and quantified utilizing the
sensitive Qubit apparatus, which can detect subnanogram quantities of
DNA. The concentration of most of the samples was below 0.2 ng/μl (1 ng
total in 5 μl), which is the recommended starting concentration for li-
brary preparation using the Nextera technology. This technology sim-
plifies the library preparation procedure, reduces the preparation time to
less than two hours and requires the smallest amount of DNA as a tem-
plate compared with the requirements of other HTS library preparation
procedures. The issue of insufficient amounts of DNA in our samples was
resolved by adding carrier DNA to a total of 1 ng. Another modification of
the Nextera protocol was the addition of BSA in the tagmentation step for
the enhancement of the enzymatic reactions. The resulting libraries were
sequenced with the short sequencing length of 60 nt and then taxo-
nomically profiled against all the available bacterial, viral and fungal
genome sequences using the Pathoscope framework for rapid and accu-
rate metagenomic profiling.

Since we wanted to implement our approach with environmental
samples collected from locations that represent a typical town, all sam-
ples in this work were collected from zones such as asphalt-paved roads,
sidewalks, orchards and parking lots (see details in Table 1).
3.1. Identification of B. anthracis spores serially diluted in an
environmental sample

We first sought to examine the feasibility of our approach by
analyzing an environmental sample to which varying concentrations of
B. anthracis spores (104 to 107/ml) were added. The environmental
sample was collected from a sidewalk that was partially covered with
sand and dust. The DNA extracted from the sample did not reach the
minimal concentration needed for library preparation; therefore, 1 ng of
carrier DNA was added. The sequencing and analysis results for the
samples containing B. anthracis spores are summarized in Table 2. The
reads were mapped to B. anthracis for all the spike-in concentrations
(104–107 CFU/ml). The lower concentrations, namely, 104-105 spiked-in
spores/ml, were run in uniplex mode to maximize the yield, and an
average of 14,662,024 � 730,159 reads were generated, resulting in the
detection of B. anthracis with 4,404 and 1,125 reads in the 105/ml and
104/ml spore spike-in conditions, respectively. The higher concentra-
tions (106 and 107 spiked-in spores/ml) were then run in a multiplex
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mode and, therefore, yielded a somewhat lower number of total reads
(below 2million each). Furthermore, as expected, B. anthraciswas clearly
detected in these samples, with over 4000 mapped reads for these higher
concentrations. The average fraction of mapped reads, which represents
the total number of mapped reads divided by the total number of
sequenced reads, was 0.35 � 0.05.

3.2. Identification of different environmental samples spiked with 105

B. anthracis spores/ml

Following the results obtained in the serial dilution experiments, we
extended our environmental samples to represent a variety of town/
urban areas, e.g., asphalt-paved roads, sidewalks, orchards and parking
lots (see details in Table 1). We chose to spike these samples with 105/ml
B. anthracis spores, a concentration that was clearly detected in the
previous step. A total of nine samples were collected. In six of the samples
(2, 3, 4, 5, 9 and 10; Table 1) the extracted DNA did not reach the
detection level of the Qubit HS DNA kit; therefore, 1 ng of carrier DNA
was added for the library preparation procedure. The other samples (6–8)
had a DNA concentration of 0.1–0.15 ng/μl, and carrier DNA was added
to a total amount of 1 ng.

Table 3 summarizes the results for the different environmental sam-
ples spiked with 105/ml B. anthracis spores. The average total number of
reads for the nine samples was 13,196,803 � 3,780,546, and B. anthracis
was clearly identified (based on 899–6201 mapped reads, average 2893
� 1717) in all of the samples. The fraction of total mapped reads
decreased from an average of 0.27 � 0.03 for samples 2, 3, 4, 5, 9 and 10
to an average of 0.1 � 0.01 for samples 6–8, probably due to the higher
levels of environmental DNA.

3.3. Identification of Y. pestis bacteria serially diluted in an environmental
sample

Following the identification of B. anthracis in environmental samples,
we wanted to test our approach using another biothreat model. To this
end, Y. pestis bacteria were spiked into an environmental sample swabbed
from an asphalt road (sample 11, see details in Table 1). The DNA
extracted from the sample did not reach the minimal concentration
needed for library preparation for the spike-in concentrations of 104/ml-
107/ml; therefore, 1 ng of carrier DNAwas added. For the higher spike-in
concentrations, namely, 108/ml-109/ml, no carrier DNA was added.

https://www.sciencedirect.com/science/article/pii/S0168160510004496?via%3Dihub


Table 3
Sequencing reads from the environmental samples spiked with 105/ml B. anthracis spores.

B. anthracis environmental sample # (see Table 1 for details)

Mapped reads 2 3 4 5 6 7 8 9 10

Bacillus anthracis 4,349 899 1,538 1,503 2,490 1,431 3,013 6,201 5,241
Bacillus subtilis 3,948,977 2,933,010 840,997 4,030,754 1,249,576 694,450 1,415,279 3,035,291 2,457,851
Total # of reads 17,713,294 11,502,509 4,273,582 16,400,867 12,182,845 15,383,943 16,174,778 12,510,448 12,628,962
Mapped reads 4,610,922 3,462,640 905,393 4,614,614 1,321,132 1,510,390 1,492,309 3,841,713 2,969,562
Fraction mapped 0.26 0.30 0.21 0.28 0.11 0.10 0.09 0.31 0.24

Table 4
Sequencing reads from the environmental samples spiked with a serial dilution of Y. pestis bacteria.

Y. pestis bacteria spike-in (CFU/ml). see Table 1 for details

Mapped reads 104 105 106 107 108 109

Y. pestis 2,690 8,411 25,743 970,236 4,087,184 4,248,594
Bacillus subtilis 4,771,579 6,216,021 4,665,644 3,527,201 - -
Total # of reads 5,423,633 7,114,036 5,407,919 5,400,774 4,905,519 4,961,625
Mapped reads 4,793,585 6,237,920 4,705,463 4,649,273 4,461,149 4,572,890
Fraction mapped 0.88 0.88 0.87 0.86 0.91 0.92
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Table 4 summarizes the results for the serial dilution of Y. pestis
bacteria in an environmental sample. These samples were sequenced in
duplex mode with two samples in each sequencing run. Nevertheless,
Y. pestis was identified in all the spike-in dilutions tested, with the
number of mapped reads ranging from 2,690 for the 104/ml Y. pestis
bacteria spike-in concentration to 4,248,594 for the 109/ml spike-in
concentration. In addition, the fraction of mapped reads was higher
than that observed in our previous experiments, with an average of 0.89
� 0.02; this increase was probably due to the lower amounts of envi-
ronmental DNA in the sample (asphalt road).

4. Discussion

In the event of a bioterror attack, a prompt, sensitive and definite
identification of the biothreat agents involved is of major concern for
confirmation of the event and for mitigation by direct and indirect
countermeasures, such as evacuation, regional curfew or administration
of the appropriate drugs and vaccines, if available. Genetic methods,
which are mainly PCR based, are highly sensitive but are limited to the
identification of focused biothreats. Whether the information from in-
telligence forces is limited concerning the biothreat identity or one sus-
pects the presence of a novel or engineered agent, genetic identification
is challenging.

The remarkable progress, growing accessibility and falling cost of
HTS-based technologies provide an opportunity to perform whole-
genome analyses of environmental samples, which yield a breadth of
information not available from other genetic-based assays. Previous
studies demonstrated that HTS-based approaches can identify the pres-
ence of biothreat agents in environmental samples even when these
agents are present in low copy numbers (for example, see references [11,
12, 17]). However, those studies were conducted with a timeframe of a
few days to weeks from sample to answer. In the present study, we aimed
to establish a comprehensive, HTS-based approach for deciphering the
genetic content of a sample without any prior knowledge of its content
(i.e., an unknown sample) that could be completed in a relevant time-
frame for a bioterror event – within a working day.

In our approach, the DNA is extracted and quantified, and libraries
are prepared using the Nextera technology, which shortens the library
preparation step to less than two hours and utilizes an in vitro trans-
position method in which DNA is tagmented (fragmented and tagged
simultaneously) [18, 19]. The resulting tagged fragments undergo a
short-cycle PCR reaction to add sequencing adaptors, and the generated
libraries are then sequenced for a relatively short single-end read of 60 nt
with the MiSeq sequencer and subjected to a prompt bioinformatics
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analysis using Pathoscope, which enables taxonomic profiling of the
sample against all available bacterial, viral and fungal genome se-
quences. In our hands, using the short 60 nt reads did not hamper the
detection ability, as compared to using longer reads (150nt) in a subset of
environmental samples (data not shown).

It is acknowledged that swab extracts that are collected from envi-
ronmental samples do not always contain enough genetic material for an
appropriate library preparation procedure [12]. Indeed, using our envi-
ronmental sampling procedure, we did not reach the amount of 1 ng
needed for library preparation with the Nextera method, which requires
the lowest concentration of starting material compared with the re-
quirements of other methods. The 1 ng of DNA needed for the Nextera
library preparation procedure is equivalent to 1.85�108/ml copies of a
bacteria with a genome size of 5 million bp. Thus, our previous attempts
with amounts less than 1 ng yielded low-quality libraries or negative
results [data not shown]. We chose to tackle this problem by adding
carrier DNA to reach the needed amount. Theoretically, any DNA could
be utilized for this purpose, but we elected to use DNA from B. subtilis, a
bacterium from the Bacillus genus, as a further demonstration that our
approach can distinguish between relatively closely related bacteria such
as B. subtilis and B. anthracis, which have only an ~32% divergence in
their DNA sequences [20].

During the establishment of our approach, we encountered certain
environmental samples for which the yield of the libraries was low or the
library preparation procedure completely failed. These outcomes
possibly occurred due to contaminants and/or inhibitors such as humic
or flavic acid in the samples. The addition of BSA, which has been used
successfully as an additive in several enzymatic reactions [21, 22],
eliminated the problem and resulted in a library preparation that was
close to optimum.

In the current study, we chose to validate/examine our approach with
two of the main CDC Tier 1 biothreat agents, B. anthracis and Y. pestis [1],
as simulants for a possible intentional biothreat spread. We initially
tested our approach using a serial dilution (104-107/ml) of spiked-in
spores of B. anthracis, which represents a typical gram-positive sporu-
lating bacterium.

The B. anthracis spores were also analyzed using real-time PCR [16]
showing a lower limit of detection of 103/ml (Fig. 2) in accordance to
previous reported results in different environmental samples [2]. Based
on experiments in animal models and environmental investigations of
industrial human outbreaks, the human LD50 is estimated as 1000 to
4100 and the LD10 50–100 spores [23].

In all the spike-in dilutions analyzed, B. anthraciswas identified based
on over 1,000 mapped reads, demonstrating our ability to clearly detect



Fig. 2. Real time PCR of B. anthracis environmental samples. Spiked B. anthracis environmental samples were analyzed by real-time PCR as previously reported [16].
The B. anthracis concentrations (spores/ml) are noted in the figure. NTC, no template control; Ct, is the intersection between an amplification curve and a threshold
line; delta Rn is the ratio of the fluorescence of FAM™ Dye divided by the background fluorescence of ROX dye.
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the biothreat agent. We then extended our environmental sample
repertoire by analyzing nine additional different environmental samples
which were spiked with 105/ml B. anthracis spores. In all samples
analyzed, B. anthracis was clearly detected, with a range of 899–6201
mapped reads. Subsequently, we demonstrated our approach with
another biothreat agent, Y. pestis, which represents a typical gram-
negative bacterium [24]. The limit of detection for this bacterium was
previously reported to be 105 CFU/ml using real-time PCR in different
environmental samples [3]. Based on epidemiological investigations and
animal experiments, the human LD50 for Y. pestis is estimated as 500 to
15,000 CFU/HID50 [25].

In the current study, Y. pestis bacteria were spiked in (104-109/ml)
and were clearly detected, with over 6700 mapped reads per sample. In
this set of experiments, the number of mapped reads was significantly
higher than that for the same concentrations of spiked-in B. anthracis
spores (for instance, 6700 vs. 1125 mapped reads for Y. pestis and
B. anthracis, respectively, in the 104/ml spike-in samples and 16180 vs.
4404 mapped reads for Y. pestis and B. anthracis, respectively, in the 105/
ml spike-in samples). The lower number of mapped reads could be
attributed to the somewhat less-efficient DNA extraction from
B. anthracis spores compared with DNA extraction from vegetative bac-
teria such as Y. pestis.

The results presented in this paper demonstrate that our HTS-based
approach is an efficient procedure for coping with the challenge of
deciphering the composition of samples containing biothreat agents
without any prior knowledge about their nature. Using our approach,
within a very applicable timeframe of eight hours, we succeeded in
correctly identifying two biothreat agent simulants in relevant concen-
trations (104/ml) in more than 10 environmental samples. Using our
approach we detected bacteria which are relatively resistant in the
environment. The use of this approach for the detection of sensitive
microorganisms, such as DNA or RNA viruses might be a lot more chal-
lenging due to the low stability of those "environmentally weaker"
genomes.

In conclusion, our approach as a whole is well suited for rapidly and
unambiguously detecting any bacterial or viral agent with a DNA genome
in a sample without any prior knowledge. At this point in time, RNA
viruses have not been detected using our approach. Our next goal is to
5

further generalize the approach and to develop a holistic procedure that
will detect any agent in the sample regardless of its genetic material.
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