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Abstract

Biological detection, identification, and monitoring (BioDIM) systems that are able to provide
rapid and reliable early-warning in the event of a bioterrorism attack may contribute to reduce
the impact of such incidents. Currently, few if any available BioDIM systems have been able
to meet all the users’ requirements with respect to reliable, sensitive, and selective detect-to-
warn capabilities in different operational environments. BioDIM efforts at most real life sites
must be accomplished against a naturally occurring biological aerosol (bioaerosol)
background. The bioaerosol background may be both complex and variable, and could
challenge the operational performance of BioDIM systems, potentially resulting in the
triggering of false alarms, or even worse, the failure to respond to a real incident. One way to
improve the operational performance of BioDIM systems is to increase our understanding of
relevant bioaerosol backgrounds. Subway stations are enclosed and crowded public
environments which may be regarded as potential bioterrorism targets, and therefore also as a

relevant operating environment for BioDIM systems.

In order to improve our understanding of the bioaerosol background at subway stations, and
especially how it may challenge the operational performance of BioDIM systems, the airborne
bacterial background at the Nationaltheatret subway station in Oslo, Norway, was
characterized in this study. Information about the concentration level, diversity, size
distribution, and temporal variability of the airborne bacterial background was obtained. In
addition various virulence- and survival-associated airborne bacterial characteristics such as

hemolytic activity, antibiotic resistance, pigmentation, and spore fraction were investigated.

The obtained bioaerosol background characteristics were consolidated with similar and
different types of existing characteristics from other subway stations, and used to define a set
of realistic subway station background characteristics. Such background characteristics may
be valuable when applied in a BioDIM context for several reasons. The information may be
used to improve the operational performance of BioDIM systems (e.g. by optimizing alarm
algorithms), but also to develop more-realistic methods for testing and evaluation (T&E) of
BioDIM systems that take into account the real life background. The defined background
characteristics may be used to guide the construction of realistic synthetic subway station
bioaerosol backgrounds that can be recreated together with a biological threat agent aerosol

challenge during simulated operational T&E of BioDIM systems in aerosol chambers. While
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the airborne bacterial background information mainly was intended for use in a BioDIM
context in this study, it may also be relevant when viewed in the context of public and

occupational health as well as microbial ecology.

An important part of this study also involved testing and implementation of sampling and
analysis methods for airborne bacteria. Based on the recognized need for air samplers with
well-defined performance criteria, comparative T&E of air samplers was performed in an
aerosol chamber to establish their physical and biological sampling efficiencies. The obtained
results revealed significant differences between the samplers, which were used to assess their

suitability for various bioaerosol sampling applications.

A matrix-assisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-TOF
MS) bacterial identification method (MALDI Biotyper) was evaluated and implemented as a
rapid and cost-effective screening tool for airborne bacterial isolate collections. The
identification results obtained with the MALDI Biotyper were shown to correspond well with
16S rRNA gene sequencing-based results. However, the MALDI Biotyper failed to obtain
reliable identifications when the reference database did not contain library entries at the
corresponding species or genus level, and it was suggested that the coverage of environmental

airborne bacterial taxa in the reference database should be increased.

Another BioDIM-relevant topic addressed as part of this study was rapid identification
methods for Bacillus anthracis spores in suspicious powders (e.g. letters). A MALDI-TOF
MS-based identification method for B. anthracis spores in powders was developed and
validated. The observed performance of the analysis method demonstrated its potential
applicability as a rapid, specific, sensitive, robust, and cost-effective analysis tool for

resolving incidents involving suspicious powders in less than 30 min.

The work presented in this thesis contributes to a deeper understanding of the bioaerosol
background, especially at subway stations. It similarly highlights the potential importance of
the bioaerosol background in a BioDIM context, and emphasizes the need for increased
research efforts to close existing knowledge gaps. This thesis may also serve to highlight the
research efforts that will be needed before real life bioaerosol background information may be

fully exploited in a BioDIM context.
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1. Introduction

1.1. Biological warfare and terrorism

Biological warfare, also known as germ warfare, is by no means a modern invention and has
at least in some form been waged since ancient times [1]. The history of biological warfare
has recently been reviewed [2, 3]. During the 20" century, several state-sponsored biological
warfare programs (e.g. in the US and the former Soviet Union) developed and stockpiled
massive arsenals of biological weapons [4]. Most biological warfare programs were
discontinued prior to the 1972 Biological Weapons Convention, also known as the Biological
and Toxin Weapons Convention [4]. However, the Soviet Union violated the treaty by
developing offensive capabilities and stockpiling biological weapons at least until its fall, and
in 1992 the President of Russia, Boris Yeltsin, acknowledged that there had been a delay in
his country’s implementation of the Biological Weapons Convention [4-6]. The available
information regarding the Soviet biological warfare program is still today far from complete,
and uncertainties exist concerning the full fate of the program, including its employees,
facilities, and stockpiles [4, 5, 7]. Other countries including Iraq also admittedly developed

and stockpiled biological weapons at least into the 1990’s [4, 8].

In the wake of the era with state-sponsored biological warfare programs soon followed a new
reality: the birth of biological terrorism (bioterrorism). Bioterrorism is the deliberate use of
pathogenic microorganisms (e.g. bacteria and viruses) or other harmful biological substances

(e.g. bacterial toxins) to cause illness or death in people, animals, or plants [9].

Pathogenic microorganisms that may be used for bioterrorism or biological warfare do not by
themselves constitute biological weapons, and are generally referred to as biological threat
agents (BTAs) or alternatively biological warfare agents. A biological weapon is inherently a
two-part system, consisting of a weapons-grade BTA (e.g. weaponized Bacillus anthracis
spores) mated with a well-defined delivery system (e.g. artillery shells or vehicle-mounted

sprayer systems).

The term biological warfare is typically used to describe state-sponsored deployments of
biological weapons as part of a tactical or strategic military campaign, while the term

bioterrorism more generally describes the intentional use of BT As or biological weapons by



non-state individuals or terrorist groups. The Merriam-Webster dictionary defines “terror” as
“something that causes very strong feelings of fear”” and “violence that is committed by a
person, group, or government in order to frighten people and achieve a political goal” [10]. In
reference to the proposed requirement of a political goal in the “terror” definition, the
intentional non-military use of BTAs or biological weapons in the absence of a political goal
may be considered acts of biological crime rather than bioterrorism. However, the term
bioterrorism is commonly used to describe any intentional non-military use of BTAs or

biological weapons [11].

BTAs may be disseminated in a variety of different ways, including through air, water, food,
and direct contact [9]. Most BT As are naturally occurring disease-causing pathogens [9].
However, recent advances in biotechnology, genetics, and synthetic biology have dramatically
increased our understanding of microorganisms and our ability to manipulate them,
knowledge which may be used to alter the natural state of BT As, including their virulence,
medical countermeasure resilience, and dispersal and persistence characteristics [8, 12]. Some
BTAs cause highly contagious diseases that can be transmitted from person to person (e.g.
smallpox), while others do not (e.g. anthrax) [9]. The US Centers for Disease Control and
Prevention has prioritized BT As into three categories (A, B, and C) based on their perceived
risk to public and national security [9]. A summary of the Bioterrorism Agents List is

provided in Table 1, while examples of BT As from Category A are shown in Figure 1.

As the 20" century drew to a close, most biological defense professionals, both military and
civilian, were in agreement that the likelihood of a bioterrorism event occurring in the US was
not a matter of if; but when [13]. In 1984 the Rajneeshee cult in Oregon had contaminated
restaurant salad bars with Salmonella typhimurium, sickening more than 700 people with food
poisoning, some of whom were seriously affected although no fatalities were reported [14]. In
1993 the Japanese Aum Shinrikyo cult had aerosolized B. anthracis spores from a rooftop in
Tokyo, but no cases of anthrax were reported and largely attributed to the use of an attenuated

vaccine strain [15].

The 21" century had barely begun when the “not if, but when” prediction was proven right.
After terrorist attacks on the World Trade Center and the Pentagon in the fall of 2001,
envelopes containing B. anthracis spores were mailed to several news media and government
officials, leading to the first known bioterrorism-related cases of anthrax in the US [16, 17].

The bioterrorism event, commonly termed the “Amerithrax” incident, demonstrated B.



anthracis as a bioterrorism agent, killed five people, and sickened an additional seventeen
[16, 17]. Although the number of casualties was relatively limited, the societal consequences
were massive, including public fear and panic, disruption of the mail service, distrust in the
US government’s ability to protect its citizens, and economic disbursements of more than one
billion US dollars [13, 16, 17]. This serves to demonstrate that although bioterrorism by
definition is intended to cause illness or death, the societal consequences of a bioterrorism
incident may be far from restricted or proportional to its direct health implications. Acts of
bioterrorism are prone to trigger fear and panic in humans because disease outbreaks and the
causative BTAs are inherently associated with images of pain, suffering, and death. The
human society has throughout history experienced several devastating natural outbreaks with
diseases such as plague [18], smallpox [19] and influenza [20]. Microorganisms will generally
be invisible to the naked eye due to their small size even when present in life-threatening
amounts, and the fact that BT As may unnoticeably be present in the air we breathe, the water
we drink, and the food we eat constitute another potentially important psychological aspect of
bioterrorism [21]. Furthermore, BTAs may also be extremely difficult to detect and do not
cause clinical symptoms in those exposed until several hours, days, or even weeks after

exposure [22].

The future of bioterrorism in the 21" century is extremely difficult to predict. Uncertainties
exist even with respect to state-sponsored biological warfare programs since monitoring of
clandestine offensive efforts is complicated by the inherent dual-use potential of the know-
how, equipment, and facilities involved [7, 8]. Compared to state actors, terrorists and
terrorist organizations may be harder to deter and are not bound by the Biological Weapons
Convention, and thus have fewer constraints on the use of BT As although their technical
capabilities are presumably more limited [8]. Biological weapons have been described as the
“poor man’s atom bomb” because the comparative costs associated with producing civilian
casualties have been estimated at 2000 USD per square kilometer with conventional weapons,
800 USD with nuclear weapons and 1 USD with biological weapons [23, 24]. A warning of
what the future might bring may be read from recent reports suggesting that terrorist
organizations such as al-Qaeda have requested for trained microbiologists and chemists to
answer the call to arms [12]. An important lesson from human history is the observation that
whatever technology is available will eventually be applied in warfare as one side seeks to
gain an advantage over the other [25], which may be an especially relevant principle during

asymmetric conflicts.



Table 1. The Bioterrorism Agents List [9].

Disease/Agent

Criteria

Category A agents

Anthrax (B. anthracis)

Botulism (botulinum toxin of Clostridium botulinum)
Plague (Yersinia pestis)

Smallpox (variola major virus)

Tularemia (Francisella tularensis)

Viral hemorrhagic fevers (e.g. Ebola virus)

Category B agents

Brucellosis (Brucella spp.)

Glanders (Burkholderia maller)

Melioidosis (Burkholderia pseudomallei)

Psittacosis (Chlamydia psittaci)

Q fever (Coxiella burnetii)

Typhus fever (Rickettsia prowazekii)

Viral encephalitis (e.g. Venezuelan equine encephalitis)
Food safety threats (e.g. Escherichia coli O157:H7)
Water safety threats (e.g. Vibrio cholerae)

Epsilon toxin of Clostridium perfringens

Staphylococcal enterotoxin B of Staphylococcus aureus

Category C agents

Nipha virus

Hantaviruses

Highest priority because they may:

- pose the highest risk to the public and national security
- be easily spread or transmitted from person to person

- result in high death rates

- have potential for major public health impact

- cause public panic and social disruption

- require special actions for public health preparedness

Second highest priority because they may:
- be moderately easy to spread

- result in moderate illness rates and low death rates

- require specific enhancements of CDC's laboratory capacity

- require enhanced disease monitoring

Third highest priority because they may:

- be considered emerging pathogens

- be engineered for mass spread in the future

- be easily available, produced, and spread

- have potential for high morbidity and mortality rates

- have potential for major public health impact




Figure 1. Examples of BT As in Category A. Phase-contrast microscopy image (A) showing rod-shaped

vegetative cells, some with phase-bright endospores, of the Gram-positive bacterium B. anthracis, the causative
agent of anthrax (C, cutaneous anthrax). Transmission electron microscopy image (B, ~370 000x magnification)
showing a virion of the variola virus, a dsSDNA enveloped virus in the Orthopoxvirus genus, the causative agent

of smallpox (D). Image credit: Centers for Disease Control and Prevention. The images are in the public domain.

1.2. Defense against biological threats

Defense against biological threats (biodefense) is both a military and civilian objective,
aiming at protecting troops and military operations, and public health and civilian operations,
respectively. Biodefense is an integral part of the broader defense against chemical,
biological, radiological, and nuclear threats (CBRN). Recent statements made by several

civilian and military organizations, including the North Atlantic Treaty Organization, the



European Union, the United Nations, and the US government, serve to highlight the well-
recognized importance of having CBRN defense capabilities [26-31]. Although the scenarios,
concepts, and operational requirements may differ between various military and civilian
organizations, the fundamental objective of biodefense is the same, namely avoiding or

reducing the impact of biological threat incidents.

Biodefense strategies are generally based on various combinations of core principles or
capabilities, sometimes referred to as pillars, and which may include but are not limited to
principles such as: prevention, preparedness, protection, response, and recovery [26, 27, 29,
30, 32]. Biodefense efforts typically consist of a variety of different activity types, for
example: intelligence work, stockpiling of medical countermeasures, response scheme

planning, and training of involved stakeholders.

The term biodefense is generally used in association with incidents involving an intentional
release of BTAs. However, since accidents and natural disease outbreaks involving BTAs
may have similar manifestations as intentional releases, most biodefense efforts, except
maybe those that are exclusively directed towards prevention, may provide beneficial
synergies independently of whether the biological threat originates from an intentional act,

accident, or natural disease outbreak.

Aerial dispersion of BT As is generally recognized as the most efficient way to target a high
number of people and potentially cause mass casualties, and bioterrorism and biological
warfare incidents involving aerosolized BTAs may therefore be proposed to represent the

largest health and security threat [2, 33, 34].

1.3. Biological detection, identification, and monitoring (BioDIM)

Accurate, timely, and reliable detection, identification, and monitoring (DIM) capabilities are
important assets in any civilian and military CBRN defense strategy [26, 27, 29, 30, 32, 35].
However, the currently existing early-warning DIM capabilities for biological threats
(BioDIM) have been shown to lag behind their C, R, and N counterparts [23, 36]. CBRN DIM
concepts have been formulated by various organizations, including the North Atlantic Treaty
Organization, the European Union, the European Defence Agency, and the US Department of
Defense [32, 35, 37, 38]. The individual concepts are generally not identical, and which



probably reflect different needs of the various organizations due to their structure and
mission. However, the overall CBRN DIM concept appears to be largely consistent, and when

formulated in a generic BioDIM context the following DIM definition seems appropriate:

The primary objective of detection is to discover the presence of a biological threat as early as
possible, preferably before it has negative effects, and provide timely information
(alarming/warning) which permit an appropriate level of individual and collective protection
to be adopted [32, 35]. Detection may be categorized depending on where the detection event
takes place relative to the site of protection: i) point detection at the site of protection by a
detector at the same site, ii) stand-off detection at a distance from the site of protection by a
detector at the site of protection, and iii) remote detection at a distance from the site of

protection by a detector at the distant site [32, 35].

The purpose of identification is to characterize and determine the nature of the biological
threat in quality and quantity, in order to provide information on the type and nature of the
hazard, optimize physical protection levels, and select appropriate hazard management and
medical countermeasures [32, 35]. Identification may be categorized according to the level of
confidence achieved: 1) provisional identification when based on one recognized
immunological (i.e. antibody-based), nucleic acid (e.g. PCR-based), or in vitro culture/multi-
metabolic identification method, ii) confirmed identification when based on two of the three
method classes, and iii) unambiguous identification when based on all three method classes in

combination with an accepted in vivo model [39].

A monitoring capability refers to the process of continuously or periodically determining

whether or not a biological threat is present [32, 35].

Several reviews of BioDIM equipment, including commercial off-the-shelf, emerging, and
developmental products, have recently been published [36, 40-42]. It is however important to
recognize that the collective term BioDIM inherently covers a broad range of different
capability and equipment classes, and which may be associated with very different operational
requirements and intended uses. As an example the various BioDIM equipment classes may

be categorized based on:

o Intended user (e.g. first responders, warfighters, civilian or military CBRN specialists,

and clinical diagnosticians).



e Location of use (e.g. on-site/field use, mobile response laboratories, reach-back CBRN
specialist laboratories, and clinical diagnostics laboratories).

e Mode of operation (e.g. manual, semi-automated, autonomous, handheld, mobile, and
stationary).

e Sample type (e.g. air, soil, water, powder, surface, and clinical samples).

The benefit of BioDIM capabilities will inherently be closely linked to the responsive actions
they trigger and the timeliness of their implementation. Responsive actions are commonly
categorized as either low or high regret actions based on their disruptive effects [43]. In a
military context, low regret actions may include donning of personal protective equipment,
initiation of additional BioDIM efforts, and halting of non-critical operations, while high
regret actions may include administering medical countermeasures that could compromise
warfighter combat readiness and mission-critical operations. In a civilian context, low regret
actions may include ventilation system adjustments and initiation of additional BioDIM
efforts, while high regret actions may involve facility shutdown, evacuation, and prophylactic

treatment with medical countermeasures.

A response time-centric approach may be used to categorize BioDIM assets into at least two
different time-dependent capability classes: 1) detect-to-warn, sometimes referred to as detect-

to-protect, and ii) detect-to-treat [43, 44].

A detect-to-warn capability must respond in sufficient time to allow implementation of
responsive actions that prevent or reduce exposure of a significant portion of the at-risk
population (e.g. through evacuation or avoidance) [43]. The timeframe of a detect-to-warn
capability will depend on the type and location of the incident, and may range from hours in
the context of remote detection and outdoor incidents, to minutes or even seconds in the

context of point detection and indoor incidents [43].

A detect-to-treat capability must respond in sufficient time to allow implementation of
responsive actions that result in avoidance or reduction of the health implications that may be
associated with BTA exposures (e.g. early medical treatment that results in improved
prognosis) [43]. The timeframe of a detect-to-treat capability will typically range from several
hours to several days or even weeks, and depend on the type of BTA involved, the level of

exposure, and the time-dependent efficacy and availability of medical countermeasures [43].



After the detect-to-treat timeframe has passed, the benefits associated with BioDIM
capabilities will generally be limited to forensic and reclamation activities (e.g. source

identification and decontamination) [43].

1.4. Autonomous early-warning BioDIM systems

Traditional clinical diagnostics, including disease surveillance and outbreak recognition
systems, will play a central role in any biodefense strategy. However, a biodefense strategy
based solely on clinical recognition of symptomatic individuals, several hours, days, or even
weeks after an incident, may result in: 1) exposed individuals that have travelled worldwide
before the incident is unraveled, ii) maximized number of exposed individuals and exposure
levels, iii) minimized applicability of prophylactic treatment, and iv) potentially reduced
disease prognosis due to late initiation of medical countermeasures. Based on this it becomes
apparent that a detection timeframe based solely on clinical recognition may complicate post-
incident response efforts, and potentially result in the unnecessary loss of human lives and
increased societal and economic burdens [33, 45]. Adding to the challenge is the fact that
most BTAs result in diseases that initially present with unspecific symptoms, including flu-
like symptoms such as fever, body aches, cough, and tiredness, and which may further delay

clinical recognition and subsequent response efforts [33].

Autonomous early-warning BioDIM systems* for BTA aerosols are therefore likely to play
an important role in any biodefense strategy because they are probably the only enablers of
responsive actions (e.g. evacuation and prophylactic medical treatment) within the exposure
(i.e. detect-to-warn) or disease incubation (i.e. detect-to-treat) timeframe of a biological threat

incident [33, 45, 46].

"Note: The Author recognizes that different types of BioDIM systems exist and that they are
in no way restricted to autonomous, early-warning, or aerosol-dedicated systems. However
for the purpose of this report, the term BioDIM will from here on be used consistently in
the context of, and should be taken to suggest, autonomous early-warning BioDIM systems

for BTA aerosols.



Some inherent and to some extent also unique challenges associated with BioDIM are:

e The presence of even extremely low quantities of most BTAs in the air may result in
significant health hazards due to their infectious nature (i.e. the multiplier effect).

e The inherent complexity and diversity of microorganisms combined with their
ubiquity in nature, and which may include environmental nonpathogenic near-
neighbors of BTAs, may contribute to an omnipresent and potentially highly variable
natural background.

e The response time will be a critical factor since the time delay between exposure and
health effects (i.e. the incubation period) that are associated with most BTAs may
result in incidents that remain undiscovered until symptomatic individuals seek
medical attention several hours, days, or even weeks later.

e The list of potential BT As is long, and even when only the highest priority BTAs are
considered, the compositional and structural diversity of the BT As that may be
encountered is vast (e.g. bacterial spores, Gram-negative vegetative bacteria, DNA
and RNA viruses, and protein toxins).

e The range of potential target locations and attack scenarios is almost endless.

In combination the various challenges have made it difficult to meet all the operational
requirements that will be associated with BioDIM, and especially detect-to-warn capabilities.
The individual requirements (e.g. sensitivity, selectivity, and response time) have however
been shown to be within the reach of various already existing BioDIM technologies and
products, but that being said, successful integration of the combined requirements into a
single system has proven much more challenging and typically resulted in significant

performance trade-offs [36, 43]. An ideal BioDIM asset should [34]:

e Respond to all or at least all high-priority BT As in real or near-real time.

o Have sufficient sensitivity to react to the lowest life-threatening hazard levels.

e Have sufficient selectivity to avoid false alarms independently of the operating
environment.

e Be capable of autonomous operation for extended periods of time with minimal
maintenance.

e Have acquisition and operating costs that are harmonized to the benefit of the system.
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An urgent need for BioDIM systems capable of operating in complex environmental
backgrounds has been expressed by both military and civilian authorities, exemplified by the
Joint Biological Point Detection System program of the US Department of Defense and the

BioWatch Generation 3 program of the US Department of Homeland Security.

While BioDIM systems for point detection are available, few if any systems have currently
been fielded for stand-off detection [43]. The system that may be considered closest to
fielding is probably the Joint Biological Stand-off Detection System program of the US
Department of Defense [43]. However, based on several limitations that are inherent to stand-
off detection, in combination with the wide variety of environmental conditions that may be
encountered and the low BTA aerosol concentrations needed to present a hazard, it has been
suggested that it may not be possible to develop a stand-off system with acceptable
performance in terms of reliably detecting small but still potentially hazardous biological

threat incidents [46].

Several multi-step architectures have been proposed for BioDIM systems [43, 46, 47]. Most
concepts typically involve the use of one or more front-end units that serve to initiate low
regret actions and trigger one or more back-end units, which in turn confirm the front-end
response and initiate high regret actions. The front-end typically consists of one or several real
or near-real time detectors/triggers (usually spectroscopy-based), while the back-end consists
of a combination of air collectors and identifiers (usually immunoassay- or PCR-based).
Although the back-end identifiers achieve a higher selectivity than the front-end
detectors/triggers, and which typically is at the level of provisional (immunological- or
nucleic acid-based) or even confirmed (immunological- and nucleic acid-based)
identifications, the increased selectivity generally results in longer response times and high-

cost systems.

Currently, few if any available BioDIM systems have been able to meet all the users’
requirements with respect to reliable, sensitive, and selective detect-to-warn capabilities in
different operational environments [36, 43]. However, ongoing research and development
(R&D) efforts by the private industry and governmental research organizations are
continuously working to close the capability gaps by implementing new technologies and
refining existing ones. Examples of current and emerging BioDIM systems are shown in

Figure 2.
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Figure 2. Examples of current and emerging BioDIM systems. Panel A: C-FLAPS from Dycor Technologies.
Panel B: BioHawk from Research International. Panel C: Resource Effective Bio-Identification System from
Battelle. Panel D: Joint Biological Point Detection System program of the US Department of Defense. Image
credit: Dycor Technologies (A), Research International (B), Battelle (C), and the US Joint Program Executive

Office for Chemical and Biological Defense (D). Printed with permission.

BioDIM systems operating in real or near-real time were initially based on light scattering
techniques (i.e. particle counting and sizing), but have gradually evolved to incorporate more
advanced spectroscopy-based techniques (e.g. ultraviolet laser-induced fluorescence [UV-
LIF] and laser- or spark-induced breakdown spectroscopy) in an effort to address inherent
selectivity and sensitivity limitations [46-49]. Various attempts have been made to further
improve the performance of spectroscopy-based systems by combining several orthogonal
techniques in a single detector (e.g. the Rapid Agent Aerosol Detector based on multi-band
elastic scattering and UV-LIF in combination with laser-induced breakdown spectroscopy), as
well as attempts to reduce the instrument costs (e.g. the Bioaerosol Agent Sensor and Trigger

which utilizes low-cost UV-LEDs instead of UV-lasers) [46, 47].

In addition to spectroscopy, various aerosol time-of-flight mass spectrometry (ATOFMS)
techniques have been investigated for use as real or near-real time BioDIM systems (e.g. the
Single-Particle Aerosol Mass Spectrometry system, formerly known as the Bio-Aerosol Mass

Spectrometry system) [50-52].
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In recently years, several identification technologies (e.g. nucleic acid- and antibody-based
techniques) previously restricted to laboratory-based systems have been automated,
miniaturized, and ruggedized for field use. These R&D efforts have resulted in BioDIM
systems that are based on identification technologies, such as the Autonomous Pathogen
Detection System utilizing continuous air sampling followed by PCR- and immunoassay-
based identifications [34], and the Joint Biological Point Detection System utilizing
spectroscopy-based detection followed by triggered air sampling and immunoassay-based
identifications. When these systems have been successfully validated for autonomous field
applications they may with their current response times allow for on-site BTA identifications
within the early detect-to-treat timeframe, but typically not within the detect-to-warn
timeframe. However, future progress in the fields of microfluidics, nanotechnology, and
molecular biology may someday result in BioDIM systems that are capable of obtaining BTA
identifications within the detect-to-warn timeframe. Such systems may then at least in
principle merge all DIM tasks into a single process, and reduce the need for a separate and
less discriminatory (e.g. spectroscopy-based) detection step. With this in mind it is however
important to remember that even if the technological basis for a detect-to-warn BioDIM
system based on one or several identification technologies becomes available, several
additional factors must be carefully considered when assessing the cost-benefit of any
BioDIM capability (e.g. availability of responsive actions, cost, and ease-of-use).
Furthermore, it is similarly important to remember that since the fundamental objective of a
detection capability by definition is to rapidly warn about the presence of a biological hazard,
the inherent capability need stops at the ability to confidently determine whether there is a
biological hazard present or not. In contrast to detection, an identification capability must
inherently involve a higher level of characterisation with respect to discerning the exact nature
of the biological hazard. It is therefore essential for the understanding of the BioDIM concept
that detection, identification, and monitoring remain closely inter-related but separate
processes by which an incident involving a biological hazard is discovered [32, 35, 39],

although they may at least in principle be performed as a single process.
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1.5. Testing and Evaluation of BioDIM systems

A lot of effort is being put into R&D of BioDIM systems. Prior to qualification and
commissioning these systems must fulfill stringent requirements before they can be relied
upon in the context of a biodefense strategy, including decision-making in terms of high and
low regret responsive actions. Testing and evaluation (T&E) of BioDIM systems will
therefore be a critical task to ensure that the operational performance (e.g. sensitivity and false

alarm rate) is harmonized to the user’s operational needs.

The potential benefits of BioDIM systems will inherently be linked to their operational
performance and credibility, and erroneous responses, including responding when no
biological threat is present (false positives) or failing to respond when a biological threat is
present (false negatives), may severely damage a system’s credibility and potentially result in
terrible consequences. While false positives generally will be restricted to economic and
psychological implications, false negatives may on the other hand potentially result in the

unnecessary loss of human lives.

T&E of BioDIM systems may be performed in a variety of ways and for different purposes,
but the overall approach may broadly be categorized as either developmental testing or
operational testing [53]. Operational testing is performed in the real environments where the
system will be used (e.g. on the battlefield) during execution of realistic missions (e.g.
warfighters in combat-like situations), while developmental testing is testing performed in the
absence of realistic operational conditions (e.g. in aerosol test chambers). In addition to the
large economic costs and logistical challenges that may be associated with operational testing,
one of the major hurdles in achieving realistic operational testing is the fact that BT As cannot
be used due to concern for public safety, laws, and treaties [53]. T&E involving BTAs is
therefore inherently restricted to containment laboratory facilities, and as a consequence

developmental testing is currently the only available option for live agent testing.

T&E of BioDIM systems that consist of an integrated architecture of detectors, air collectors,
and identifiers may be performed as either component testing (i.e. the individual components

are tested separately) or whole system testing (i.e. the integrated system is tested as a whole).

The T&E scheme used for BioDIM systems generally involves subjecting the system to a

well-characterized aerosol challenge and observing its response. The challenge typically
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consists of an artificially generated aerosol containing live or inactivated BTAs or simulants,
but may also consist of potentially interfering substances including dirt particulates (e.g.
Arizona road dust), smoke, kaolin, fungal spores, pollen, and others [47]. Inactivation of
BTAs and simulants is typically achieved using ionizing radiation, heat, or chemicals.

Common examples of simulants used for T&E of BioDIM systems include [43, 54, 55]:

e Bacillus atrophaeus spores (syn. Bacillus globigii, BG, and Bacillus subtilis var
niger) as surrogate for bacterial spores (e.g. B. anthracis spores).

e Pantoea agglomerans (syn. Erwinia herbicola) as surrogate for Gram-negative
vegetative bacteria (e.g. Yersinia pestis and Francisella tularensis).

e Bacteriophage MS2 (syn. Male-specific coliphage 2 and MS2) as surrogate for
viruses (e.g. variola virus and filoviruses).

e Ovalbumin (syn. egg white protein) as surrogate for protein toxins (e.g. botulinum

toxin).

It has been proposed that the currently used simulants may have several shortcomings and fail
to sufficiently represent the whole range of potential BT As in terms of physical,
physiological, chemical, and antigenic properties [55]. The appropriateness and utility of
certain organisms as simulants is an ongoing topic of debate [54]. In an attempt to circumvent
the potentially limited relevance of simulants, as well as the inherent use-restrictions
associated with BT As, an additional class of biological test materials termed agent-like
organisms has been developed. Agent-like organisms may be used in their live or inactivated
form, and typically consist of organisms that are closely related to BTAs (e.g. attenuated

vaccine strains) but that have reduced or nonexistent associated health risks [53, 54, 56].
Several different types of test facilities (Figure 3) may be used for T&E of BioDIM systems:

e Laboratory testing (e.g. aerosol test chambers and wind tunnels).
e Field testing (e.g. open-air test ranges and ambient breeze tunnels).

e Operational testing (e.g. real life operational environments).

During laboratory testing both the challenge (e.g. BTA aerosol) and the environment (e.g.
meteorological conditions) may be tightly controlled and predicted, and thus offer the
possibility for reproducible and cost-effective T&E. Field testing will typically be more
expensive, logistically demanding, and time-consuming than laboratory testing, but allows

T&E to be performed under real ambient environmental conditions. Due to the inherent lack
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of control with respect to environmental conditions, both the challenge and the environmental
background presented to the BioDIM system is generally less predictable and reproducible
during field testing than laboratory testing. Field testing involving the use of ambient breeze
tunnels instead of open-air releases may allow improved control of the challenge while
retaining realistic environmental conditions. However, because of the use-restrictions and
potential hazards that are associated with releasing microorganisms into the environment,
field testing facilities are generally located far away from urban or otherwise densely
populated areas, and which may result in environmental backgrounds that are operationally
representative only for desolate locations with a limited or nonexistent presence of
anthropogenic influences. Operational testing is therefore generally restricted to testing
without artificially generated challenges (i.e. limited to evaluation of false positive rates) as
long as the operationally realistic environments for the BioDIM system differ from those that

are available at existing field testing facilities.
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Figure 3. Examples of aerosol test facilities that may be used for T&E of BioDIM systems. Panel A-B: Open-air
test ranges. Panel C-D: Ambient breeze tunnels. Panel E: Containment aerosol test chambers. Image credit:

Dugway Proving Ground. Printed with permission.

Examples of commonly used equipment for aerosol challenge generation and characterization

during T&E of BioDIM systems (Figure 4) include [54]:

Challenge generation (aerosolization)
e Wet dissemination (e.g. nebulizers and ultrasonic atomizers)

e Dry dissemination (e.g. fluidized bed aerosol generators)

Challenge characterization (reference measurements)

e Particle counting and sizing (e.g. optical particle counters and acrodynamic particle sizers)
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e Air sampling (e.g. slit-to-agar samplers, liquid impingers, and filter samplers)

e Sample analysis (e.g. cultivation, qPCR, flow cytometry, and electrochemiluminescence)

AERODYNAMIG PARTICLE SIZER

Figure 4. Examples of aerosol challenge generation and characterization equipment that are commonly used

during T&E of BioDIM systems. Panel A: Aerodynamic particle sizer APS3321 (TSI, Shoreview, MN). Panel B:

Slit-to-agar sampler STA-203 (New Brunswick, Edison, NJ). Panel C: Ultrasonic atomizer nozzle (Sonotek,
Milton, NY). Panel D: Hudson-type MicroMist nebulizer (Hudson RCI, Temecula, CA). Image credit:

Norwegian Defence Research Establishment.
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At least three different reference standards have been proposed for use in T&E of BioDIM
systems [54, 57]:

e ACPLA (Agent containing particles per liter of air).
e BAULAp, (Biologically active units per liter of air) with particle size information.

e TALAp (Total agents per liter of air) with particle size information.

Despite several decades of R&D and T&E of BioDIM systems we may still remain vulnerable
to biological threat incidents that are not uncovered until those exposed and infected are either
sick, dying, or dead [47]. An unfortunate but nevertheless common trend shows that BioDIM
systems performing well under laboratory conditions may fail when faced with real-world
challenges [56, 58]. The importance of rigorous T&E, and especially the importance of
performing T&E under realistic conditions, is highlighted by capability gaps that are
commonly associated with current BioDIM systems. During operation in realistic
environmental backgrounds existing detect-to-warn systems are typically prone to having
high false positive rates, or alternatively low detection probabilities if the sensitivity is
leveraged to reduce the false positive rate [58]. The limited selectivity of existing detect-to-
warn systems, which typically is at or below the level of discriminating biological aerosols
(bioaerosols) from non-biological aerosols, may result in an inherent vulnerability to natural
fluctuations in the environmental background [58, 59]. Even static background conditions
may present a challenge to BioDIM systems with limited selectivity (e.g. bioaerosol-selective
systems). If the concentration level of BTA aerosols that represents a health hazard is much
lower than the natural background level of bioaerosols, obvious sensitivity challenges are

likely to be associated with bioaerosol-selective BioDIM systems (exemplified in Figure 5).
The measured response of a BioDIM system may be decomposed into three components [60]:

e Noise = measured response due to intrinsic factors not dependent on the external
environment.

e Clutter = measured response due to all external environmental factors (interferents)
other than the intended BTA aerosol target.

e Signal = measured response due to the intended BTA aerosol target.
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Figure 5. Hypothetical response of a BioDIM system with low (e.g. bioaerosol-selective) and high (e.g. BTA
aerosol-selective) selectivity when challenged to a BTA aerosol in different static bioaerosol backgrounds. While
the response (i.e. difference between attack and normal conditions) of a BT A aerosol-selective BioDIM system
will be largely independent of the bioaerosol background (i.e. measures signal only), the response of a
bioaerosol-selective system will be closely linked to the concentration level of the bioaerosol background (i.e.
measures both signal and clutter). The non-biological aerosol background was not included in the figure, but

could have been incorporated without affecting the predicted outcome.

It has been proposed that the performance of a BioDIM system is most properly characterized
by four inter-related parameters: sensitivity (i.e. lower detection limit), probability of
detection, false positive rate, and response time [60]. These performance attributes may be
assessed by developing Receiver Operating Characteristic (ROC) curves [55]. It has been
suggested that ROC curves should be constructed at several stages during R&D and T&E to
assess the readiness of a system before moving to the next development or testing stage [60].
The ROC formalism stems from signal detection theories refined in the 1970’s by the Radio
Detection and Ranging community for the development of low signal-to-noise detection

systems [55]. A BioDIM system’s ROC curves will be able to quantitatively capture and
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visualize performance trade-offs between sensitivity, detection probability, false positive rate,

and response time [60], as exemplified in Figure 6.
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Figure 6. Example of a Receiver Operating Characteristic (ROC) curve visualizing performance trade-offs

between the false alarm probability and the detection probability for an ideal BioDIM system (black dashed

line), a hypothetic “realistic” BioDIM system (red solid line), and a completely random response (green dashed

line). The figure was adapted from [55] and printed with permission.

The performance attributes of BioDIM systems commonly depend on their operating

environment, and ROC curves are therefore generally operationally meaningful only when

based on realistic environmental conditions [60]. However, as already pointed out, several

limitations associated with operational testing may render such an approach impractical,

21



especially when a representative challenge may not be used in a sufficiently representative
operational environment. To circumvent these challenges, an alternative approach proposed
for ROC curve construction involves directly merging challenge data from laboratory testing
(i.e. signal + noise) with background data from operational testing (i.e. clutter + noise) [60].
However, not all BioDIM technologies will be compatible with raw data fusion and
conducting operational testing on a large number of BioDIM systems to record background
data for extended periods of time prior to technology pre-screening and down-selection may

not be feasible in light of the involved economic costs.

By considering the fact that laboratory testing (e.g. aerosol chamber-based) inherently will be
likely to outperform field testing in several ways (e.g. cost effectiveness, reproducibility, and
potential for live agent testing), except for the absence of realistic operational conditions, a
possibility could be to mimic realistic environmental conditions during laboratory testing
[59]. Most acrosol chambers already have controllable meteorological conditions (e.g.
temperature and humidity), and the suggested approach would therefore only require the
added technical capability of artificially generating realistic bioaerosol and non-biological
aerosol backgrounds (e.g. concentration level, composition, particle size distribution, and
temporal variability). An example of such a technical capability, the DyCAG (Dynamic
Concentration Aerosol Generator), has recently been demonstrated [59]. However, in addition
to the technical capability, it will also be necessary to obtain detailed information about the
environmental backgrounds that are to be mimicked [59, 60]. This information may be used to
define and standardize a set of representative synthetic operational backgrounds that can be
recreated together with a challenge (e.g. BTA aerosol) during aerosol chamber-based T&E
[59, 60]. Such an approach may then at least in principle possess all the properties that will be
needed to enable cost-effective, reproducible, and standardized simulated operational T&E of

BioDIM systems with BTA aerosols in background-enabled aerosol chambers.

Although the bioaerosol and non-biological aerosol backgrounds encountered at various
operational locations may be both complex and variable, the different constituents that make
up these backgrounds are probably not all equally important or relevant for the operation of
BioDIM systems, and even simplified synthetic backgrounds could therefore potentially allow

for improved screening and down-selection of BioDIM technologies and systems.

The current standards and methods used for T&E of BioDIM systems are not adequate, and

this inadequacy hampers the R&D of new systems as well as the proper T&E of existing ones
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[60]. The recognized need for increased standardization and harmonization of the operational
requirements, reference standards, and T&E concepts and methods that are employed within

the BioDIM community has been highlighted by several recent efforts that have attempted to
address such topics [28, 43, 54, 56, 60].

1.6. Environmental backgrounds

1.6.1. Aerosols

The scientific term aerosol was coined in 1920 to describe liquid or solid particles suspended
in a gaseous medium, typically air, as an analog to the term /ydrosol describing solid particles
suspended in a liquid [61, 62]. Aerosols are ubiquitous in both natural and man-made
environments (Figure 7), originate from a myriad of different sources including sea spray, re-
suspension of soil and dust, vehicle exhaust, and volcanic eruptions, and span a broad particle

size range from a few nm to more than 100 pm [61, 63].

During the last few decades the interest in aerosol research has increased within several
scientific disciplines including public and occupational health, atmospheric science, microbial
ecology, and biodefense [61]. The recent interest could probably be ascribed to an increased
awareness of the various effects aerosols may have on our health and surrounding
environment, as well as the increasing availability of new and improved analytical tools.
Nevertheless, the history of aerosol science and much of the fundamental knowledge stretches
back to early pioneers in the field such as Victor K. LaMer, David Sinclair, Nicolai A. Fuchs,
and Charles Norman Davies [64].

Important academic literature for practitioners in the field of aerosol science include pivotal
works by Fuchs [65], Hidy [66], and Hinds [62], as well as several edited books [61, 63].
Peer-review journals dedicated to the field of aerosol science include Aerosol Science and
Technology in association with the American Association for Aerosol Research and the

Journal of Aerosol Science in association with the European Aerosol Assembly.
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Figure 7. Panel A: Mean annual mass concentration level of aerosols with an aerodynamic diameter of 10 um or

less at 1100 urban locations. Image credit: World Health Organization. Printed with permission. Panel B: Air
pollution (smog) in the city of Cairo, Egypt. Image credit: Wikimedia/Sturm58. Panel C: A dust storm from the
Sahara desert travelling towards the Canary Islands. Image credit: National Aeronautics and Space

Administration. The image is in the public domain.

1.6.2. Bioaerosols

Bioaerosols are aerosols of a biological origin which may include bacteria, viruses, fungi,
protozoa, plant and animal debris, as well as their fragments, toxins, and metabolic products
[67-69]. The particle sizes of bioaerosols span most of the aerosol size range, with the

restrictions in terms of upper and lower particle size generally defined by the circumstances of
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bioaerosol generation [69]. Among all aerosols larger than 0.2 um in outdoor ambient air, 5-

50% appears to be of a biological origin [70].

Common sources of bioaerosols include soil, water, vegetation, and living organisms, and the
generation mechanisms include wind action, anthropogenic activities, active release
processes, and several others [62, 63, 68, 69, 71]. Various industrial processes have been
shown to generate bioaerosols, for example wastewater treatment [72-74], composting [75],
and land application of biosolids [76]. The composition of bioaerosols may vary depending on
their source and generation mechanism, and range in complexity from a single biological
substance or microorganism, to aggregates and mixtures of such, and even more complex
composite particles containing the aforementioned constituents in combination with other
biological and non-biological materials including mucus residues, skin flakes, and soil and

dust particulates [62, 63, 68, 69, 71].

Bioaerosol studies have been performed in several different indoor and outdoor environments
during the last two centuries, often addressing public and occupational health-related
questions (e.g. indoor air quality control and health hazard assessments), as well as microbial
ecology, atmospheric science, and biodefense topics [43, 77-81]. The study of bioaerosols is
inherently a multidisciplinary field that brings together and require expertise from a variety of
scientific disciplines including aerosol physics, microbiology, molecular biology, atmospheric
science, and occupational and public health [71]. All aerosols are subject to the same physical
laws, and the aerodynamic behavior of bioaerosols is therefore primarily governed by

physical principles and generic aerosol properties (e.g. particle size, shape, and density) [69].

Exposure to bioaerosols may result in a range of adverse health effects, including infectious
disease, acute toxic effects, allergy, cancer, and other health impairments, and has received
increasing attention in recent years [82]. Some of the earliest recorded effects of aerosols and
bioaerosols can be found as far back as in ancient Greek literature [69]. Bioaerosols that can
penetrate into the lower respiratory tract and deposit in the alveolar region are generally

considered to be of primary concern [67, 69, 83, 84].

Recent pandemic and epidemic disease outbreaks caused by influenza viruses (e.g. swine flu
and bird flu) and coronaviruses (e.g. severe acute respiratory syndrome), as well as the
emerging bioterrorism threat demonstrated by the 2001 “Amerithrax” incident, have

contributed to highlight the importance of bioaerosol research [71].
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The increasing attention paid to bioaerosol research has resulted in a rapid increase in peer-
reviewed publications and conference presentation related to bioaerosols [71]. The Journal of
Acrosol Science has allotted three special issues to the measurement and characterization of
bioaerosols, edited by Ho and Griffiths in 1994 [85], Lacey in 1997 [86], and Grinshpun and
Clark in 2005 [87], while the interdisciplinary journal CLEAN — Soil, Air, Water had a
special issue on bioaerosols edited by Grinshpun and Agranovski in 2008 [88]. In addition to
peer-reviewed journals and the highlighted academic aerosol literature, important works
dedicated to bioaerosols include books edited by Cox and Wathes [69], Burge [89], Macher
[90], and Dimmick and Akers [91], as well as several book chapters [68, 71, 84, 92-94]. Since
bioaerosol research typically contains appreciable elements of both aerosol science and
microbiology, the resulting scientific publications are generally not restricted to aerosol-
dedicated journals, and are frequently also published in microbiology-dedicated journals (e.g.

Applied and Environmental Microbiology by the American Society of Microbiology).

1.6.3. Airborne bacteria

Bacteria are unicellular prokaryotic microorganisms ranging in physical size from about 0.5 to
30 um, and may be found in almost any natural or man-made environment [68]. Due to the
ubiquitous presence of bacteria in the environment (e.g. soil, water, plants, and animals),
airborne bacteria are also encountered almost everywhere [69]. Some examples of airborne
bacteria are shown in Figure 8. The most important source of airborne bacteria in outdoor air
has been suggested to be the surfaces of living and dead plants [68]. Industrial processes
involving mechanical handling of plant materials, soil, sewage, and wastewater may all be
strong sources of airborne bacteria, while the most important source in non-industrial indoor

environments is usually the presence of human occupants [68].

The majority of airborne bacteria are generally not harmful to healthy humans, and
predominantly consist of environmental, saprophytic, and commensal bacteria [95]. However,
bioaerosols that contain pathogenic airborne bacteria may represent a serious health threat and
have been shown to cause infectious disease in humans, exemplified by Mycobacterium
tuberculosis (tuberculosis), Legionella pneumophila (Legionnaires’ disease) and B. anthracis
(anthrax) [17, 96]. Several other bacterial pathogens, including species in the Escherichia,

Salmonella, Legionella, Neisseria, Bacillus, Francisella, Burkholderia, Clostridium, Brucella,
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and Yersinia genera, may also cause important health and ecological issues upon aerial
dispersal [97]. The predicted increase in the number of immunosuppressed individuals in the
global population due to HIV infections, chemotherapy, and genetic disorders [98], may
contribute to an increased prevalence of nosocomial and community-acquired infections by
opportunistic pathogens (e.g. Pseudomonas aeruginosa and Stenotrophomonas maltophilia)
[99], possibly through aerial dispersal of bacteria. Adding to the challenge is the observed
increase in bacterial antibiotic resistance (e.g. methicillin-resistant Staphylococcus aureus
[100], vancomycin-resistant enterococci [101], and multidrug-resistant tuberculosis [102]),
which may have important implications with respect to health risks associated with exposure
to pathogenic and opportunistic airborne bacteria. In addition to infectious diseases, airborne
bacteria have also been associated with several other negative health effects, including
occupational lung diseases such as non-allergic asthma and organic dust toxic syndrome [82].
Endotoxins consist of lipopolysaccharides and are non-allergenic cell wall components of
Gram-negative bacteria with strong pro-inflammatory properties [82]. Peptidoglycans are on
the other hand more abundant in Gram-positive bacteria and have been proposed to cause

similar health effects as those associated with endotoxins [82].

The atmosphere is generally considered to be a hostile environment for microorganisms, and
the survival of airborne bacteria have been shown to depend on a range of different
atmospheric conditions, including solar radiation, relative humidity (RH), temperature,
oxygen concentration, and the open air factor [69, 84]. The mechanisms contributing to the
biological decay of airborne bacteria are highly complex, and different classes, species, or
even strains of bacteria may have to be considered separately with respect to their survival
characteristics in air [69, 84, 103]. Some generalizations have however been proposed [69, 84,

103, 104]:

e Bacterial spores are more resistant to atmospheric conditions than vegetative cells.

e Some, but not all, Gram-negative bacteria are inactivated by oxygen after desiccation.
e RH appears to be a critical parameter with respect to the aerosol stability of bacteria.
e Complicated RH-dependent inactivation profiles are commonly observed.

e The various inactivation mechanisms appear to be highly interdependent.

e Several factors related to intrinsic bacterial properties, environmental conditions prior

to aerial dispersion (e.g. growth phase and suspending medium), and the
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aerosolization process (e.g. generation mechanism, particle size, and particle

composition) have been shown to strongly influence the aerosol stability of bacteria.

The biological state of airborne bacteria is commonly categorized as being viable or nonviable
(i.e. dead) [68]. The definition of bacterial viability is not explicit [105], although viable
bacteria are generally defined as those having a retained potential for reproduction and/or
metabolic activity. Viable airborne bacteria are commonly further categorized as being
cultivable or non-cultivable (i.e. viable-but-not-cultivable), depending on their ability to
reproduce in vitro [68]. All cultivable airborne bacteria are therefore viable, while the
opposite is not necessarily true. The biological state of airborne pathogenic bacteria may
directly affect their potential health impact since exposure to nonviable bacteria will not result
in infectious disease, although nonviable bacteria and bacterial fragments may still induce
inflammatory and toxic effects [103, 106]. Viability is a prerequisite for bacterial infectivity,
and all infective airborne bacteria are therefore inherently viable, while the converse is not
necessarily true [107]. Obtaining information about the biological state of airborne pathogenic
bacteria is therefore essential to accurately assess their potential health implications. Airborne
pathogenic bacteria with a retained potential to cause infection in susceptible hosts (i.e. ‘the
infective fraction’) may be considered the most relevant in terms of health hazard, but our
ability to efficiently and selectively quantify this fraction is currently also the most limited.
Viability is frequently used as a convenient proxy for infectivity, while cultivability is
similarly used as a proxy for viability. It is however challenging to assess the relevance and
accuracy of such proxy measurements, especially for the purpose of estimating health
hazards, and efforts to develop and validate methods that are able to obtain relevant, reliable,

and accurate exposure estimates for airborne bacteria are urgently needed [82, 90, 103, 108].

Taken together, it is apparent that the study of airborne bacteria is a challenging and complex
multidisciplinary science. Nevertheless, the increasing interest in the field highlights the
importance and societal relevance of extending our knowledge about airborne bacteria, and

how they impact on our health and surrounding environment.
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Figure 8. Examples of airborne bacteria. Panels A-B: Scanning electron microscopy images of artificially

generated bioaerosols (~3-4 um droplet nuclei) containing clusters of B. atrophaeus spores. The bioaerosols
were sampled from an aerosol test chamber onto polycarbonate filters (0.4 um pore size), coated with 2 nm
Pt/Pd, and imaged with a Hitachi SU6600 field-emission scanning electron microscope. Panels C-D: R2A agar
plates with bacterial colonies cultured from air samples collected at a Norwegian subway station showing

variable colony morphologies and pigmentations. Image credit: Norwegian Defence Research Establishment.

1.7. Characterization of airborne bacterial backgrounds

1.7.1. Sampling and analysis of airborne bacteria

Accurate and reliable quantification and identification of airborne bacteria depends on several
factors, including the use of air sampling equipment that efficiently capture representative
samples and appropriate downstream analysis methods [108]. Sampling of airborne bacteria is

usually achieved through common aerosol collection principles such as impaction,
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impingement, cyclonic separation, filtration, and thermal or electrostatic precipitation [68, 71,

93].

With respect to sampling of airborne bacteria, the performance characteristics of air sampling
equipment may be described in at least two fundamentally different ways: physical sampling
efficiency and biological sampling efficiency. The physical sampling efficiency describes the
air sampler’s ability to physically collect and retain aerosols, and is therefore mainly
dependent on generic aerosol characteristics largely independent of the type of aerosol being
sampled (e.g. inert aerosols or stress-sensitive airborne bacteria). On the other hand, the
biological sampling efficiency additionally takes into account the air sampler’s ability to
preserve the biological state of the sampled material and will therefore also depend on the

aerosol’s sensitivity to sampling-associated stress (e.g. shear forces and desiccation).

Some air samplers used to collect airborne bacteria are the same as those used for non-
microbial aerosols, while others have been specifically developed or adapted for sampling of
airborne microorganisms. Sieve and slit impactors (e.g. the Andersen sampler and slit-to-agar
samplers, respectively) may be used to deposit aerosols directly onto the surface of agar plates
and are examples of samplers that have been specifically developed or adapted for sampling
of airborne microorganisms [109, 110]. Some other well-known examples include various
liquid impingers such as the all-glass-impingers (e.g. AGI-30) and the BioSampler [111, 112].
Since impingers employ a liquid collection media the downstream analysis will not be
restricted to direct plate cultivation, allowing them to be used for other types of aerosols and

analysis methods as well.

A myriad of different air samplers has been developed and offer a wide range of instrument
properties in terms of sampling efficiency, particle collection size range, airflow rate,
collection medium type and volume, physical instrument properties (e.g. size, weight,
ruggedness, power requirements, and automation), and inflicted sampling-associated
microbial stress (e.g. shear forces and desiccation) [113-122]. Some examples of air samplers

that are commonly used to collect airborne bacteria are shown in Figure 9.
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Figure 9. Examples of air samplers that may be used to collect airborne bacteria. Panel A: Andersen-type six-
stage cascade agar impactor (Tisch Environmental, Cleves, OH). Panel B: MAS-100 agar impactor (Merck,
Billerica, MA). Panel C: BioSampler swirling liquid impinger (SKC, Eighty Four, PA). Panel D: AGI-30 all-
glass-impinger (Ace Glass, Vineland, NJ). Panel E: SASS 3100 electret filter sampler (Research International,
Monroe, WA). Panel F: SASS 2300 wetted-wall cyclone (Research International). Panel G: OMNI-3000 wetted-

wall cyclone/contactor (InnovaPrep, Drexel, MO). Image credit: Norwegian Defence Research Establishment.

The process of selecting an appropriate air sampler and sampling scheme for use in airborne
bacterial investigations is a nontrivial task that must be well-harmonized not only to the scope

of the study (e.g. targeting of all bacteria or specific subset, quantitative or qualitative
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assessment, and biological state-dependent or -independent assessment), but also the
meteorological conditions (e.g. temperature, RH, and wind speed), the analysis methods (e.g.
cultivation, microscopy, and gPCR), and various characteristics of the targeted airborne
bacterium-containing particle population (e.g. concentration level, size distribution, and stress
sensitivity). Thus, no single air sampler is likely to be optimal, or even suitable, for all
airborne bacterial sampling purposes [123, 124]. Additional factors that may influence the
choice of air sampler and sampling scheme include the need for personal sampling (i.e. on-
body sampler) or static area sampling (i.c. stationary sampler), as well as requirements related
to the use of size-selective sampling conventions. Two main types of size-selective sampling

conventions are commonly used in aerosol studies:

e The US Environmental Protection Agency (www.epa.gov) conventions
o TSP (total suspended particulates with acrodynamic diameter <100 pm)
o PMI10 (particulate matter with aerodynamic diameter <10 pm)
o PM2.5 (particulate matter with acrodynamic diameter <2.5 pum)
e The American Conference of Governmental Industrial Hygienists (www.acgih.org)
conventions
o Inhalable fraction (aerosols with aerodynamic diameter <100 pm)
o Thoracic fraction (aerosols with aerodynamic diameter <10 pum)

o Respirable fraction (aerosols with aerodynamic diameter <4 pum)

Air samples will typically be subjected to quantitative and/or qualitative analyses based on
microscopy, microbiological, biochemical, immunological, or molecular techniques [68, 71,
93]. Some selected examples of analysis methods that may be used to quantify and/or identify

airborne bacteria are shown in Figure 10.
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Figure 10. Examples of analysis methods thatmay be used for quantification and/or identification of airborne
bacteria. Panel A: Plate cultivation may be used to quantify airborne bacteria and to obtain bacterial isolate
collections (R2A agar plate showing bacterial colonies cultured from a subway station air sample). Panel B:
Identification of airborne bacteria may be done using matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF MS) analysis of bacterial isolates (Microflex LT instrument from Bruker
Daltonics, Bremen, Germany). Panel C: Identification of airborne bacteria may be done using Sanger sequencing
of 16S rRNA genes from bacterial isolates or clone libraries (ABI 310 Genetic analyzer, Applied Biosystems,
Foster City, CA). Panel D: Quantification (QPCR) and identification (e.g. PCR-based identification assays) of
airborne bacteria may be done using real-time PCR (LightCycler 480 real-time PCR instrument, Roche

Diagnostics, Indianapolis, IN). Image credit: Norwegian Defence Research Establishment.

Cultivation has traditionally been the predominant analysis method for airborne bacteria [125,
126], and continue to be of importance and in frequent use [43, 127]. Most alternative

methods cannot readily obtain information about the biological state of airborne bacteria, and
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cultivation-based methods are commonly preferred when the focus of the study is on viable
microorganisms only [128]. The ability of airborne bacteria to reproduce in vitro after
sampling is commonly used to infer the presence of viable and thus potentially infectious
airborne bacteria. The choice of culture conditions (e.g. temperature, humidity, and duration)
depends on scope of the study, and a range of different growth media formulations (e.g.
trypticase soy agar and Reasoner’s 2a agar) with and without additional supplements (e.g.
antibiotics and antifungals) have been used to study airborne bacteria [92]. A common feature
of plate count methods is their reliance on in vitro bacterial reproduction resulting in colonies
that may be enumerated [92]. The use of cultivation-based methods allow bacterial isolates to
be recovered and subjected to further characterization (e.g. pathogenic traits, antibiotic
resistance, and genotyping), and is still the “gold standard” for many applications, including

forensic and epidemiological investigations [97].

However, a major drawback with cultivation-based methods is the observation that bacterial
cells may be damaged by the aerosolization process, exposure to atmospheric conditions, or
even by sampling, and which could change their biological state [107, 115, 129-131]. It has
also been suggested that less than 1% of bacteria in any environment are readily cultured with
standard laboratory methods [132]. The concentration level of cultivable airborne bacteria
(CAB) has been showed to correspond to 0.02-75% of total airborne bacteria (TAB = CAB +
viable-but-not-cultivable airborne bacteria + nonviable airborne bacteria) [133, 134].
Although the TAB diversity typically is more diverse than the CAB diversity, it has at least in

some environments been shown to largely consist of cultivable bacterial taxa [135, 136].

Cultivation-independent analyses based on microscopy, and especially epifluorescence
microscopy (FM) in combination with various staining techniques (e.g. 4',6-diamidino-2-
phenylindole, SYBR green, and acridine orange), have traditionally been the predominant
methods used to quantify TAB [137, 138]. However, microscopy-based methods are typically
labor intensive and associated with sensitivity and selectivity limitations [92]. Recently, the
implementation of flow cytometry (FCM) as an alternative to FM has contributed to reduce
the workload by automating the measurement process, while the use of fluorescence in situ
hybridization (FISH) involving labeled nucleic acid probes instead of generic staining

techniques has been shown to increase the selectivity of both FM and FCM analyses [139].

The need for rapid and reliable quantification and identification of airborne bacterial

pathogens, especially within the public health and biodefense community, has led to an
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increased interest in cultivation-independent molecular analysis methods (e.g. PCR-based
techniques) [140]. Quantitative real-time PCR (qPCR) has recently been demonstrated for
quantification of TAB [141]. PCR-based methods have previously been used to detect specific
airborne bacteria [142], as well as in TAB diversity studies where PCR may serve as the
starting point for various other molecular techniques including Sanger sequencing of 16S
rRNA gene clone libraries and community fingerprinting methods such as denaturing gradient

gel electrophoresis [ 143, 144].

The recent implementation of high-throughput molecular techniques to study TAB diversity
(e.g. next-generation sequencing [ 145-150] and PhyloChip 16S rRNA gene-based microarrays
[151, 152]) has expanded our knowledge about airborne bacteria in various environments.
These high-throughput methods typically enable a deeper probing of the TAB diversity
compared to traditional methods, which allows even the previously largely unrecognized

“rare” bacterial diversity to be elucidated.

Despite the increasing use of cultivation-independent methods to study airborne bacteria,
several challenges remain to be solved with these methods since they: 1) generally cannot
discriminate between viable and nonviable bacteria, ii) may be sensitive to environmental
interferents (e.g. PCR inhibitors and autofluorescent particulates), and iii) may have variable
sensitivity and selectivity compared to cultivation-based methods [43, 141, 142, 153-157].
Since information about the biological state of airborne bacteria is frequently required,
cultivation-based methods will probably continue to be of importance, at least until validated
cultivation-independent methods that are able to reliably discriminate between viable and
nonviable airborne bacteria become readily available [140]. However, the increasing
implementation of techniques such as differential staining (e.g. live/dead staining) in
combination with FM and FCM, as well as ethidium monoazide in combinations with qPCR,
have shown promising results that may allow improved cultivation-independent

discrimination between viable and nonviable airborne bacteria [158, 159].

The inherent challenges that are associated with sampling and analysis of airborne bacteria, in
combination with study-specific sampling and analysis requirements, have made community-
wide standardization and harmonization difficult, and consequently led to the use of several
different air samplers and analysis methods in previous studies. Inter-study data comparisons
may therefore be difficult to perform since the various sampling and analysis methods have

been shown to provide different results even when subjected to the same bioaerosol challenge
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[113, 119, 122, 160-163]. Investigations of airborne bacteria are therefore hampered by the
lack of standardized and harmonized methods that are able to provide accurate, reliable, and
comparable results, especially when the study objective is to obtain exposure estimates for use

in health hazard assessments [90].

1.7.2. Airborne bacteria in outdoor and indoor air

The current state of knowledge regarding airborne bacteria in indoor and outdoor
environments has recently been extensively reviewed [77-79, 81, 128, 133, 134, 164-172].
Various airborne bacterial characteristics such as the concentration level, diversity, and
spatiotemporal variability of CAB and TAB have been investigated in a myriad of different
environments, including urban [145, 149, 151, 173], rural [137, 138, 174], coastal [126, 136,
175], marine [176-178], polar [179-181], and alpine [146] outdoor locations, in the
troposphere above the atmospheric boundary layer [182, 183], the stratosphere [184], and
mesosphere [185], as well as at several indoor and industrial locations including hospitals
[186-188], educational facilities [150, 189, 190], libraries [191], shopping centers [192],
museums [193, 194], churches [195], office buildings [196, 197], residential homes [198-
200], subway stations [201-213], aircraft cabins [214, 215], space stations [216, 217], clean
rooms [218, 219], animal farms [155, 220, 221], composting facilities [75, 222, 223],
wastewater and sewage treatment plants [73, 74, 224, 225], and during land application of
biosolids [76, 226]. A variety of different topics related to airborne bacteria have been
addressed in these studies, including exposure and health hazard assessments [72, 227-230],
microbial ecology and background characterizations [125, 126, 133, 138], and efforts to
elucidate the potential impact of airborne bacteria on atmospheric processes and climate (e.g.

by serving as fog, cloud, and ice nucleators) [81, 231-233].

The CAB level in typical outdoor and indoor environments has been shown to range from not
detectable to ~10* cfu m™ [81, 128, 134], although higher levels have been observed in the
presence of strong local sources, especially at industrial locations (e.g. animal barns,
compositing facilities, and sewage and wastewater treatment plants) [77, 78]. The TAB level
has been shown to range from ~10" to ~107 cells m™, although the presence of strong local
sources may, as for CAB, also result in higher TAB levels [77, 78]. The TAB levels have
been shown to be approximately two orders of magnitude higher than the CAB levels [134],
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although the ratio will probably vary depending on the type of predominant sources, the

distance from these sources, and the atmospheric conditions.

The CAB diversity is generally dominated by Gram-positive bacteria, particularly the phyla
Firmicutes (e.g. Bacillus and Staphylococcus spp.) and Actinobacteria (e.g. Micrococcus
spp.) [81, 128, 134]. The TAB diversity, however, typically shows a higher relative
abundance of Gram-negative bacteria, mainly belonging to Alpha- (e.g. Sphingomonas spp.),
Beta-, and Gammaproteobacteria (e.g. Pseudomonas spp.) as well as Bacteroidetes, although
Gram-positive bacteria such as Firmicutes and Actinobacteria are commonly also among the

most abundantly observed TAB phyla [81, 128].

Substantial temporal and spatial variability are commonly observed with respect to the

concentration level and diversity of both CAB and TAB, and thus make it challenging to
present a single unified background estimate [135]. Although some exceptions have been
reported, several generalized trends concerning the spatiotemporal variability of airborne

bacteria have been proposed [81, 128, 134, 135]:

e The seasonal variation in outdoor ambient air shows summertime maximum and
wintertime minimum levels.

e The diurnal variation in outdoor ambient air shows early morning and afternoon
maximum levels and nighttime minimum levels.

e Increased airborne bacterial levels are observed at urban compared to rural locations,
and similarly at inland sites compared to coastal sites.

o Cultivation-based results suggest that Gram-negative bacteria dominate in marine air,
while Gram-positive bacteria dominate in continental air.

e The composition of airborne bacterial communities commonly show substantial
temporal (e.g. diurnal, day-to-day, and seasonal) and spatial (e.g. land-type and land-
use) variability.

e At least in continental and temperate climate regions, plant-associated bacteria often
dominate during the warm seasons, while soil-inhabiting bacteria commonly dominate
during the cold seasons.

e Various meteorological events including dust storms and rain showers may

dramatically change both the concentration level and composition of airborne bacteria.
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1.8. Subway transportation systems

Subway transportation systems, commonly referred to as subways or metros, are found in at
least 133 cities worldwide and transport about 200 million passengers daily (www.uitp.org).
Subways are rapid underground transit systems that allow a large number of people to be
transported at a high frequency over relatively short distances, and may therefore be
considered as critical infrastructure for public transportation [234]. Subway stations are
typically confined and crowded underground public environments (Figure 11). The
architectural layout of subway stations may vary between countries, cities, and even within
the same subway network. In addition to the station design, several other building-related
properties may differ between stations, including: i) depth of the station below street level, ii)
natural (passive) or fan-driven mechanical (active) station ventilation, and iii) presence or
absence of platform screen doors which serve to physically separate the passenger concourses

from the tunnel network.

Subway stations operating without fan-driven mechanical ventilation (e.g. heating,
ventilation, and air condition systems) generally rely on air flows generated by the movement
of trains in the tunnel network (i.e. the “piston effect”) [235], although convection-driven air
flows may also occur when a temperature differential exists between the underground tunnel
network and the outdoor atmosphere. The term “piston effect” refers to the air cushion created
in front and the suction created behind a train traveling through a narrow tunnel [235]. The
cross-section of subway trains typically covers the majority of the tunnel cross-section,
resulting in air cushions that push air forward and out of the subway system in front of trains,
and negative pressure zones that draw ambient air into the subway system behind trains. Air
may escape or enter subway systems through tunnel and station entrances, as well as through

active or passive ventilation ports.

Although no deliberate dispersion of a BT A aerosol has so far been reported in a subway
environment, several terrorist attacks with explosives (e.g. in Spain, the UK, and Russia) or
chemical threat agents (e.g. in Japan) have demonstrated subway stations as terrorism targets
[234]. The dispersion of sarin, a chemical threat agent, by the Japanese religious cult Aum
Shinrikyo in the Tokyo subway in 1995 resulted in 11 casualties and over 5,000 injuries
[236], and served as a powerful reminder of the massive consequences that may be associated

with CBRN incidents in subway environments.
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Figure 11. Panel A: The Moscow subway is one of the busiest in the world and known for its deep and

beautifully decorated stations. Photo credit: Wikimedia/Christophe Meneboeuf. Panel B: A station in the Taipei

subway with passenger screen doors. Photo credit: Wikimedia/Howard61313.
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1.8.1. Airborne bacteria in subway environments

Airborne bacteria have been investigated at subway stations in several countries worldwide,
including: the US [202, 209], Japan [213], South Korea [204, 206, 207], China [237], Russia
[238], Egypt [201], the UK [203], Hungary [211, 212], and Iran [208]. These studies have
reported CAB levels ranging from not detectable to 10* ¢fu m™. The CAB diversity has been
shown to predominantly consist of the bacterial genera Micrococcus, Staphylococcus, and
Bacillus, while several other genera such as Pseudomonas, Corynebacterium, Paracoccus,
Kocuria, Aerococcus, Moraxella, and Enterococcus have also been observed, although

generally less consistently and abundantly.

Only two of the previous works [202, 209] have addressed TAB levels at subway stations. A
study performed in the New York City subway [209] reported TAB levels ranging from 10° to
10* cells m™, while a study performed in the Washington DC subway [202] investigated but
did not establish TAB levels due to issues related to an erratic air sampler. Previous TAB
diversity studies in subway environments are similarly restricted to these two studies [202,
209]. Compared to the CAB diversity, a higher relative abundance of Gram-negative bacteria
from the phyla Proteobacteria and Bacteriodetes was observed, while Gram-positive bacteria

from the phyla Firmicutes and Actinobacteria were still among the most abundant taxa.

Previous investigations of airborne bacteria at subway stations have employed a variety of
different air sampling methods, including passive sedimentation techniques, agar impactors,
liquid impingers, wetted-wall cyclones, and filtration samplers. The sampling and analysis
schemes have also differed with respect to the number of collected samples, collected particle
size range, duration of sampling, and culture conditions. In combination these differences
have made it difficult to predict the accuracy and relevance of inter-study data comparisons

and result generalizations.

In addition to airborne bacteria, several other types of bioaerosols and non-biological aerosols
may be encountered at subway stations. Airborne fungi have been investigated at subway
stations in several countries around the world, including: Iran [239], India [240], South Korea
[206, 241], Japan [242], Russia [238], Italy [243], Egypt [201], China [237], Brazil [244], and
the UK [203]. These studies have reported airborne cultivable fungal levels ranging from not
detectable to 10° cfu m™. The fungal diversity has been shown to mainly consist of the genera

Penicillium, Cladosporium, and Aspergillus, although Alternaria, Chrysosporium, Fusarium,
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several non-sporulating fungi (sterile mycelium), and yeasts are also commonly observed. The
airborne fungal levels observed at subway stations have generally been shown to be lower

than the airborne bacterial levels [203, 206, 237, 238].

Total aerosol concentration levels have similarly been investigated at subway stations in
several countries, including: Finland [245], Sweden [246-248], the Czech Republic [249],
Taiwan [250-253], Japan [254], South Korea [255-259], the US [202, 260, 261], Mexico [262,
263], Argentina [264], Turkey [265], France [266], Hungary [267], China [268], Egypt [201],
Italy [269], the UK [270-272], and Brazil [244]. Measurements of total aerosols are
commonly presented as either number (e.g. particles m™) or mass (e.g. g m™) concentrations
[273]. The previous studies at subway stations have reported mass concentrations from: 3-480
(PM2.5), 6-1500 (PM10), and 208-1610 (TSP) pg m”, while the number concentrations have
been shown to range from 10° to 10'* and 10° to 10® particles m™ for particles <1 and >1 pm,
respectively. The elemental composition of subway station aerosols commonly shows a strong
enrichment of Fe-containing particles, which has been attributed to sources associated with

train operations (e.g. wear and tear of rails, wheels, and brakes) [273].

Several factors have been proposed to influence the bioaerosol and non-biological aerosol

background encountered at subway stations, including:

e Depth of station below street level [203, 204, 238]

e Type of ventilation system [201, 238]

e Number of passengers [201, 208, 238, 239]

e Amount of settled dust [240, 241]

e Presence or absence of platform screen doors [204, 255, 257]

e The outdoor bioaerosol and non-biological aerosol background [209, 250]

1.8.2. The Nationaltheatret subway station, Oslo, Norway

Oslo is the capital city of Norway and has a population of approximately 630,000 inhabitants.
The subway transportation system in Oslo has six bidirectional lines transporting more than
80 million passengers annually (www.ruter.no). The Nationaltheatret subway station (Figure
12) is one of the busiest subway stations in Oslo, and when it opened in 1928 it was the first

underground subway station in Scandinavia. The subway station is co-located with an
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underground railway station which is situated deeper than the subway station. The subway
station consists of a single double-tracked tunnel hall which houses both the eastbound and
westbound passenger concourses. All six subway lines in Oslo pass through the station, and
the average departure frequency is approximately one per minute during its operating hours.
The station does not rely on active mechanical ventilation or passenger screen door systems.
The station is non-operative and closed from the last evening train (~01:15) until the first
morning train (~05:10). During the non-operative hours, diesel-powered trains and subway

personnel regularly perform maintenance activities at the station and in the tunnel network.

A Nationaltheatret subway station

‘ Train/Track area
Concourse area
@ General area
NT @ Bridge (transfer)
‘ Entry/Exit

Nationaltheatret stasjon

Flytoget E3) T-bane, linjer mot ost
Airport Express Train U Metro, eastbound lines

Figure 12. Panel A: Layout of the Nationaltheatret subway station. The two entrances on the right side connect
to an outdoor square at street level, while the third entrance connects to the main hall of an underground railway
station. Panel B: Entrance to subway lines from the outdoor square. Photo credit: Wikimedia/Ekko. Panel C:

Westbound subway concourse. Photo credit: Wikimedia/Maxxii.
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1.9. MALDI-TOF MS-based identification of airborne bacteria

The use of mass spectrometry (MS) in combination with whole-cell analysis or whole-cell
extract analysis for rapid bacterial identification was proposed and demonstrated more than 30
years ago [274]. The introduction of soft ionization techniques such as matrix-assisted laser
desorption ionization (MALDI) and electrospray ionization which allow MS analysis of intact
organic macromolecules (e.g. proteins) has led to an increased interest in MS-based
microorganism identification methods, especially within infectious disease diagnostics and

biodefense [275-278].

Commercial MALDI-time-of-flight (TOF) MS analysis platforms for rapid microbial
identifications have recently been introduced, including the MALDI Biotyper from Bruker
Daltonics and SARAMIS from AnagnosTec, and are rapidly becoming commonplace in
hospital diagnostic laboratories [279-283]. These systems have been shown to be capable of
obtaining bacterial identification results both faster and more cost-effective than traditional
diagnostic testing which typically involves Gram staining, culture and growth characteristics,

and biochemical patterns [282].

MALDI-TOF MS has recently been implicated as a rapid and cost-effective de-replication
tool during screening of environmental bacterial culture collections [284], and may potentially
be used as an alternative to 16S rRNA gene sequencing-based methods. Various MS
techniques, including MALDI-TOF MS, have also been used to investigate small acid-soluble
proteins (SASPs) as candidate biomarkers for rapid identification of Bacillus sp. spores
including B. anthracis [285-290]. As previously mentioned, several ATOFMS techniques,
including single-particle MALDI-ATOFMS [52], have recently been investigated for use as

real or near-real time BioDIM systems.

Taken together it may therefore be suggested that several different MALDI-TOF MS-based
methods represent novel and potentially valuable analysis tools that could allow for rapid and
cost-effective qualification (e.g. detection, identification, classification, and de-replication) of
airborne bacteria. However, limited information is currently available concerning the use of
MALDI-TOF MS methods for airborne bacterial applications, and the potential benefits and

limitations that will be associated with these methods are therefore largely unknown.
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1.10 Background of the study

Subway stations are crowded and enclosed underground public environments that may be
considered as potential bioterrorism targets, and therefore also as a relevant operational
environment for BioDIM systems. Limited information is available about the bioaerosol
backgrounds that can challenge BioDIM systems at operational sites. The characterization of
bioaerosol backgrounds in subway environments assists in obtaining information that can be
used by the biodefense community to define and standardize a set of representative subway
station bioaerosol backgrounds. Realistic bioaerosol background conditions may then be
reproduced together with a BTA aerosol challenge during aerosol chamber-based T&E, and
potentially allow for improved performance measurements that more-accurately predict the
operational performance of BioDIM systems at subway stations to be established. Bioaerosol
background characterization studies may also obtain public and occupational health- and

microbial ecology-relevant information.

The bioaerosol background at subway stations is a complex assemblage of different
microorganisms and biological substances that are likely to include, but not limited to,
airborne bacteria and fungi. Most types of bioaerosols may at least in principle influence the
operational performance of BioDIM systems. However, several factors will likely affect the
interfering potential of different bioaerosols, including their concentration level, particle
composition, and particle size distribution, as well as the selectivity level of the BioDIM

system.

Most BT As are highly pathogenic bacteria or viruses, and which often share a high degree of
structural and chemical similarity with several non-BTA bacterial or viral microorganisms. It
may therefore be proposed that bioaerosols which contain bacterial or viral microorganisms
constitute the fraction of the bioaerosol background that is most likely to impact the
operational performance of BioDIM systems. However, the majority of previous studies that
have characterized the bioaerosol background at subway stations have exclusively addressed
airborne bacteria or fungi. This is probably due to the known public and occupational health
implications that may be associated with exposure to airborne bacteria and fungi, and also the
fact that these organisms are relatively easily studied using culture methods compared to

viruses which require a suitable host for reproduction. While bacteria and fungi typically are
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ubiquitously observed in air, viruses, and at least human viruses, are generally not detected in

air in the absence of strong local sources (e.g. actively shedding infected hosts).

Taken together it may therefore be suggested that airborne bacteria, based on their ubiquitous
presence in air and shared structural and chemical similarity with several BTAs, could be
considered as the fraction of the bioaerosol background with the highest potential for

interfering with the operational performance of BioDIM systems.

In conclusion this inspired us to investigate the airborne bacterial environment at the
Nationaltheatret subway station in Oslo, Norway, with particular emphasis placed on
obtaining relevant information for the operation and T&E of BioDIM systems. Emphasis was
also placed on acquiring information that may be interesting when viewed in the context of

public and occupational health as well as microbial ecology.

Based on the bioaerosol community’s call for improved air sampling and analysis methods, as
well as increased standardization and harmonization needs, we were also inspired to address
issues related to the selection and T&E of air sampling methods. In a similar fashion, this also
led us to evaluate and implement MALDI-TOF MS as a novel classification/identification

method for use in airborne bacterial background characterization studies.

The study also involved an eight-month scientific exchange to TNO in the Netherlands. The
aim of the collaborative research was to investigate MALDI-TOF MS as a rapid and cost-

effective identification method for Bacillus anthracis spores in powders (e.g. letters).
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2. Objectives

The main objective of this PhD study was to perform an in-depth characterization of the
cultivable airborne bacterial background at the Nationaltheatret subway station in Oslo,
Norway, with special emphasis on obtaining information that may allow realistic subway
station conditions to be reproduced during aerosol chamber-based T&E of BioDIM systems

(Paper I+II).

To this end, the current literature status concerning airborne bacteria in subway environments
was reviewed (section 1.8.1) to identify existing knowledge gaps, resulting in the formulation

of specific study objectives aimed at obtaining information from the subway station about:

e Concentration level of airborne bacteria (Paper I+II)

e Diversity of airborne bacteria (Paper I+II)

e Size distribution of airborne bacterium-containing particles (Paper IT)

e Concentration level and size distribution of total acrosols (Paper I+II)

e Meteorological conditions such as temperature and RH (Paper I+II)

e Temporal variability of the airborne bacterial environment (Paper II)

e Relationship between airborne bacteria and other background characteristics
(Paper I+I1)

e Survival- and virulence-associated characteristics of airborne bacteria (Paper I)

Furthermore, in an effort to respond to the bioaerosol community’s call for improved air
sampling and analysis methods, and especially the call for increased standardization and
harmonization, emphasis was also placed on evaluating and establishing in-house sampling
and analysis schemes for use in airborne bacterial background characterization studies,

resulting in the formulation of three specific sub-objectives:

e Perform aerosol chamber-based comparative T&E of air samplers (Paper I1I)

e Implement and evaluate MALDI-TOF MS as a rapid and cost-effective
identification method for use in airborne bacterial background studies (Paper I+II)

e Develop and validate a MALDI-TOF MS-based identification assay that is capable

of identifying B. anthracis spores in powder samples (Paper IV)
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3. Summary of publications

Paper 1

Characterization of Airborne Bacteria at an Underground Subway Station
Dybwad, M, PE Granum, P Bruheim, and JM Blatny

Applied and Environmental Microbiology, 2012;78(6):1917-1929

The airborne bacterial environment at the Nationaltheatret subway station in Oslo, Norway,
was characterized during the spring, summer, and fall seasons of 2010 (May to September).
Emphasis was placed on obtaining information about the airborne bacterial concentration
level and diversity at the station, as well as virulence- and survival-associated properties of
the airborne bacteria, including hemolytic activity, antibiotic resistance, pigmentation, and
spore fraction. The use of a high volume electret filter air sampler (SASS 3100) and a
MALDI-TOF MS-based bacterial isolate identification method (MALDI Biotyper) was
demonstrated for the first time in an airborne bacterial background study. Air samples were
collected with two- to three-week intervals throughout the study period, and each sampling
event included collection of a two-hour daytime and nighttime sample at the subway station
as well as a two-hour daytime sample at an outdoor reference location. The daytime level of
airborne bacteria at the station (~400 cfu m™) was shown to be higher than the nighttime (~20
cfu m™) and outdoor levels (~110 cfu m™). The airborne bacterial spore fraction was shown to
be higher in outdoor air (~16%) than at the station (~3%). The majority of airborne bacteria
belonged to the genera Bacillus, Micrococcus, and Staphylococcus, while a total of 37
different bacterial genera were observed. The concentration level and diversity of airborne
bacteria, as well as the total aerosol concentration level and size distribution, was shown to be
stable within each environment (i.e. daytime station, nighttime station, and daytime outdoor
location) throughout the study. About 22% of the airborne bacterial isolates displayed
hemolytic activity on sheep blood agar (mainly beta-hemolysis), and were predominantly
distributed between the bacterial genera Bacillus (87%) and Staphylococcus (10%). About
27% of the isolates showed resistance against at least two of the five antibiotics tested
(ampicillin, streptomycin, nalidixic acid, tetracycline, and chloramphenicol), while 10% of the
isolates did not show antibiotic resistance. About 48% of the isolates showed visual colony
pigmentation with the predominant pigmentation being various shades of yellow, although

orange, pink, and red pigmentations were also commonly observed. The airborne bacterial
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diversity was studied using both the MALDI-TOF MS-based MALDI Biotyper and partial
16S rRNA gene sequencing. The identification results were shown to correspond well
between the two methods, although the MALDI-TOF MS method failed to obtain confident
classifications when the reference database (Bruker Taxonomy) did not contain representative

species- or genus-level library entries that corresponded to the analyzed bacterial isolate.

Paper 11

Temporal Variability of the Bioaerosol Background at a Subway Station: Concentration
Level, Size Distribution and Diversity of Airborne Bacteria

Dybwad, M, G Skogan, and JM Blatny

Applied and Environmental Microbiology, 2014;80(1):257-270

The airborne bacterial environment at the Nationaltheatret subway station in Oslo, Norway,
was characterized during a 72-hour continuous sampling campaign in February 2011.
Emphasis was placed on obtaining information about the temporal variability of the
concentration level, size distribution, and diversity of airborne bacteria at the station. Three
air samplers were used to obtain different characteristics of the airborne bacterial
environment: i) the SASS 3100 high volume electret filter sampler which allowed the results
to be directly compared with those obtained in Paper 1, ii) the Andersen six-stage cascade
agar impactor which obtained particle size-resolved airborne bacterial results, and iii) the
MAS-100 high volume agar impactor which obtained airborne bacterial results with a higher
temporal resolution (10-min sampling frequency) than the other samplers. The concentration
level and diversity of airborne bacteria at the station was shown to be conserved both between
days and seasons, while the intraday variability was found to substantial, although generally
associated with a highly consistent diurnal pattern. The airborne bacterial levels ranged from
not detectable to 10° cfu m™, and typically showed increased levels during the daytime
compared to the nighttime, as well as during rush hours compared to non-rush hours. The
airborne bacterial levels showed rapid temporal variation on some occasions (up to 270-fold),
which were both consistent and inconsistent with the typical diurnal profile. The majority of
the airborne bacteria belonged to the genera Micrococcus, Rhodococcus, Arthrobacter,
Moraxella, Staphylococcus, Bacillus, Pseudomonas, Dermacoccus, and Kocuria, and a higher
relative abundance of Gram-negative bacteria was observed with the Andersen agar impactor

(~17%) compared to the SASS 3100 electret filter sampler (~4%). Airborne bacterium-
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containing particles were distributed between different sizes for particles of >1.1 um,
although ~50% were between 1.1-3.3 pm. Anthropogenic activities (mainly passengers) were
demonstrated as a major source of airborne bacteria at the station, and shown to

predominantly contribute to bacterium-containing particles between 1.1-3.3 pm.

Paper 111

Comparative Testing and Evaluation of Nine Different Air Samplers: End-to-End
Sampling Efficiencies as Specific Performance Measurements for Bioaerosol
Applications

Dybwad, M, G Skogan, and JM Blatny

Acrosol Science and Technology, 2014;48(3):281-294

Based on more than 100 aerosol experiments, a common aerosol chamber-based T&E scheme
capable of obtaining specific performance measurements for bioaerosol sampling applications
was demonstrated and used to evaluate and compare the performance of nine different air
samplers, including impactors, impingers, cyclones, electrostatic precipitators, and filter
samplers. The air samplers’ end-to-end cultivation-based biological sampling efficiencies
(BSEs) and qPCR-/microscopy-based physical sampling efficiencies (PSEs) relative to a
reference sampler (BioSampler) were determined for Gram-negative and Gram-positive
vegetative bacteria, bacterial spores, viruses, and non-biological polystyrene latex spheres.
Significant differences were revealed among the samplers and shown to depend on the stress-
sensitivity and particle size of the sampled bioaerosol. Air samplers employing dry collection
methods were found to have reduced BSEs for stress-sensitive bioaerosols compared to
samplers that were based on wet collection methods. Air samplers that were not filter-based
showed reduced PSEs for 1 um compared to 4 pm bioaerosols. The results also revealed that
while several of the evaluated samplers were prone to underestimate bioaerosol concentration
levels relative to the BioSampler due to having lower end-to-end sampling efficiencies, they
generally obtain more-concentrated samples due to having higher end-to-end concentration
factors. Based on the consolidated T&E results several generalized features regarding the
evaluated air samplers’ suitability for various bioaerosol sampling applications were

proposed.
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Paper IV

Rapid Identification of Bacillus anthracis Spores in Suspicious Powder Samples by
Using Matrix-Assisted Laser Desorption Ionization—Time of Flight Mass Spectrometry
(MALDI-TOF MS)

Dybwad, M, AL van der Laaken, JM Blatny, and A Paauw

Applied and Environmental Microbiology, 2013;79(17):5372-5383

A rapid and reliable MALDI-TOF MS-based analysis method for identification of B.
anthracis spores in powders was developed and validated. A reference library containing 22
different Bacillus sp. strains or hoax materials was constructed and coupled with a novel
classification algorithm and standardized processing protocol for various powder samples.
The recorded mass spectra revealed that the predominant biomarkers of Bacillus sp. spores
could be related to small acid-soluble proteins (SASPs), including a-, -, and y-SASPs. The
developed method’s limit of B. anthracis detection was determined to be 2.5 x 10° spores,
equivalent to a 55-ug sample size of the crudest B. anthracis-containing powder discovered
during the 2001 “Amerithrax” incident. The end-to-end analysis method was able to
successfully discriminate among samples containing B. anthracis spores, closely related
Bacillus sp. spores, and commonly encountered hoax materials. No false positive or negative
classifications of B. anthracis spores were observed, even when the method was challenged to
a wide range of other bacterial agents. The robustness of the method was demonstrated by
analyzing samples: 1) at an external facility using a different MALDI-TOF MS instrument, ii)
using an untrained operator, and iii) using mixtures of Bacillus sp. spores and various hoax
materials. Taken together, the observed performance of the analysis method demonstrated its
potential applicability as a rapid, selective, sensitive, robust, and cost-effective laboratory-
based analysis tool for resolving incidents involving powders suspected of containing B.

anthracis spores in less than 30 min.
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4. Discussion

4.1. General discussion

BioDIM activities at most real life sites must be accomplished against a naturally occurring
bioaerosol background and a more-detailed understanding of this background may be valuable

when applied in a BioDIM context for several reasons, including:

e The instrument settings and software algorithms of existing BioDIM systems may
be optimized and adjusted to reduce the impact of the operating environment.

e Future BioDIM systems may be specifically designed to minimize the impact of
the operating environment, and could even be tailored to achieve optimized
performance in specific environmental backgrounds.

e May contribute to establish BioDIM-relevant background generalizations that
could assist in predicting T&E requirements for BioDIM systems and with the
development of more-accurate modeling and simulation tools.

e May be used to guide the construction of realistic synthetic bioaerosol
backgrounds that can be introduced together with a BTA aerosol challenge during
simulated operational T&E of BioDIM systems in background-enabled aerosol

chambers.

In order to improve our understanding of the bioaerosol background at subway stations, and
especially how it may challenge the performance of BioDIM systems, the main part of this
PhD study was designed to obtain information about the airborne bacterial background at the
Nationaltheatret subway station in Oslo, Norway (Paper I+II). No studies of airborne
bacteria or other types of bioaerosols have to the author’s knowledge previously been

performed in a Norwegian subway environment.

While information about the airborne bacterial background may in itself be interesting and
have more than one uses, the final goal of this PhD study was to apply the acquired
knowledge in a BioDIM context. The conceptual idea was to combine the results from the
Norwegian station with similar and different kinds of existing results from other stations, and
use the consolidated information to define a set of realistic subway station bioaerosol

background characteristics. The defined background characteristics could then serve as a
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framework to guide the construction of synthetic subway station backgrounds that may be
introduced together with a BTA aerosol challenge during aerosol chamber-based simulated

operational T&E of BioDIM systems.

It should be pointed out that a substantial part of this PhD study also involved testing and
implementation of sampling and analysis methods for airborne bacteria (Paper I+11+11I) in
order to develop a subway station-compatible airborne bacterial background characterization
scheme. Several of the methods that were employed, including the SASS 3100 electret filter
air sampler and the MALDI-TOF MS-based MALDI Biotyper microbial identification
system, had never before been used in a subway environment or for the purpose of
characterizing airborne bacterial backgrounds. To ensure the success of this PhD study it was
also necessary to put a great deal of effort into establishing the in-house expertise and know-
how needed to design and perform airborne bacterial background characterization studies in a

subway environment.

Substantial efforts were also put into the development and validation of the MALDI-TOF
MS-based identification assay for B. anthracis and other Bacillus sp. spores in powders
(Paper IV). Several topics addressed in Paper IV may be linked to those that were addressed
in the other publications of this PhD study, including:

o MALDI-TOF MS was used as a bacterial identification method in most publications
(Paper I+II+IV, and also in Paper V which was not included in the thesis proper).

e As demonstrated by the 2001 “Amerithrax” incident, B. anthracis spores in powders
(e.g. letters) may become aerosolized and present a significant aerosol threat (e.g.
may cause inhalation anthrax).

e B. anthracis-containing powders are considered as a relevant bioterrorism threat and
therefore also as an important BioDIM task.

e At the Nationaltheatret subway station, airborne bacteria belonging to the Bacillus
genus were abundantly observed, including Bacillus sp. spores (Paper I+II).

o Although the MALDI-TOF MS-based identification method for Bacillus sp. spores
was specifically developed to analyze powder samples in this study (Paper IV), it

may still be adaptable to other sample types (e.g. air samples).
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The background characterization studies performed at the Nationaltheatret subway station as
part of this PhD study (Paper I+II) generated several interesting results that warrant
discussion. However, these results have already been extensively discussed and compared to
existing literature in the respective publications. The following discussion will therefore be
centered on the potential applications and implications of the acquired knowledge in a
BioDIM context, and more precisely in the context of simulated operational T&E of BioDIM

systems in background-enabled aerosol chambers.

While it may in itself be interesting to understand the airborne bacterial background of
Norwegian subway stations from a national perspective, this knowledge may also be relevant
from an international perspective. Efforts to compare the background at different stations (e.g.
in different cities and geographic regions) will be needed to elucidate similarities and
differences on a global scale, and may assist in the formulation of generalizations that can be
used to predict the background of uncharacterized stations and also to develop generic

modeling and simulation tools.

Knowledge about how conserved the background will be at different stations may similarly
assist in predicting T&E requirements for BioDIM systems, both in terms of the need for real
life operational T&E at subway stations and the feasibility of achieving sufficiently realistic
simulated operational T&E in background-enabled aerosol chambers. The ideal situation
would be that the environmental background, and especially the properties that may have an
impact on the performance of BioDIM systems, turns out to be conserved between stations. It
could then be proposed that operational testing at a single subway station, or simulated
operational testing in a single synthetic background, might be sufficient to predict the
operational performance of BioDIM systems in most or all subway environments. On the
other hand, if the environmental background turns out to differ substantially between stations,
it may be necessary to suggest that the operational performance of BioDIM systems can only
be accurately assessed through operational testing at each station, or alternatively through
simulated operational testing in synthetic backgrounds that are tailored to match each
individual station. The economic costs and practical challenges that will be associated with
these “best case” and “worst case” scenarios are obviously very different, and efforts to
elucidate the actual real world situation may therefore be considered as an important task. It
should however be noted that even though a single “generic” background turns out not to be
sufficiently representative to accurately predict the performance of BioDIM systems at most

or all subway stations during late-stage T&E (e.g. for commissioning purposes), it might still
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be sufficiently representative to predict the operational performance of BioDIM systems

during R&D and initial T&E (e.g. for technology screening and down-selection purposes).

To the Author’s knowledge, this PhD study is also the first to address the airborne bacterial
background of subway stations specifically in a BioDIM context. That being said, it should be
emphasized that even though the previous characterization studies have not focused on
BioDIM applications, the obtained results may still be useful in a BioDIM context in the same
way as the results from the current work may be applied in a public and occupational health as
well as microbial ecology context. Even when all environments are considered, only a limited
number of studies have investigated bioaerosol backgrounds or reviewed existing bioaerosol
background information specifically in a BioDIM context [43, 58, 291, 292]. A common
theme in these reports appears to be a call for increased efforts to close existing knowledge
gaps, in combination with a call for the BioDIM community to better recognize the potential
importance of the bioaerosol background and to strengthen the integration of this knowledge

into all phases of R&D and T&E of BioDIM systems.

An encouraging observation in light of this has been what appears to be a growing emphasis
on the potential importance of the bioaerosol background in recent years. This may be
exemplified by the development of aerosol generation systems which could allow for realistic
bioaerosol background conditions to be recreated during aerosol chamber-based T&E of
BioDIM systems [59], in combination with increased efforts to characterize real life

bioaerosol backgrounds [43, 58, 291, 292].

Recent efforts to perform T&E of BioDIM systems at real life operational locations may also
suggest that there is a growing recognition of the potential importance of the bioaerosol
background within the BioDIM community. In 2013, at least two different T&E campaigns
were performed at subway stations, further strengthening the view that such sites may be
considered relevant for the deployment and operation of BioDIM systems. One campaign was
performed in the Boston subway by the US Department of Homeland Security [293], while
the other campaign was performed in the Prague subway as part of the TWOBIAS project
(Two Stage Rapid Biological Surveillance and Alarm System for Airborne Threats) which

was funded through the 7" Framework Program of the European Union (www.twobias.com).

The fact that subway stations were chosen as the real life test sites in both campaigns could be

taken to suggest that subway environments may present challenges to BioDIM systems that
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will not be sufficiently addressed through T&E at existing test facilities (e.g. open-air ranges

and ambient breeze tunnels).

4.1.1. BioDIM-relevant background characteristics

It is a challenging task to predict which constituents of the bioaerosol background, and
similarly which characteristics of the individual constituents and the background as a whole,
that will be relevant in a BioDIM context. A major contributing factor that makes such
predictions challenging is the fact that various BioDIM technologies may respond very
differently to the same bioaerosol background, in combination with the fact that the
backgrounds themselves may be both complex and variable. In addition to the bioaerosol
background, various other environmental parameters, including the total aerosol background
and the meteorological conditions, may also have an impact on the operational performance

of BioDIM systems, both independently and in concert with the bioaerosol background.

The selectivity level of BioDIM systems (e.g. bioaerosol- or BTA aerosol-selective systems)
may obviously have a strong impact on the interfering (i.e. clutter) potential of the bioaerosol
background (as exemplified in Figure 5 in section 1.5). While a bioaerosol-selective system
inherently will “see” most or all of the bioaerosol background, a BTA aerosol-selective
system will on the other hand be blinded to most or all of the bioaerosol background, at least
as long as BTA aerosols are not a natural part of the background. In light of this, it should
however be noted that although the selectivity level of a BTA aerosol-selective system
dictates that it will be blinded to the background, both bioaerosols and non-biological aerosols
may contribute to matrix effects that can negatively impact the operational performance of
even highly sensitive and selective BioDIM systems. In the context of PCR-based BioDIM
technologies, such matrix effects may be exemplified by the inhibition of essential enzymes
(e.g. DNA polymerases) due to the presence of PCR inhibitors (e.g. humic-like substances),
and by the loss of sensitivity and selectivity that may occur in the presence of too high

amounts of various non-target materials (e.g. non-target nucleic acids).

In addition to the selectivity level, another potentially important difference between BioDIM
systems that may impact on how they are affected by the bioaerosol background is their

fundamental operating principles (e.g. single-particle analysis or bulk sample analysis). Most
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detect-to-warn technologies are currently based on single-particle analyses (e.g. on-line
particle counting and sizing combined with UV-LIF), while most detect-to-threat technologies
are based on bulk sample analyses (e.g. air sampling followed by PCR- or immunoassay-

based identification assays).

The use of size-selective air sampling techniques to specifically capture aerosols within the
relevant particle size range may also have an impact on how BioDIM systems are challenged
by the bioaerosol background. BTA aerosols between 1 and 10 pm are generally considered to
be of primary concern since they may penetrate deep into and deposit in the human
respiratory tract [43]. However, the exact upper and lower limits of this size range are still
subject to debate, and should in any case not be interpreted as absolute limits [43]. BioDIM
systems may utilize specialized air sampling techniques, including virtual impactors and size-
selective inlets, to specifically capture aerosols in the relevant size range and to exclude
aerosols below or above this range. All bioaerosol background constituents that are
successfully excluded from entering the BioDIM system may at least in principle be
disregarded, even if they are known to have a strong interfering potential and are present in
the air in high concentrations. This is an important concept to highlight since it shows that it is
only the fraction of the bioaerosol background that reaches the analytical part of the BioDIM
system that may have an impact on its performance. A good example to use in this context
could be pollen. Pollen grains have been shown to be present in outdoor air in very high
concentrations under certain conditions [43], but due to their relatively large unit size, which
generally is >10 um [43, 294], pollen may be excluded from the analytical part of BioDIM
systems with the use of appropriate size-selective air sampling techniques. It should however
be noted that when broken up into fragments, pollen and other large-sized biological

substances may still contribute to bioaerosols that are within the relevant particle size range.

This PhD study exclusively investigated the airborne bacterial fraction of the bioaerosol
background (see section 1.10 for the rationale behind this decision). In light of the large
number of factors that may influence on how different BioDIM systems “see” and get
affected by the bioaerosol background, it was decided that the best course of action would be
to define a generic set of bioaerosol background characteristics without pre-selecting or
tailoring the choice of characteristics to fit with or favor any particular BioDIM technology or
system. The rationale behind this decision was that as long as the defined set of generic
background characteristics represented the real life background in sufficient detail, it should

allow for simulated operational T&E of BioDIM systems independently of their technological
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basis and operating principle. However, the technological basis and operating principle for a
selection of commonly used BioDIM systems were still reviewed to ensure that the defined
set of characteristics covered most of the real life characteristics which may be expected to be
particularly important in a BioDIM context. The characteristics that were proposed to have
the highest potential for interfering with the operational performance of BioDIM systems
based on this non-exhaustive and non-systematic review included, but were not limited to, the
concentration level, diversity, size distribution, and temporal variability of the relevant
bioaerosol background. What actually constitutes the relevant bioaerosol background will
obviously depend on the BioDIM system, and it may therefore be preferable to divide the
bioaerosol background into separate constituent classes based on their relative abundance and
predicted relevance. The various background characteristics may then be established
separately for each constituent class (e.g. bacteria, fungi, and pollen), and then later be applied

in a BioDIM context both individually and combined.

In addition to the bioaerosol background characteristics, the fact that several BioDIM systems
(e.g. UV-LIF-based systems) frequently utilize the bioaerosol (i.e. acrosols that upon UV-
irradiation display certain fluorescent properties) to total aerosol ratio, rather than the absolute
bioaerosol concentration alone, could suggest that total aecrosol characteristics may also have
an impact on the operational performance of BioDIM systems. Total aerosol background
characteristics could thus be proposed to be BioDIM-relevant background characteristics that

should be established.

In addition to bioaerosols and aerosols, various meteorological conditions may similarly be
suggested to be relevant background characteristics that could have an impact on the
operational performance of BioDIM systems. Temperature, humidity, and wind speed
conditions outside the intended operating range can directly impact the technical operation of
BioDIM systems, but may also indirectly affect the operational performance of BioDIM
systems by influencing the aecrodynamic and biological properties of BTA aerosols and
background aerosols. Humidity- and temperature-dependent changes in desiccation and
condensation processes may for example alter the size distribution of aerosols and thus impact
their aerodynamic behavior, but may also change the inactivation rates of aerosolized BTAs

which could alter their associated health hazard.
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4.1.2. Proposed generic set of subway station background characteristics

A generic set of realistic subway station background characteristics was proposed (Table 2)
based on the results from the Norwegian subway station (Paper I+II) in combination with
results from other stations (section 1.8.1). It should however be noted that several of the
proposed characteristics only tentatively represent a “typical” subway station at this point,
since they had to be based on information that is currently available only from a single
subway station. In addition to provide useful information on its own, the proposed set of
background characteristics may also serve to highlight areas where additional data will be
needed to close still existing knowledge gaps. The proposed background characteristics were
limited to a core set of generic characteristics (e.g. concentration level, diversity, size
distribution, and temporal variability) for the purpose of this discussion. However, several
additional background characteristics, especially airborne bacterial characteristics (e.g.
antibiotic resistance, pigmentation, and hemolytic activity), may be taken directly from the

publications (Paper I+11).

Since information about the characteristics of pollen and viral aerosols in subway
environments is currently lacking, these bioaerosol constituent classes could not be included
in the proposed set of background characteristics, and will only be briefly discussed. Pollen
grains have been proposed to not represent a major challenge to BioDIM systems in indoor
environments since their sources are generally limited to the outdoor environment [43].
However, in naturally ventilated indoor locations (e.g. the Nationaltheatret subway station)
where the outdoor-to-indoor transport of aerosols can be substantial, pollen may still be
introduced into the indoor air and constitute a relevant component of the bioaerosol
background. Nevertheless, for pollen aerosols it may be sufficient to know their
characteristics in outdoor air in combination with a detailed understanding of outdoor-to-
indoor transport mechanisms [43]. Information about the background characteristics of viral
aerosols is currently nonexistent or scarce from any environment [43]. However, the presence
of various specific viral agents in air (e.g. influenza viruses) is increasingly being studied and
reported, especially in hospital environments [295]. Taken together, it may therefore be
proposed that efforts to obtain information about pollen and viral aerosols at subway stations

could be an interesting research topic.
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Detailed information was obtained from the Norwegian subway station about the
meteorological “background” conditions (Paper I+II), and most reports from other stations
have usually contained meteorological information (e.g. temperature and RH). It is however
difficult to establish a set of “typical” subway station meteorological conditions since a
substantial variability is seen both within (e.g. seasonal and diurnal) and between stations (e.g.
different climate regions and presence/absence of heating, ventilation, and air conditioning
systems). The temperature at the Norwegian subway station ranged from ~22°C in the
summer (Paper I) to ~6°C in the winter (Paper II). The relative humidity at the Norwegian
subway station ranged from about 40-80%RH without a clear seasonal pattern (Paper I+II),
and on at least one occasion the diurnal variation spanned almost the entire range (Paper II).
The wind speed at the Norwegian subway station ranged from about 0 to 2 m s™ while trains

were operating and from about 0 to 0.5 m s™ when trains were not operating (Paper II).

61



Table 2. Proposed generic set of realistic subways station background characteristics.

Airborne bacterial characteristics

Concentration | Cultivable bacteria: 0-10* cfu m™ (Paper I+II and section 1.8.1). Total bacteria:

level 10°-10* cells m™ (section 1.8.1). Bacterial spore level corresponding to less than 2-
3.4% of the bacterial level (Paper I+II).

Diversity Mainly Micrococcus, Staphylococcus, Bacillus, Pseudomonas, Rhodococcus,
Arthrobacter, Moraxella, Kocuria, and Dermacoccus spp. (Paper I+1I and section
1.8.1).

Size Airborne bacterium-containing particles distributed between different sizes for

distribution particles of >1.1 um with about 50% between 1.1 and 3.3 pm (Paper II).

Temporal Limited seasonal and day-to-day variability, and substantial diurnal variability

variability (Paper II). Consistent diurnal profile with increased bacterial levels during daytime

compared to nighttime and during rush hours compared to non-rush hours (Paper
II). Rapid temporal variability in the bacterial level (up to 270-fold within a 10-min

period), both consistent and inconsistent with the typical diurnal profile (Paper II).

Airborne fungal characteristics

Concentration | Cultivable fungi: 0-10° cfu m™ (section 1.8.1). Generally lower airborne fungal
level levels than airborne bacterial levels (section 1.8.1).

Diversity Mainly Penicillium, Cladosporium, and Aspergillus spp. (section 1.8.1.).

Temporal The diurnal concentration level profile for fungal aerosols may resemble the diurnal
variability airborne bacterial concentration level profile established in Paper II [241].

Total aerosol characteristics

Concentration | Mass concentrations: 3-480 (PM2.5), 6-1500 (PM10), and 208-1610 (TSP) ug m™

level (section 1.8.1). Number concentrations: 10°-10'° (<1 pm) and 10°-10° (>1 pum)
particles m™ (Paper I+II and section 1.8.1).

Diversity Strongly enriched in iron-containing particles (section 1.8.1). Sodium chloride-
containing particles may also be present at high concentrations [202].

Temporal The diurnal concentration level profile for total aerosols may resemble the diurnal

variability airborne bacterial concentration level profile established in Paper II [267].
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4.1.3. General recommendations for the construction of synthetic backgrounds

Simulated operational T&E in background-enabled aerosol chambers could be an efficient
way to predict the operational performance of BioDIM systems without the need for
expensive and logistically demanding on-site testing. However, the process of defining and
recreating realistic synthetic environmental backgrounds is far from straightforward, largely
due to the complexity and variability of the real life backgrounds. The fact that the relevance
of different background constituents and their characteristics will depend on the technological
basis and operating principles of the BioDIM systems may further complicate the process of
defining which constituents and characteristics that should be included in a generic synthetic
background to make it sufficiently realistic. Similarly, the exact level of operational realism
that will be required during simulated operational T&E of BioDIM systems is currently
largely unknown, and will likely directly depend on the specific T&E objective (e.g.

technology down-selection, qualification, or commissioning).

The level of realism needed to accurately predict the operational performance of BioDIM
systems during late-stage T&E may require the use of synthetic backgrounds that are both
complex and dynamic. Depending on the actual level of operational realism needed, the
economic costs and technological challenges associated with defining and recreating such
detailed synthetic backgrounds may at some point become so large as to favor real life
operational T&E instead of simulated operational T&E. However, during R&D and early-
stage T&E of BioDIM systems, the inherent benefits associated with aerosol chamber-based
T&E (e.g. low cost and reproducibility) in combination with a presumably reduced need for
complete operational realism, may allow for cost-effective simulated operational T&E of

BioDIM systems that offers a substantial benefit compared to real life operational T&E.

It may be reasonable to suggest that even simplified synthetic backgrounds could allow for a
selection of the most important BioDIM-relevant background challenges to be simulated in an
aerosol chamber. Even though it is unlikely that all possible challenges can be recreated in
sufficient detail with a simplified background, it may still be enough to discern whether the
performance of a candidate BioDIM system is sufficient to warrant further R&D and T&E
efforts. As an example it could be proposed that if a BioDIM system fails to qualify during
T&E in a simplified and static synthetic background (i.e. without temporal variation), it may

already at that point be excluded from further T&E, even though the real life background is
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complex and dynamic. A T&E scheme that is able to screen and down-select candidate
BioDIM systems based on their empirically predicted operational performance already during
R&D and early-stage T&E could offer a substantial economic benefit and allow for an

efficient allocation of resources and funding.

The generic set of realistic subway station background characteristics that was established in
this PhD study may assist in the construction of synthetic subway station backgrounds, and
while the construction process itself was outside the scope of the study, some general
recommendations and synthetic background examples were still formulated based on the

obtained results.

The process of artificially generating a high number of different aerosols and bioaerosols to
recreate realistic environmental background characteristics (e.g. concentration level and
particle size distribution) in an aerosol chamber may obviously be a challenging task.
However, the technical challenges that will be associated with aerosol chamber-based
simulated operational T&E of BioDIM systems were considered to be outside the scope of

this PhD study and will therefore not be further addressed.

While an idealized synthetic background should mirror all aspects of the real life background
in complete detail, the construction of synthetic backgrounds that approach this level of detail
is probably not achievable, at least not in the foreseeable future. Furthermore, synthetic
backgrounds with this level of detail may not even be warranted due to the economic costs
that would be involved and the uncertainties that exist regarding the level of operational

realism that will be required during simulated operational T&E of BioDIM systems.

It may therefore be reasonable to suggest that initial efforts to construct a synthetic subway
station background could benefit from a bottom-up approach, starting with the construction of
a simplified background involving only a limited number of background constituents and
characteristics as a proof-of-concept. Additional background constituents and characteristics
may then be added to the “core” background at a later time point if the level of operational

realism associated with this background turns out to be insufficient.

Based on the generic set of subway station background characteristics that was established in
this PhD study (Table 2), the following step-by-step process may be suggested as a reasonable

approach in terms of initial efforts to construct a synthetic subway station “core” background:
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1. Recreate the total aerosol background

O

The concentration level, diversity, and size distribution of total aerosols should
reflect the background characteristics that were defined in Table 2.

A certified reference material such as urban dust (CRM-1649b) from the US
National Institute of Standards and Technology or British Rail Dust
(BR/1008/1989) from the UK-based company Particle Technologies may be
proposed as candidate test materials.

Iron-containing particles should be included to mimic the observed enrichment
of this element in subway aerosols if a non-subway-based test material is used
(e.g. urban dust). No certified reference materials that could serve as an
appropriate subway station iron-only simulant was identified. A candidate test
material for subway station iron may possibly be constructed by magnetic

extraction of iron-containing particles from a subway station air sample.

2. Recreate the airborne bacterial background

o

@)

The concentration level, diversity, and size distribution of airborne bacteria
should reflect the background characteristics that were defined in Table 2.

A mixture of cultured bacterial cells may be suggested as a candidate test
material. A selection of conventional bacterial simulants or bacterial isolates
derived from a subway station (e.g. Bacillus, Micrococcus, Staphylococcus,
and Pseudomonas spp.) may be used to mimic an authentic airborne bacterial
diversity (Table 2).

Bacillus sp. spores should be included to recreate a realistic spore fraction
(Table 2). A conventional simulant (e.g. B. atrophaeus) or Bacillus sp. isolates

derived from a subway station may be used to produce the spores.

3. Recreate the airborne fungal background

o

The concentration level and diversity of airborne fungi should reflect the
background characteristics that were defined in Table 2. Since no information
about the size distribution of airborne fungi in subway air was identified, it
may be reasonable to target a particle size distribution that reflects the
aerodynamic unit size of fungal spores.

A mixture of fungal spores may be suggested as a candidate test material.
Fungal spores produced from a selection of model organisms or fungal isolates
obtained at a subway station (e.g. Penicillium, Cladosporium, and Aspergillus

spp.) may be used to recreate a realistic airborne fungal diversity (Table 2).
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The proposed three-step approach will allow for the selected background constituent classes
(i.e. total aerosols, airborne bacteria, and airborne fungi) to be simulated independently of
each other. Each constituent class may also be further subdivided as needed to allow
independent simulation of different sub-constituents (e.g. vegetative bacteria and bacterial
spores, and different bacterial types such as Gram-positive and Gram-negative bacteria). Such
an approach will be needed when the aerosol characteristics (e.g. concentration level, size
distribution, and particle composition) associated with different sub-constituents within a
constituent class differ substantially from each other. While the proposed “core” background
is currently static, the ability to independently manipulate the aerosol characteristics of
different background constituent classes and sub-constituents will also be required to

incorporate their dynamic characteristics (i.e. temporal variability).

An alternative approach to the proposed three-step process could be to use a bulk air sample
from a subway station as a stand-alone test material. While this approach will allow for each
constituent of the subway station background to be present in realistic amounts in the
synthetic background, it will unfortunately also result in an irreversible averaging/blending of
the real life background, which means that critical information about the real life particle size
distribution and particle composition of the individual constituent classes and sub-constituents
will be lost. A bulk sample approach will similarly not allow for any of the individual

constituents or their characteristics to be varied independently of each other.

It should however be noted that although the bulk sample approach probably is far from
optimal, and may not even be suitable for T&E of BioDIM systems that are based on single-
particle analyses, it could still be suitable for T&E of BioDIM systems that are based on bulk
sample analyses as long as the test material is obtained using an air sampling technique with
similar size-selective properties as the BioDIM system. However, since the bulk air sample
represents the sampled material as it would be presented to the analytical part of the BioDIM
system after air sampling, there is basically no need to recreate an aerosol and the test material

may instead be presented directly to BioDIM system as a liquid sample.

The subway station background will obviously not be a static environment in real life, and
this PhD study has documented that at least the total aerosol and airborne bacterial levels will
be associated with rapid temporal variability on some occasions (Paper II). It may therefore
be suggested that a synthetic subway station background must at some point adopt dynamic

characteristics if it is to truly reflect the real life background. The “core” background may
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however still be useful as a static baseline, on top of which dynamic characteristics of the

various constituent classes and sub-constituents may be added.

Efforts directed towards the initial construction of a synthetic subway station background
could probably benefit from a stepwise development process, which may be proposed to

consist of the following phases:

e Phase | Static “core” background

o In accordance with the proposed three-step construction approach.

e Phase 2 Static complex background

o Add additional constituent classes (e.g. pollen and viruses) to the background.
o Split existing constituent classes into sub-constituents to allow for a more-

accurate reproduction of their individual characteristics.

e Phase 3 Dynamic (complex) background

o Start to adjust the individual characteristics (e.g. concentration level) of one or
several constituent classes or sub-constituents as a function of time to recreate
the temporal dynamics of the real life background.

o The dynamic background characteristics may be added on top of the static
“core” background, or the individual constituents classes and sub-constituents

that make up the “core” background may themselves be varied.

The proposed phases should only be considered as tentative suggestions, and it may for
example be warranted to introduce dynamic background characteristics earlier in the

construction process (e.g. the order of phase 2 and phase 3 could be reversed).
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4.2. Methodological considerations

Detailed information about the airborne bacterial background at the Nationaltheatret subway
station was obtained in this PhD study. However, the study should be considered as one piece
of a bigger puzzle since several additional studies will be needed to fully characterize the
bioaerosol background at the Norwegian subway station, and likewise to define a complete set
of bioaerosol background characteristics that may be considered truly representative of a
“typical” subway station. Some potential next steps in terms of additional research efforts that

could extend and improve the results obtained in the current study may involve:

o Efforts to validate the appropriateness of using the proposed airborne bacterial
background characteristics, some of which were exclusively based on results from the
Norwegian subway station, as representative airborne bacterial background
characteristics for a “typical” subway station.

o Can be achieved by validating, and updating if needed, the proposed airborne
bacterial background characteristics by performing similar studies at other
subway stations using the same, or at least well-defined and comparable, air
sampling and analysis methods.

o Efforts to validate the appropriateness of using the proposed airborne fungal and total
aerosol background characteristics, most of which were based on results from other
subway stations, as representative background characteristics for the Norwegian
subway station.

o Can be achieved by validating, and updating if needed, the proposed airborne
fungal and total aerosol background characteristics by performing additional
studies at the Norwegian subway station using well-defined and comparable air
sampling and analysis methods. In addition to the proposed characteristics,
future studies could benefit from addressing bioaerosol constituents that have

not yet been characterized at subway stations (e.g. pollen and viral aerosols).

While this PhD study established a broad range of different airborne bacterial background
characteristics, several airborne bacterial characteristics that may be considered relevant in a
BioDIM context was not obtained. One limitation could be proposed to be the study’s reliance
on the use of cultivation-based quantification and identification methods for airborne bacteria,

which resulted in the characterization of CAB and not TAB. However, based on the fact that
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previous airborne bacterial characterization studies at subway stations have almost
exclusively investigated CAB, in combination with the various limitations and benefits that
will be associated with both cultivation-based and cultivation-independent airborne bacterial
analysis methods (described in section 1.7.1), it may be suggested that both CAB and TAB
characteristics could be relevant in a BioDIM context. Although only CAB characteristics
were reported from the Norwegian subway station as part of this study, several attempts were
also made to obtain corresponding TAB characteristics. Unfortunately, most of these efforts

had to be abandoned due to technical challenges.

4.2.1. Technical challenges associated with TAB quantification methods

FM combined with various staining techniques (e.g. SYBR green I, acridine orange, and
BacLight Live/Dead staining) was attempted as a TAB quantification method as part of this
PhD study. The FM method was used to analyze the subway station air samples describe in
Paper 1. Due to the presence of high amounts of particulate matter (Figure 13), and which
also included a substantial amount of autofluorescent particulates, it was not possible to
obtain accurate bacterial counts from the these air samples, and the FM method had to be
abandoned. FCM combined with the same staining techniques was similarly attempted as a
TAB quantification method. The FCM method was used to analyze the same air samples as
the FM method, and had to be abandoned due to similar technical challenges. In a recent
paper from the New York City subway [209] it was found that aerosolized iron in subway air
may interfere with FM analyses. A procedure for removing magnetic iron from air samples
using a magnet rack was proposed and enabled the investigators to successfully perform FM
analyses on subway station air samples. It may therefore be reasonable to suggest that the use
of such a procedure could have reduced the technical challenges that were observed in this

PhD study.

Several of the technical challenges (e.g. autofluorescent particulates and unspecific staining)
that were associated with both the FM and FCM methods appeared to have been caused by
the high particulate matter background, and it may be proposed that a more-selective method,
such as FISH, could have helped to reduce or even circumvent these challenges. Although it

was not possible due to resource limitations to include FISH-based FM or FCM methods as
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part of this study, such methods could represent an interesting and potentially promising

alternative to traditional staining methods.

~ “
B . e™ ~ -
Figure 13. Microscopy analysis (AxioSkop 2, Carl Zeiss) performed on air samples from the Nationaltheatret
subway station. Light microscopy image (A) showing high amounts of particulate matter. Epifluorescence

microscopy image (B) showing high amounts of autofluorescent particulates in unstained samples.

Similar efforts were also made to implement qPCR as a TAB quantification method as part of
this study. The tested qPCR assay targeted the bacterial 16S rRNA gene and was used on the
same air samples as the FM and FCM methods. Nucleic acids were purified from the subway
station air samples using a MoBio UltraClean Soil DNA isolation kit. An in-house inhibition
control assay (lambda-DNA qPCR assay) was used to screen the samples for PCR inhibition
by spiking them with an appropriate lambda-DNA standard. An appreciable amount of PCR
inhibition was observed for the majority of the samples, and it was therefore necessary to
abandon the qPCR-based TAB quantification method. However, the main reason nucleic
acids were purified from the subway station air samples was actually their intended use in a
PhyloChip microarray analysis [151] to study TAB diversity. After the gPCR method had
been abandoned, several attempts were made to remove the PCR inhibition, and in the end it
was found that the addition of bovine serum albumin could restore PCR amplification for both
the inhibition control and 16S rRNA gene-based qPCR assays. However, when the inhibition
issues were resolved the residual amount of purified nucleic acids from the subway station air

samples was not sufficient to allow for both a qPCR and a PhyloChip microarray analysis,

70



and it was decided to prioritize the latter. The PhyloChip results are currently being processed

for publication, and will not be further detailed in this PhD study.

4.2.2. MALDI-TOF MS as a cost-effective method for CAB identification

Our results (Paper I+II) demonstrated that the MALDI-TOF MS-based MALDI Biotyper
could be a valuable method for identification of airborne bacteria and screening of airborne
bacterial isolate collections. The classification results obtained with the MALDI Biotyper
generally corresponded well with partial 16S rRNA gene sequencing-based results (Paper I).
When compared to the sequencing approach which involved PCR amplification followed by
amplicon clean-up and Sanger sequencing, the MALDI Biotyper offered several benefits in
terms of speed and cost which may be particularly valuable during screening of large bacterial
isolate collections. However, the performance of the MALDI Biotyper was shown to directly
depend on the availability of representative library entries (at the corresponding species or
genus level) in the reference database (Bruker Taxonomy), and an appreciable number of
bacterial isolates derived from the subway station air could not be confidently classified
because no representative entries were present in the reference database. The coverage of
environmental bacteria in the Bruker Taxonomy database is gradually increasing, but there is
still a bias towards bacterial taxa that are clinically relevant and highly studied (Paper I).
Although the results obtained in Paper I and Paper II are not completely comparable due to
differences in the isolate selection process, they could still be taken to suggest that the
coverage of relevant environmental bacterial taxa in the Bruker Taxonomy database improved
between the two studies (2011 and 2012, respectively). Approximately 36% of the obtained
isolates during the first subway station study (Paper I) could not be reliably classified, while
this number was reduced to 29% in the second study which employed an updated reference
database (Paper II). As pointed out in Paper I, the MALDI Biotyper system allows the users
to construct their own libraries. This could be an efficient way to increase the coverage of
bacterial taxa that are not sufficiently represented in the reference database. Efforts to increase
the coverage of relevant airborne bacterial taxa in the reference database are currently being
planned, and may involve the use of the airborne bacterial isolate collections that were
obtained in Paper I and Paper II. If successful, these efforts could increase the benefits that

will be associated with the use of the MALDI Biotyper in airborne bacterial background
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characterization studies, and similarly contribute to unleash the true potential of the MALDI

Biotyper as a rapid and cost-effective screening tool for environmental bacterial isolates,

which is currently being hampered by the limited coverage of environmental bacterial taxa in

the reference database.

4.3. Future perspectives

Many of the topics that were addressed in this PhD study may clearly warrant further study.

Several still remaining knowledge gaps have been identified and highlighted as part of the

discussion, and suggested research efforts that may be used to address these knowledge gaps

have been formulated. A selection of the suggested research efforts may be summarized in a

non-prioritized order as follows:

Efforts to obtain TAB characteristics from the Nationaltheatret subway station.
Efforts to compare the bioaerosol background, including CAB and TAB
characteristics, at different subway stations.

Efforts to obtain background characteristics for potentially relevant bioaerosol classes
(e.g. pollen and viruses) that have not yet been characterized at subway stations.
Efforts to improve the MALDI Biotyper as an identification method for airborne
bacteria by increasing the coverage of commonly observed airborne bacterial taxa in
the reference database.

Efforts to construct a synthetic subway station “core” background as a proof-of-

principle.

In terms of future perspectives, it could also be interesting to briefly highlight two follow-up

studies that have already been initiated:

A TAB diversity study involving the use of PhyloChip microarrays to analyze the
subway station air samples that were described in Paper 1.

An airborne bacterial background characterization study at an underground subway
station in Prague, the Czech Republic, involving the use of air sampling and analysis

schemes that correspond to those that were used in Paper I+11.
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5. Conclusions

In order to generate new knowledge concerning the environmental background of bioaerosols
that may be encountered by BioDIM systems while operating in a subway environment, the
airborne bacterial background at the Nationaltheatret subway station in Oslo, Norway, was
characterized as part of this PhD study (Paper I+II). The resulting scientific publications
represent the first published accounts that describe the background of airborne bacteria or any
other type of bioaerosol in a Norwegian subway environment. The overall aim was to
establish a set of realistic subway station airborne bacterial background characteristics and to
describe how this information may be applied in a BioDIM context to improve the operational
performance of BioDIM systems and to develop an aerosol chamber-based T&E scheme that

takes the real life operational bioaerosol background into account.
The conclusions from this work (Paper I+II) were:

e The average concentration level of airborne bacteria at the subway station was ~400
c¢fu m™ during the daytime and ~20 cfu m™ during the nighttime, and about 70 cfu m™
during the daytime at an outdoor site located adjacent to the station’s entrance.

e The airborne bacterial levels at the station ranged from not detected to 10° cfu m™, and
typically showed increased levels during the daytime compared to the nighttime, as
well as increase levels during rush hours compared to non-rush hours.

e The concentration level and diversity of airborne bacteria at the station was conserved
between different days and yearly seasons, while the intraday variability was
substantial although generally associated with a highly consistent diurnal pattern.

e The airborne bacterial level at the station displayed rapid temporal variation on some
occasions (up to 270-fold within a 10-min period), which were both consistent and
inconsistent with the typical diurnal profile.

e The majority of airborne bacteria at the station belonged to the genera Micrococcus,
Rhodococcus, Arthrobacter, Moraxella, Staphylococcus, Bacillus, Pseudomonas,
Dermacoccus, and Kocuria. A total of more than 37 different bacterial genera were
successfully recovered from the subway station air.

e A higher relative abundance of Gram-negative bacteria was recovered from the station
with the Andersen agar impactor (17%) compared to the SASS 3100 electret filter

sampler (4%).
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Airborne bacterium-containing particles were distributed between different sizes for
particles of >1.1 pm at the station, although ~50% were between 1.1-3.3 um.
Anthropogenic activities (mainly passengers) were demonstrated as a major source of
airborne bacteria at the station, and shown to predominantly contribute to bacterium-
containing particles between 1.1-3.3 pm.

The airborne bacterial spore fraction was shown to be higher in outdoor air (~16%)
than at the station (~2-3%).

About 22% of the bacterial isolates derived from the station air showed hemolytic
activity, and were predominantly distributed between the bacterial genera Bacillus
(87%) and Staphylococcus (10%).

About 27% of the bacterial isolates derived from the station air showed antibiotic
resistance against at least two different antibiotics, while ~10% of the isolates did not
display antibiotic resistance.

About 48% of the bacterial isolates derived from the station air displayed visual
colony pigmentation. The predominant pigmentation was various shades of yellow,
although orange, pink, and red pigmentations were also commonly observed.

A MALDI-TOF MS-based bacterial identification method (MALDI Biotyper) was
successfully implemented as a rapid and cost-effective screening tool for airborne
bacterial isolate collections. The MALDI Biotyper results corresponded well with 16S
rRNA gene sequencing-based results. The coverage of environmental airborne
bacterial taxa in the MALDI Biotyper reference database was however a limiting
factor of the MALDI-TOF MS method, and it was concluded that efforts should be

made to increase the coverage.

The use of air sampling equipment with well-defined performance criteria is important for any

bioaerosol sampling application since it is the only way to ensure that the obtained results

correctly describe the real life characteristics of the targeted bioaerosol. An air sampler’s

physical sampling efficiency is an important performance measurement for sampling of any

bioaerosol regardless of downstream analysis method that is used. However, an air sampler’s

biological sampling efficiency is an important performance measurement if the downstream

analysis methods depend on the biological state of the sampled material (e.g. cultivation-

based methods). Changes in the biological state of bioaerosols as a result of the air sampling

process are commonly attributed to sampling-associated stress (e.g. desiccation and shear

forces), and an air sampler’s propensity to inflict such stress must be carefully matched to the
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stress-sensitivity of the targeted bioaerosol to ensure that the obtained results correctly
describe the real life characteristics of the targeted bioaerosol. Both the design and collection
principle of an air sampler may have an impact on its physical and biological sampling
efficiency, and another important part of this PhD study therefore involved aerosol chamber-
based comparative T&E of several different samplers based on a variety of collection

principles and sampler designs.
The conclusions from this work (Paper III) were:

e Air samplers employing dry collection principles (e.g. filtration, dry impaction, and
electrostatic precipitation) showed reduced biological sampling efficiencies for stress-
sensitive bioaerosols compared to samplers employing wet collection principles (e.g.
liquid impingement and wetted-wall cyclones).

e Filter-based air samplers had similar physical sampling efficiencies for 1 pm
compared to 4 um bioaerosols, while non-filter-based samplers had reduced physical
sampling efficiencies for 1 um compared to 4 um bioaerosols.

e The end-to-end sampling efficiencies of several of the evaluated samplers showed that
they will be prone to underestimate bioaerosol concentration levels (relative to the
BioSampler). However, their end-to-end concentration factors showed that they
generally will still be able to obtain samples with a higher concentration of sampled
material than the BioSampler.

e Gram-negative vegetative bacteria (Serratia marcescens) were shown to be more
stress-sensitive than viruses (bacteriophage MS2), Gram-positive vegetative bacteria

(Kocuria rhizophila), and bacterial spores (Bacillus atrophaeus).

Suspicious powders containing B. anthracis spores were demonstrated as a serious
bioterrorism threat during the 2001 “Amerithrax” incident in the US, and resulted in the loss
of human lives and massive societal burdens. While the discovery of powders that actually
contain B. anthracis spores may be considered as rare events, hoax incidents are much more
common and represent a major societal burden since they must be handled as real threats until
the presence of hazardous materials can be confidently ruled out. One way to collectively
reduce the societal burdens associated with bioterrorism and hoax incidents may be to develop
reliable analysis methods that are able to confirm or rule out the presence of B. anthracis

spores with minimum processing time. BioDIM has been a common theme throughout this
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PhD study, and the main BioDIM objective in this case was to develop and test a MALDI-

TOF MS-based rapid identification method for B. anthracis spores in powder samples.
The conclusions from this work (Paper IV) were:

e A MALDI-TOF MS-based method for rapid and reliable screening of powder samples
and identification of B. anthracis spores was successfully developed and tested.

e The recorded mass spectra based on MALDI-TOF MS measurements of acid-
extracted proteins from Bacillus sp. spores revealed that the predominant biomarkers
could be related to small acid-soluble proteins (SASPs), including a-, -, and y-
SASPs.

e The method’s limit of B. anthracis detection was determined to be 2.5 x 10° spores,
equivalent to a 55-ug sample size of the crudest B. anthracis-containing powder
discovered during the 2001 “Amerithrax” incident.

e The method was able to successfully discriminate among samples containing B.
anthracis spores, closely related Bacillus sp. spores, and commonly encountered hoax
materials.

e No false positive or negative classifications of B. anthracis spores were observed,
even when the method was challenged to a wide range of other bacterial agents.

e The robustness of the method was demonstrated by successfully analyzing samples: 1)
at an external facility using a different MALDI-TOF MS instrument than the one that
was used to develop the method, ii) using an untrained operator, and iii) containing
mixtures of Bacillus sp. spores and commonly encountered hoax materials.

e The observed performance of the method demonstrated its potential applicability as a
rapid, specific, sensitive, robust, and cost-effective analysis tool capable of resolving

incidents involving suspicious powders in less than 30 min.

Several of the results that were obtained as part of this PhD study may also be relevant when
viewed in the context of public and occupational health. However, the potential public and
occupational health implications of the results were intentionally not addressed as part of this
PhD study since the specified objective was to address and emphasize the implications and
applications of the obtained results in a BioDIM context. Nevertheless, this PhD study has
resulted in the publication of a substantial amount of detailed information concerning: i) the
airborne bacterial background at a subway station (Paper I+II), ii) the performance of a wide

selection of air samplers for a variety of bioaerosol sampling applications (Paper I1I), and iii)
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the potential applicability of a novel MALDI-TOF MS-based rapid identification method for
B. anthracis spores in powders (Paper IV). The results have thus been made available to the
scientific community and may be evaluated and assessed by public and occupational health

professionals with respect to their potential public and occupational health implications.

In summary, this PhD study contributes to a deeper understanding of the bioaerosol
background, especially at subway stations. It similarly highlights the potential importance of
the bioaerosol background in a BioDIM context, and emphasizes the need for increased
research efforts to close existing knowledge gaps. It may also serve to highlight the research
efforts that will be needed before real life bioaerosol background information may be fully
exploited in a BioDIM context. This PhD study has brought forth important results with
respect to the long term ambition of developing aerosol chamber-based simulated operational
T&E schemes for BioDIM systems that combine the reproducibility and cost-effectiveness of

aerosol chamber-based T&E with the operational realism of on-site T&E.
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The reliable detection of airborne biological threat agents depends on several factors, including the performance criteria of the
detector and its operational environment. One step in improving the detector’s performance is to increase our knowledge of the
biological aerosol background in potential operational environments. Subway stations are enclosed public environments, which
may be regarded as potential targets for incidents involving biological threat agents. In this study, the airborne bacterial commu-
nity at a subway station in Norway was characterized (concentration level, diversity, and virulence- and survival-associated
properties). In addition, a SASS 3100 high-volume air sampler and a matrix-assisted laser desorption ionization—time of flight
mass spectrometry-based isolate screening procedure was used for these studies. The daytime level of airborne bacteria at the
station was higher than the nighttime and outdoor levels, and the relative bacterial spore number was higher in outdoor air than
at the station. The bacterial content, particle concentration, and size distribution were stable within each environment through-
out the study (May to September 2010). The majority of the airborne bacteria belonged to the genera Bacillus, Micrococcus, and
Staphylococcus, but a total of 37 different genera were identified in the air. These results suggest that anthropogenic sources are
major contributors to airborne bacteria at subway stations and that such airborne communities could harbor virulence- and
survival-associated properties of potential relevance for biological detection and surveillance, as well as for public health. Our
findings also contribute to the development of realistic testing and evaluation schemes for biological detection/surveillance sys-
tems by providing information that can be used to mimic real-life operational airborne environments in controlled aerosol test

chambers.

As of 2011, more than 120 cities worldwide have underground
railway transportation systems (subways), which transport
about 200 million people daily. Public places, and especially loca-
tions where people are confined in enclosed spaces, such as sub-
way stations, may be regarded as potential targets for the disper-
sion of biological threat agents in air. Even though no successful
deliberate dispersion of biological threat agents in subway envi-
ronments has been previously reported, such incidents cannot be
ruled out. The dispersion of sarin nerve gas (a chemical threat
agent) by the Japanese religious cult, Aum Shinrikyo, killed 11 and
injured over 5,000 persons in the Tokyo subway in 1995 (50).
Aum Shinrikyo failed in causing anthrax infection when aerosol-
izing B. anthracis in Tokyo 2 years earlier, due to the use of a
low-virulence vaccine strain (68).

Harmful concentrations of pathogenic microorganisms or
their toxins in airborne environments could occur following a
deliberate dispersion of biological threat agents but might also be
a result of an unintentional release from natural sources. Most
biological threat agents will not induce any immediate effects in
humans even after fatal exposures, and in the absence of a reliable
surveillance system, the public would most likely be unaware of an
incident involving biological threat agents until exposed individ-
uals seek medical assistance up to several days later. An early warn-
ing, detection, and response scheme could contribute to minimiz-
ing the consequences of such incidents (49). Both military and
civilian societies/authorities have expressed an urgent need for
detection/surveillance systems, and a lot of effort is being put into
the development and “testing and evaluation” (T&E) of biological
detectors. Biological detectors need to fulfill stringent require-
ments before they can be deployed for reliable surveillance pur-
poses. The detectors’ performance criteria, such as sensitivity and
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specificity, will be challenged during operation in complex air-
borne environments, which could lead to false-positive or
-negative detection events reducing the detection equipment’s
credibility. Currently, few if any, available biological detectors
have been able to meet the users’ requirements regarding reliable
sensitive and specific real-time monitoring of biological threat
agents in different operational environments (49). This is partly
due to the complex nature of microorganisms, and the natural
occurrence of similar but nonpathogenic environmental relatives
of the biological threat agents. T&E of biological detectors is in
general performed in aerosol test chambers, where they are chal-
lenged with known amounts of live, attenuated, or killed biologi-
cal threat agents, or their appropriate simulants, to determine im-
portant detector properties such as detection limits. However, it is
also necessary to test biological detectors in realistic operational
environments since there are several major differences between
these environments and aerosol test chambers. In real-life envi-
ronments, the biological detector will continuously be challenged
with a complex and dynamic mixture of both biological and non-
biological airborne material, which should not interfere with its
performance in detecting the biological threat agents of concern.
Research has shown that several biological detectors do not per-
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TABLE 1 Overview of airborne bacterial concentrations and meteorological parameters

Mean * SD CFU m of air > + SD
Cloud Humidity

Sample® cover Temp (°C) (% RH) TSA R2A TSA* R2A* TSAt R2AT
180510D 17.5* 0.4 69.1 = 3.8 480 £ 26 517 £22 < < < <
140610D 183 £0.3 62.9 £ 6.4 461 *+ 82 454 = 74 110 17 £ 10 < <
280610D 19.6 £ 0.4 69.8 £ 3.3 352 £ 69 344 = 20 158 7*8 < <
280610N 189 £ 0.5 63.3 £2.0 13 18 30 13 < < < <
260710D 19.4 £ 0.5 75.6 = 0.5 222 £ 29 289 * 67 < < < <
260710N 204 £03 71.6 = 1.5 17*+6 30 = 14 < < < <
260710R Overcast 202 %12 65.2 £ 4.4 35%17 76 £ 55 22 £24 76 = 63 < 30 £ 14
160810D 21.7 £ 0.5 69.5 £59 461 = 212 276 £ 12 < < < <
160810N 19.9 £ 0.2 74.7 34 31*3 303 < < < <
160810R Overcast 19.0 = 0.6 56.2 = 3.3 181 = 25 104 = 33 20 £12 11 £10 6*0 <
300810D 193 £0.3 66.3 * 6.9 441 *+ 50 444 + 112 11 £10 6*6 < <
300810N 18.8 £ 0.3 61.1 x 14 43 £20 28 £17 < < < <
300810R Sunny 177 £ 1.1 46.0 £ 3.7 161 £ 19 228 £ 124 133 6+6 < <
130910D 193 £0.5 69.8 £ 5.0 469 * 143 493 * 43 65 =98 11*6 < <
130910N 18.3 £ 0.5 67.1 + 1.1 6*+6 7%3 < < < <
130910R Sunny 159 £ 1.7 67.4 £ 8.3 57 £ 26 137 = 18 7*8 11 =11 < <
270910D 16.6 £ 0.3 62474 341 * 46 350 = 47 26 £ 18 7%3 22 *£11 9*6
270910N 149 04 47.6 £ 0.8 7*x8 < < < < <
270910R Sunny 12.6 £ 1.0 47.6 £3.2 70 £ 35 94 £ 15 7%3 9+ 12 9+8 <

“ D, daytime station; N, nighttime station; R, daytime outdoor reference. N and R samples were not collected on the first sampling dates because the required permissions were not

yet available.

¥ Airborne bacterial concentrations are reported as the averages of the triplicate cultivation plates. *, Spore-specific cultivation (aerobic); t, spore-specific cultivation (anaerobic).

<, below the limit of detection (5.5 CFU m3).

form optimally when tested in operational environments (20, 49).
Alot of effort has been put into improving T&E methodologies for
biological detectors by establishing aerosol test chamber systems
that can mimic real-life environmental backgrounds (55, 59, 74),
thus enabling operational testing of biological detectors by chal-
lenging them with biological threat agents in the presence of a
more realistic background. The ability to mimic real-life condi-
tions depends on the availability of detailed information about the
environments that are to be mimicked. Such information is cur-
rently very limited, and further investigation of naturally occur-
ring airborne microorganisms in potential target environments is
therefore important. Information about naturally occurring air-
borne microorganisms in crowded public environments may also
be important from a public health perspective, since elevated lev-
els of airborne microorganisms are considered an important fac-
tor that affects indoor air quality and have been linked to adverse
human health effects due to their potential toxigenic, allergenic,
and infectious nature (19).

For the present study, we performed a detailed characteriza-
tion of the cultivable airborne bacterial environment at the largest
underground subway station in Oslo, Norway, from May to Sep-
tember of 2010. Daytime, nighttime, and outdoor reference sam-
ples were collected using a high-volume open-faced electret filter-
based air sampler (SASS 3100) and analyzed by cultivation to
enumerate total and spore-specific airborne bacterial concentra-
tions. Microbiological, biochemical, and molecular methods were
used to taxonomically classify the obtained bacterial isolates and
to investigate virulence- and survival-associated properties, such
as antibiotic resistance, hemolytic activity, and pigmentation. The
results described here regarding the natural concentration level,
composition, and variability of airborne bacteria in a subway sta-
tion increase our knowledge about potential target airborne envi-
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ronments that biological detectors may be subjected to and pro-
vide information about the naturally occurring biological aerosols
(bioaerosols) that biological detectors should be tested against
during T&E in aerosol test chambers. Also, our work generates
relevant baseline data that could be used when assessing human
exposure to airborne bacteria in subway environments. In addi-
tion, we describe new methodologies for air quality analysis that
might be of interest and applied in public health studies and safety
assessments.

MATERIALS AND METHODS

Study location. The study was conducted at the underground subway
station Nationaltheatret, Oslo (ca. 600,000 inhabitants), Norway. On av-
erage one train departs every minute during the operating hours of the
station, and the subway network yearly transports over 70 million people.
The station is nonoperative between 1 and 5 a.m., except for maintenance
activities. No heating, ventilation, and air conditioning system is installed
at the station. Air samples were collected during a 5-month period, from
May through September of 2010, at 2- to 3-week intervals (Table 1). Sam-
ples were collected at one location inside the subway station and at one
outdoor location (reference). The indoor sampling was performed at the
westbound concourse during the day (11 a.m. to 1 p.m.) and night (2 to 4

m.), and the outdoor reference sampling was performed during the day
(9 to 11 a.m.) at a square adjacent to the stations entrance. Nighttime
outdoor reference samples were not collected because of practical and
security-related issues. Nighttime station samples and daytime outdoor
samples were not collected on the first two and three sampling dates,
respectively, since permissions to do such sampling were not available at
these initial dates.

Bioaerosol collection. Air samples were collected using a high-
volume air sampler, SASS 3100 (Research International, Monroe, WA),
using filter-based electret capture technology. The SASS 3100 instrument
offers an user-adjustable airflow of between 50 and 360 liters per min
(Ipm), and the particle collection efficiencies are ca. 92% for particles in
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the 0.5- to 5.0-wm size range when sampling at 120 Ipm and 78 to 79% for
similar-sized particles at 320 Ipm. The electret filter is composed of an
injection-molded frame with an acoustically welded 44-mm diameter mi-
crofibrous capture disc, where each fiber has an electric field frozen into it.
These fields will induce a charge in aerosols passing through the filter and
provide an electret capture mechanism. The capture disc has a void vol-
ume of ca. 96% and an effective airflow velocity at the filter face of ~3.5 m
per s when sampling at 320 lpm. These properties translate into substan-
tially lower particle impact speeds and pressure drops compared to most
traditional dry filter collection methods, and the employed electret filter
technology should therefore offer relatively benign capture conditions for
delicate microorganisms even at high airflow rates (56). The instrument
was mounted on a tripod with the filter at a height of 1.5 m above the
ground, facing the tracks at a 45° downward angle from the horizontal
position. The downward-facing angle was selected to avoid direct depo-
sition of large particulates (>100 wm) that originated from sources im-
mediately above or close to the sampler, since such particulates would not
represent true aerosols due to their limited residence time in air (6). The
tripod was positioned in the middle of the westbound concourse about 4
m from the train tracks. The airflow was 300 Ipm, and the sampling period
lasted for 2 h, corresponding to a total air sample of 36 m>. Sampled filters
were placed back into their original sterile packaging, transported directly
to the laboratory at room temperature, and processed within 2 h after
sampling. The open-faced filter holder on the SASS 3100 instrument was
disinfected with ethanol (70%) between samples to avoid cross-
contamination. Field blanks were generated by mounting filters on the
SASS 3100 instrument without drawing air on a few occasions and sub-
jecting them to the same downstream procedures as the sampled filters.
The collected particles were extracted from the filters into liquid using an
extraction buffer (phosphate-buffered saline with 0.05% Triton X-100
[pH 7.4]) and the SASS 3010 extractor instrument (Research Interna-
tional) according to the manufacturer’s standard instructions. The extrac-
tor instrument was disinfected with hydrogen peroxide (35%) or sodium
hypochlorite solution (5,000 ppm free available chlorine), followed by
multiple flushes with the extraction buffer, as per the manufacturer’s rec-
ommendations, to avoid cross-contamination.

Particle and meteorological data collection. Particle concentrations
and size distribution data were measured with an optical particle counter
(Aerotrak 8220; TSI, Shoreview, MN) mounted on a tripod, with the inlet
pointing in the vertical direction at the same height as the SASS 3100. The
instrument was equipped with an external temperature and humidity
probe. Particle data were binned into size intervals corresponding to 0.5 to
1.0 wm, 1.0 to 2.0 wm, 2.0 to 3.0 wm, 3.0 to 4.0 wm, 4.0 to 5.0 wm, and
>5.0 wm. Particle and meteorological data were collected simultaneously
with the bioaerosol sampling and averaged over the entire 2-h sampling
period.

Bacterial cultivation. To enumerate total airborne cultivable bacteria,
filter extracts (100 ul) were plated in triplicate using a standard spread
plate method onto Trypticase soy agar (TSA; Merck, Darmstadt, Ger-
many) and Reasoner’s 2a (R2A) (Oxoid, Cambridge, United Kingdom)
plates, supplemented with 100 ug of cycloheximide (Sigma-Aldrich, St.
Louis, MO) ml ™" to avoid fungal growth (60). Incubation was performed
at 30°C for 48 h before colony counting. To exclusively enumerate culti-
vable anaerobic and aerobic bacterial spores, filter extracts were heat
shocked (75°C, 20 min) and then plated out and incubated as for vegeta-
tive bacteria (5). Anaerobic cultivation jars, AnaeroGen packs, and anaer-
obic indicators (Oxoid) were used to generate and verify anaerobic
growth conditions. Airborne cultivable bacterial concentrations are pre-
sented as the average of the triplicate cultivation plates and expressed as
CFU per cubic meter of air (CFU m™?) = the standard deviation. The
limit of detection (LOD) was calculated to be 5.5 CFU m > for the culti-
vation assay used, corresponding to the observation of atleast one CFU on
each of the triplicate plates. A representative selection of morphologically
distinct colonies was isolated from the primary cultivation plates to obtain
pure isolates for further characterization. Selected colonies were trans-
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ferred to new TSA plates and incubated at 30°C for 48 h. The process was
repeated until pure isolates were obtained. Long-time storage was done at
—80°C in brain heart infusion broth (Oxoid) supplemented with 18%
glycerol (Merck).

Partial 16S rRNA gene sequencing. A single colony from each isolate
was transferred to a polypropylene tube (1.5 ml; Axygen, Union City, CA)
filled with PCR-grade H,O (100 ul; Ambion, Austin, TX) and submitted
to five freeze-thaw cycles before centrifugation (10,000 X g, 2 min). Each
cycle consisted of submersion in liquid nitrogen (1 min), followed by
submersion in boiling water (1 min) and a brief vortex mixing. Real-time
PCR was performed using the supernatant (2 ul) as a template in white
96-well PCR plates (Roche Diagnostics, Indianapolis, IN) on a Light-
Cycler 480 instrument (Roche Diagnostics). Briefly, each reaction (30 ul)
consisted of 2X SYBR green master mix (15 ul; Roche Diagnostics), PCR-
grade H,O (9 ul), 10 uM forward and reverse primers (2 ul each), and
sample (2 ul). Universal Bacteria 16S rRNA gene primers were used, in-
cluding the forward primer 27F (5'-GAGTTTGATCMTGGCTCAG-3")
and the reverse primers 519R (5'-GWATTACCGCGGCKGCTG-3') (40).
The PCR program consisted of an initial denaturation (95°C, 5 min), 35
cycles of denaturation (95°C, 20 s), annealing (55°C, 10 s), and extension
(72°C, 90 s), and finally a terminal extension (72°C, 5 min). Negative
amplification controls were included on each PCR plate to verify the ab-
sence of contaminating DNA in the PCR reagents. Standard melting-
curve and gel analyses were performed to verify amplification of specific
PCR products. Purification and bidirectional sequencing using the prim-
ers 27F and 519R were performed at a commercial sequencing facility
(Eurofins MWG Operon, Ebersberg, Germany). The sequence trace files
were trimmed, aligned, and manually checked using BioNumerics 6.0
(Applied Maths, Sint-Martens-Latem, Belgium), and only sequences with
read lengths greater than 400 bp and less than 1% ambiguous base calls
were approved.

16S rRNA gene-based taxonomical classification. Isolates were clas-
sified by submitting their 16S rRNA gene sequence to the Classifier and
SeqMatch tools at the Ribosomal Database Project (RDP) website (http:
//rdp.cme.msu.edu, release 10, update 22) (75), yielding classification
down to the genus level and best hits against the RDP database, respec-
tively. In addition, a phylogenetic cluster analysis based on the 16S rRNA
gene sequences was performed in BioNumerics 6.0 (Applied Maths) using
the software’s standard settings to allow selection of a single isolate to
represent each observed environmental phylotype during further isolate
characterization. An unweighted pair group method with arithmetic
mean (UPGMA) algorithm was used for pairwise alignment, followed by
construction and manual editing of a multiple alignment, and hierarchi-
cal clustering using a complete linkage algorithm. A 97% similarity cutoff
was used to separate the isolates into operational taxonomic units (OTU)
before selecting the isolate with the highest average similarity to the other
isolates in the respective OTU.

MALDI-TOF MS-based taxonomical classification. The representa-
tive isolate from each 16S rRNA gene-based OTU was classified using the
Biotyper 2.0 microbial identification platform (Bruker Daltonics, Bre-
men, Germany) coupled to the MicroFlex matrix-assisted laser desorp-
tion ionization—time of flight mass spectrometry (MALDI-TOF MS) in-
strument (Bruker Daltonics). Pure bacterial colonies were prepared and
analyzed according to the standard direct transfer method recommended
by the manufacturer. Bacterial isolates were streaked for isolation on TSA
plates and incubated at 30°C for 48 h before transferring a single colony
onto a MSP 96 ground steel target (Bruker Daltonics) as triplicates. The
a-cyano-4-hydroxycinnamic acid (HCCA) matrix (Bruker Daltonics)
was prepared in accordance with the manufacturer’s recommendations
and overlaid each target spot (1 ul) immediately after the bacterial smear
had dried. The target was loaded into the MicroFlex MALDI-TOF MS
instrument immediately after the HCCA matrix had dried. The Biotyper
2.0 system was run in automatic classification mode, and the reference
database used was the Bruker Taxonomy database (v3.1.1.0, containing
3,740 library entries).
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Antibiotic resistance. All isolates were assayed for resistance against
various antibiotics by cultivation on TSA plates supplemented with nali-
dixicacid (NAL; 20 ug ml ™), ampicillin (AMP; 50 pgml™!), tetracycline
(TET; 10 pg ml™ ), streptomycin (STR; 50 ug ml ™), or chloramphenicol
(CHL; 25 ugml ™). The antibiotics used were supplied by Sigma-Aldrich.
Antibiotic resistance was assessed qualitatively by designating isolates as
being resistant or sensitive based on the presence or absence of colony
growth after incubation at 30°C for 48 h.

Hemolytic activity. All isolates were initially screened for hemolytic
activity by cultivation on Colombia agar plates supplemented with 5%
sheep blood (Oxoid) at 30°C for 24 to 48 h. Isolates classified into the
bacterial genus Bacillus that showed hemolytic activity were subsequently
analyzed further to investigate virulence-associated factors. The hemo-
lytic Bacillus spp. isolates were streaked out on Colombia agar plates sup-
plemented with 5% bovine blood and incubated at 37°C. The plates were
incubated until the clearing zone around the colonies was fully developed
(24 to 72 h). The hemolytic activity was assessed as in the initial screening,
but special attention was directed toward identifying hemolysis induced
by small cyclic lipopeptide toxins (SCLPT), such as the surfactin-like pep-
tides (surfactins, pumilacidins, and lichenysins), often characterized by an
opaque and slowly growing clearing zone.

Nonribosomal peptide synthetases. A universal PCR assay targeting
the surfactin class of nonribosomal peptide synthetases (NRPS), devel-
oped by Tapi et al. (69), was performed to elucidate the nonribosomal
peptide synthesis capabilities of the obtained hemolytic Bacillus spp. iso-
lates. The PCR assay was performed according to the original publication
and used the forward primer NRPS-F (5'-CGCGGMTACCGVATYGAGC-
3’) and the reverse primer NRPS-R (5'-ATBCCTTTBTWDGAATGTCC
GC-3') that produced a PCR product between 419 and 431 bp for differ-
ent types of NRPS within the surfactin class. The surfactin-producing
strain Bacillus mojavensis B31 isolated from imported basil spices of un-
known origin described by From et al. (24) was used as a positive control.
A specific PCR assay for the cereulide synthase gene (ces), the NRPS that
produces cereulide (B. cereus emetic toxin), developed by Fricker et al.
(21), was also performed on the obtained hemolytic Bacillus spp. isolates.
The PCR assay was performed according to the original publication and
used the forward primer cesF (5'-GGTGACACATTATCATATAAGGTG-
3') and the reverse primer cesR (5'-ATBCCTTTBTWDGAATGTCCGC-
3') that produced a PCR product of 1,271 bp. DNA from a ces-positive
strain (NVH 0137/09) and a ces-negative strain (NVH 1230/88), both
isolated from commercial food products at the Norwegian School of Vet-
erinary Science, was used as a positive and a negative control, respectively.
Both PCR assays (NRPS and ces) were performed in a PTC-100 Peltier
thermal cycler (M] Research, Waltham, MA). Each reaction consisted of
template DNA (1 ul), DyNAzyme II DNA polymerase/deoxynucleoside
triphosphate mix (Finnzymes, Espoo, Finland), and a final primer con-
centration of 1 uM.

Phylogenetic clustering of hemolytic Bacillus spp. isolates. The phy-
logenetic relationship between the hemolytic Bacillus spp. isolates ob-
tained in the present study and closely related Bacillus spp., including
species known to harbor NRPS-produced small cyclic peptides (SCPs),
was investigated by hierarchical clustering based on their 16S rRNA gene
sequences. Type strains of Bacillus spp. that were closely related to isolates
obtained here were identified from the RDP SeqMatch results, and their
16S rRNA gene sequences were downloaded from the RDP database. To
avoid large dendrograms with many closely related environmental iso-
lates, Bionumerics 6.0 (Applied Maths) was used to cluster the hemolytic
Bacillus spp. isolates obtained here into OTUs and select a single repre-
sentative isolate from each OTU. The alignment and clustering methods
were the same as those described for selecting OTU representatives from
all of the obtained bacterial isolates, except that a 99% similarity cutoff
was used. The partial 16S rRNA gene sequences from the OTU represen-
tative hemolytic Bacillus spp. isolates were then aligned with the RDP-
derived full-length 16S rRNA gene sequences from closely related Bacillus
spp. using the same alignment and clustering method, but without using
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any similarity cutoff. The RDP-derived 16S rRNA gene sequence from a
type strain of B. megaterium (IAM 13418) and the partial 16S rRNA gene
sequence from a closely related nonhemolytic isolate obtained here were
included in the analysis. The RDP-derived 16S rRNA gene sequence from
a type strain of E. coli (ATCC 11775T) was included in the analysis as an
outgroup.

Cereulide and surfactin-like peptides. A high-performance liquid
chromatography-mass spectrometry assay targeting cereulide was per-
formed on the hemolytic Bacillus spp. isolates that were positive for NRPS,
as described elsewhere (31). Surfactin-like peptides, such as surfactins,
pumilacidins, and lichenysins, were detected by a liquid chromatography
mass spectrometry (LC-MS) assay, as described by From et al. (23), with
minor modifications. Briefly, the hemolytic Bacillus spp. isolates positive
for NRPS were grown on Colombia agar plates supplemented with 5%
bovine blood at room temperature (~22°C) for 72 h. Three colonies were
collected and resuspended in ultrapure (18.2 mQ cm') H,O (500 pl),
vortexed (10 s) and transferred to glass vials (10 ml). Acetone (3 ml) and
chloroform (4 ml) were added, and the mixture was vigorously shaken (10
s) and centrifuged (1,600 X g, 3 min). The organic phase was transferred
to another glass vial and evaporated to dryness at 60°C under a stream of
air. The dry residue was dissolved in methanol (100 ul), followed by the
addition of methanol-water (60:40, 300 ul), and mixed. The mixture was
centrifuged (1,600 X g, 3 min), and the organic phase was recovered and
centrifuged (5,600 X g, 2 min) through a Costar Spin-X centrifuge filter
(0.22-um-pore-size nylon; Corning, Corning, NY). Aliquots (25 ul) were
injected into the LC-MS apparatus at intervals of 7 min. A Zorbax SB-C 4
Rapid Resolution HT analytical column (2.1 mm by 5 mm 1.8 um; Agilent
Technologies, Santa Clara, CA) was used and operated at a constant tem-
perature of 30°C. The mobile phase was a mixture of methanol-water
(92:8) containing 0.1% formic acid. The pump was operated isocratically
at a constant flow rate (300 ul min ). The LC-MS instrumentation con-
sisted of a Series 200 quaternary pump and autosampler (Perkin-Elmer,
Foster City, CA) and an API 2000 MS system (Applied Biosystems, Foster
City, CA) equipped with a Turbo-Ion-Spray source operated in ESI-
positive mode. The turbo probe vaporizer temperature of the interface
was fixed at 400°C. Surfactin-like peptides were elucidated in the m/z
range from 1,008 through 1,076.

Pigmentation. All OTU representative isolates showing visible colony
pigmentation were selected for further pigment characterization by LC-
MS. Isolates were cultured on TSA plates and incubated at 30°C for 48 h.
Using a standard laboratory scale, ~200 mg of biomass was scraped using
a loop into aluminum foil-wrapped polypropylene tubes (1.5 ml; Axy-
gen). The biomass was washed (I ml) and resuspended (500 ul) in
phosphate-buffered saline before the addition of Ready-Lyse lysozyme
(EpiCentre, Madison, WI) to a final concentration of 10 U ul™ ! followed
by incubation at room temperature for 10 min. The biomass was pelleted
(10,000 X g, 5 min) and lyophilized to facilitate extraction in organic
solvents. Organic extraction of pigments was performed with methanol
(200 pl) on a shaker plate at room temperature for 1 h. After centrifuga-
tion (10,000 X g, 5 min), the supernatant was transferred into amber glass
vials and stored at —80°C. LC-MS analysis was performed on an Agilent
TOF mass spectrometer coupled to an Agilent 1100 series LC system
equipped with a diode array detector recording the UV/VIS spectra be-
tween 200 and 650 nm. Mobile phases were methanol-water (50:50) in
channel A and dichloromethane-methanol-water (45:50:5) in channel B.
A Zorbax RP Cg 4.6-by-150-mm column was used, the flow was kept at
800 wl min~", and 20 ul of the extract was injected for each run. It was
assumed that most of the pigments belong to the chemical group of caro-
tenoids and, hence, the chromatographic conditions were optimized us-
ing astaxanthin (Sigma-Aldrich) and B-carotene (Sigma-Aldrich) as rep-
resentative external standards. The hydrophilic initial elution conditions
should also retain more hydrophilic pigments, if present in the extract.
The following gradient was used: 0% B for 0 to 2 min, linear gradient to
100% B after 10 min, and then 100% B for additional 5 min. The data
acquisition was also performed during the 6 min re-equilibration period.

Applied and Environmental Microbiology



1000
7
|
%
| 7
100 4 % % 1
| /
| |
£ | |
| .
> . .
| .
HIE
10 4 | | . | 1
BN
. | |
too=55 - —— W
. | .
| | |
| | |
. | | |
< < <
X & X
s > N
S /\\Oé &
& & >

FIG 1 Average total cultivable airborne bacterial concentration levels on TSA
and R2A from the three environments studied: daytime station (n = 8), night-
time station (n = 6), and daytime outdoor reference (n = 5). Standard devi-
ations are indicated by error bars.

Analytes were ionized using atmospheric pressure chemical ionization
with following settings: 325°C dry temperature, 350°C vaporizer temper-
ature, 50-1b/in” nebulizer pressure, and 5.0 liters min ~ ' dry gas. Reference
solution for correction of mass axes on the mass spectrometer was con-
tinuously added after column chromatography to the mobile phase using
a T-fitting. Tentative identification of pigments was performed by inspec-
tion of the diode array chromatograms and corresponding total ion chro-
matograms. The UV/VIS peaks were assigned peak maximum values, and
the corresponding mass spectra were evaluated for correlating m/z peaks
(i.e., extracted ion chromatogram with the same profile as the extracted
wavelength chromatogram). Determined accurate mass and absorption
peak maximum values were used to search the Dictionary of Natural
Products (version 19.2) database (http://dnp.chemnetbase.com).

Statistical analysis. Airborne cultivable bacterial concentrations and
particle data were found to be far from well modeled by a normal distri-
bution based on a normality plot and the Lillefors test (43). The nonpara-
metric Mann-Whitney U test (47) was therefore used to test for differ-
ences in the concentration of airborne bacteria between the environments
and the cultivation media and also to test for differences in the total par-
ticle concentrations between environments. Particle size distribution data
were analyzed using the Pearson product-moment correlation coefficient
(52) to determine the correlation among the various particle size bins
within and between the environments. Pearson product-moment corre-
lation was also used to investigate the correlation between the total parti-
cle concentrations and total airborne bacterial concentrations indepen-
dent of sampling time and location. Differences in the observed bacterial
diversity between environments and cultivation media were tested using
the Pearson chi-square test (53). The significance level was set at P < 0.05
for all statistical tests.

RESULTS

Airborne bacterial concentration. Total and spore-specific air-
borne bacterial concentrations were determined on TSA and R2A
growth media for each individual sample (Table 1). The average
concentrations on TSA were 403 + 91,19 *+ 15,and 101 = 66 CFU
m ™ for daytime and nighttime sampling at the station and day-
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FIG 2 Average airborne particle concentrations and size distributions from
the three environments studied: daytime station (n = 8), nighttime station
(n = 6), and daytime outdoor reference (n = 5). Standard deviations are
indicated by error bars.

time outdoor reference sampling, respectively (Fig. 1). The aver-
age concentrations on R2A were 396 * 93,21 = 13, and 128 = 60
CFU m? for daytime and nighttime sampling at the station and
daytime outdoor reference sampling, respectively (Fig. 1). The
average aerobic spore concentrations on TSA were 17 = 21 and
14 = 7 CFU m 2, for daytime sampling at the station and daytime
outdoor reference sampling, respectively. All average anaerobic
spore concentrations and aerobic spore concentrations for the
nighttime sampling at the station were below the LOD (5.5 CFU
m ™) on TSA and are therefore not reported. The average aerobic
spore concentrations on R2A were 7 + 5 and 23 * 30 CFUm °
for daytime sampling at the station and daytime outdoor reference
sampling, respectively. Except for the average daytime outdoor
concentration of 6 = 13 CFU m 2, all average anaerobic spore
concentrations and the aerobic spore concentration for the night-
time station samples were below the LOD (5.5 CFU m™*) on R2A
and are therefore not reported. The obtained results showed that
daytime concentrations at the subway station were 20- and 3.5-
fold higher (P < 0.05) than the nighttime concentrations at the
station and the daytime outdoor reference concentrations, respec-
tively. The aerobic spore fraction (spore specific to total cultiva-
tion ratio) was 4.7-fold higher (P < 0.05) at the outdoor reference
compared to the subway station, accounting for ca. 16% of the
total concentration of cultivable airborne bacteria at the outdoor
location and ca. 3.4% at the station. The two growth media (TSA
and R2A) did not show significant differences (P > 0.586) in total
cultivable bacterial concentrations. No bacterial growth was ob-
served in any of the field blanks during this study.

Particle concentration and size distribution. Particle concen-
trations and size distributions were stable within each environ-
ment throughout the study, and the relative differences between
the sampled environments were consistently observed (Fig. 2).
The average cumulative particle concentrations over the entire
measured size range showed that daytime station samples had
11.9-fold higher (P < 0.05) particle level than the nighttime sta-
tion samples and that the nighttime station samples had 2.8-fold
higher (P < 0.05) particle level than the daytime outdoor refer-
ence samples. The particle size distribution profiles showed a de-
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crease in particle concentrations related to increased particle size,
and this observation was conserved between all samples and envi-
ronments (r = 0.995, P < 0.05), with the smallest size bin (0.5 to
1.0 wm) accounting for >80% of the total particle counts. The
average count median diameters were similar between the envi-
ronments, 0.86 = 0.01,0.88 = 0.03, and 0.88 = 0.02 wm, while the
average mass median diameters varied, 3.79 = 0.37, 4.71 = 0.50,
and 5.80 * 0.21 wm, for the daytime station, nighttime station,
and daytime outdoor samples, respectively. The total particle con-
centrations and total cultivable airborne bacterial concentrations
showed a significant correlation when calculated independent of
time and location (r = 0.896, P < 0.05), indicating that the level of
airborne bacteria was related to the total particle concentration.

Meteorological data. Temperature and relative humidity
(RH) are reported as an average of a 2-h sampling period for each
individual sample (Table 1). Average temperatures of 19.3 = 0.4,
19.3 = 0.4, and 18.2 = 1.2°C were observed for the daytime sta-
tion, nighttime station, and the daytime outdoor samples, respec-
tively. The average RH values were 69.9% * 4.9%, 67.6% * 1.9%,
and 58.7% = 4.9% for the daytime station, nighttime station, and
daytime outdoor samples, respectively.

Airborne bacterial diversity. A total of 429 bacterial colonies
were isolated from TSA and R2A primary cultivation plates. High-
quality partial 16S rRNA gene sequences were obtained from 94%
(291/308) and 92% (111/121) of the isolates from total and spore-
specific cultivations, respectively. Thus, 402 bacterial isolates were
successfully characterized, while the remaining 27 were discarded
due to no growth after freeze storage or inability to yield 16S rRNA
gene sequence data with >400 acceptable base calls and <1%
ambiguities. Isolates were distributed between three major phyla,
Actinobacteria (48%), Firmicutes (43%), and Proteobacteria (9%)
from total cultivation and Actinobacteria (3%), Firmicutes (96%),
and Proteobacteria (1%) from spore-specific cultivation, respec-
tively. A total of 37 bacterial genera were observed (Table 2), with
the majority belonging to the genera Micrococcus (32%), Staphy-
lococcus (20%), Bacillus (18%), Pseudomonas (4%), Microbacte-
rium (3%), and Streptomyces (3%) from total cultivation and Ba-
cillus (68%), Staphylococcus (15%), and Paenibacillus (9%) from
spore-specific cultivation. More than 80% of the isolates originat-
ing from spore-specific cultivations were classified into the bacte-
rial genus Bacillus or the closely related genera Paenibacillus,
Viridibacillus, Tumebacillus, Brevibacillus, and Lysinibacillus, con-
sistent with their spore-forming capabilities, but also into the ge-
nus Staphylococcus (15%), which is not consistent with spore-
forming capabilities. Although there was no significant difference
in the distribution of bacterial genera at the subway station and the
outside reference environment (P = 0.19), Bacillus spp. were
more frequently observed at the outside reference location than at
the station, accounting for 28 and 17% of the total cultivation
isolates, respectively. The opposite was observed for Micrococcus
spp. and Streptomyces spp., which accounted for 36 and 3% of the
total cultivation isolates at the station and 23 and 0% at the outside
reference location, respectively. There was a significant difference
between the daytime and nighttime distributions of bacterial gen-
era at the station (P < 0.05). Bacillus and Micrococcus spp. were
observed more frequently during the daytime, where they ac-
counted for 17 and 36% of the isolates from daytime samples and
5 and 27% from nighttime samples, respectively, whereas Staph-
ylococcus spp. were found to account for 25% of the isolates at
night and 19% during the day. Several bacterial genera were
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uniquely present, although in low abundance, at nighttime com-
pared to daytime, such as the genera Corynebacterium, Erwinia,
Gordonia, Rothia, and Serratia. A significant difference in the ge-
nus distribution was observed between the two culture media that
we used (P < 0.05). Micrococcus, Pseudomonas, and Staphylococcus
spp. were recovered more frequently from TSA than R2A, ac-
counting for 40, 6, and 23% of the isolates on TSA and 24, 2, and
16% on R2A, respectively. Dermacoccus and Rhodococcus spp.
were recovered only from R2A, where each genus accounted for
4% of the isolates.

Biotyper 2.0 taxonomical classification. Using the MALDI-
TOF MS-based Biotyper 2.0 microbial identification system to
classify the OTU representative isolates (n = 84) resulted in 40%
species-consistent and 60% genus-consistent results compared to
the 16S rRNA gene-based classifications (see Table S1 in the sup-
plemental material). Only one isolate failed to generate an approv-
able mass spectrum, whereas 36% of the isolates yielded only low-
scoring classification results, i.e., score values below 1.7. When
considering the 64% (n = 54) of the isolates with score values
above 1.7, 61% of the isolates were species-consistently classified
and a total of 94% were genus-consistently classified, respectively.
Of the 6% of isolates (n = 3) with score values above 1.7 that did
not show genus-consistent classification results, the bacterial gen-
era (n = 2) or species (n = 1) given by the 16S rRNA gene-based
classification were missing from the Bruker Taxonomy database.
Of the total number of isolates that were analyzed (n = 84), seven
genera and 24 species given by the 16S rRNA gene-based classifi-
cation were missing from the Bruker Taxonomy database.

Antibiotic resistance. About 27% of the total cultivation iso-
lates (n = 291) showed antibiotic resistance against at least two of
the antibiotics tested, whereas 10% did not show resistance against
any of the antibiotics tested. Resistance against three, four, and all
of the antibiotics used was seen in 12, 1, and 1 of the isolates,
respectively. The distribution of resistance in the total cultivation
isolates were as follows: 27% AMP, 9% STR, 75% NAL, 4% TET,
and 5% CHL. About 32% of the spore-specific cultivation isolates
(n = 111) showed antibiotic resistance against at least two of the
antibiotics tested, whereas 22% did not show resistance against
any of the antibiotics tested. Resistance against 3, 4, and all of the
antibiotics used was seen in 3, 1, and none of the isolates, respec-
tively. The distribution of resistance in the spore-specific cultiva-
tion isolates was as follows: 44% AMP, 19% STR, 37% NAL, 2%
TET, and 14% CHL, showing that these isolates had less frequent
resistance to NAL and TET and more frequent resistance against
AMP, STR, and CHL than total cultivation isolates. The majority
of isolates from the dominant genera had frequent resistance
against NAL (Table 3), except isolates of Bacillus (14%) and Paeni-
bacillus (0%) spp. Arthrobacter and Kocuria spp. showed no resis-
tance, while Micrococcus spp. had a very low frequency of resis-
tance (1 to 6%), against all of the antibiotics that were tested
except NAL. Paenibacillus spp. isolates were the only isolates to
show frequent (57%) resistance against STR. Paenibacillus spp.
isolates also had a very low frequency of resistance against all of the
other antibiotics that were tested. Very few isolates displayed re-
sistance against TET and CHL, except isolates of Pseudomonas,
Microbacterium, and Rhodococcus spp., which still had a relatively
low frequency of resistance (10 to 20%). No differences in the
distribution of antibiotic resistance were observed between the
environments, except that isolates derived from spore-specific
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TABLE 2 Genus distribution of the obtained bacterial isolates

Airborne Bacterial Environment at a Subway Station

Total cultivation

Spore-specific cultivation”

Station Outside Station Outside

Day Night (day) Total Day Night (day) Total
Genus n’ % n % n % n % n % n % n % n %
Arthrobacter 1 <1 2 5 2 4 5 2
Bacillus 33 17 2 5 16 28 51 18 44 73 1 50 30 61 75 68
Brevibacillus 1 2 1 <1
Brevundimonas 2 1 2 <1
Cellulosimicrobium 1 2 1 <1
Comamonas 1 <1 1 <1
Corynebacterium 2 5 2 <1
Curtobacterium 1 2 1 <1
Dermacoccus 5 3 1 2 6 2
Dietzia 1 <1 1 <1
Enhydrobacter 1 <1 1 <1
Erwinia 1 2 1 <1
Exiguobacterium 1 <1 1 <1
Gordonia 1 2 1 <1
Janibacter 1 <1 1 <1
Kocuria 3 2 1 2 4 1 1 2 1 <1
Lysinibacillus 1 <1 1 2 2 <1 1 2 1 <1
Microbacterium 6 3 2 5 1 2 9 3
Micrococcus 69 36 12 27 13 23 94 32
Paenibacillus 3 2 1 2 3 5 7 2 4 7 6 12 10 9
Paenisporosarcina 1 <1 1 <1 1 2 1 <1
Pantoea 1 <1 1 2 2 <1
Paracoccus 3 2 3 1
Planococcus 2 1 2 <1
Plantibacter 1 2 1 <1
Pseudomonas 9 5 1 2 3 5 13 4
Rhodococcus 1 <1 3 7 1 2 5 2
Roseomonas 1 <1 1 2 2 <1
Rothia 1 2 1 <1 1 2 1 2 2 2
Serratia 1 2 1 <1
Sphingomonas 1 2 1 <1
Sporosarcina 1 2 1 <1
Staphylococcus 37 19 11 25 10 18 58 20 6 10 1 50 10 20 17 15
Streptomyces 6 3 2 5 8 3
Tumebacillus 1 2 1 <1
Viridibacillus 1 2 1 <1 1 2 1 <1
Weissella 1 <1 1 <1
Sum 190 44 57 291 60 2 49 111

“ Some isolates obtained from the spore-specific cultivations were from bacterial genera not known to harbor spore-forming members, such as Staphylococcus.

¥ i, number of isolates.

cultivation had a higher frequency of CHL resistance at the station
(17%) compared to the outdoor reference location (8%).
Hemolytic activity. About 22% (87/402) of the bacterial iso-
lates showed hemolysis in the initial screening on sheep blood agar
plates. These were distributed between the bacterial genera Bacil-
lus (87%), Staphylococcus (10%), Erwinia (1%), and Pseudomonas
(1%). Of the total number of Bacillus spp. isolates obtained (n =
125), 61% were shown to be hemolytic in the initial screening on
sheep blood agar plates. All isolates showed beta-hemolysis, ex-
cept two that showed alpha-hemolysis. All of the hemolytic Bacil-
lus isolates (n = 76) were further investigated to elucidate hemo-
Iytic and virulence-associated properties (see Table S2 in the
supplemental material). In the subsequent analysis performed on
bovine blood agar plates, 87% of the isolates from the initial screen
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on sheep blood were hemolytic. The two isolates that induced
alpha-hemolysis on sheep blood were nonhemolytic on bovine
blood. Phylogenetic clustering of the hemolytic Bacillus spp. iso-
lates and type strains of closely related Bacillus spp. showed that
the obtained isolates clustered into at least three distinct groups
(see Fig. S1 in the supplemental material). Each group harbored
known producers of SCPs, including B. cereus (cereulide), B.
pumilus (pumilacidin), and B. subtilis (surfactin). A total of 30%
of the isolates showing hemolysis on bovine blood displayed pu-
tative SCLPT-induced hemolysis, characterized by an opaque and
slow-growing clearing zone. These isolates were limited to the B.
pumilus and B. subtilis groups, except for one isolate that was
closely related to B. mycoides and B. weihenstephanensis in the B.
cereus group. A total of 35% of all of the Bacillus spp. isolates
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TABLE 3 Distribution of antibiotic resistance in the dominant bacterial genera

Total cultivation

Spore-specific cultivation®

NAL AMP STR CHL TET NAL AMP STR CHL TET
Genus % n* % n % n % n % n % n % n % n % n % n
Arthrobacter 100 5/5 0 0/5 0 0/5 0 0/5 0 0/5
Bacillus 14 7/51 61 31/51 16 8/51 8 4/51 2 1/51 20 15/75 40 30/75 13 10/75 17 13/75 3 2/75
Dermacoccus 100 6/6 0 0/6 17 1/6 0 0/6 0 0/6
Kocuria 100 4/4 0 0/4 0/4 0 0/4 0 0/4
Microbacterium 100 9/9 0 0/9 0 0/9 11 1/9 11 1/9
Micrococcus 98 92/94 4 4/94 6 6/94 2 2/94 1 1/94
Paenibacillus 0 0/7 0 0/7 57 417 0 0/7 0 0/7 20 2/10 20 2/10 90 9/10 20 2/10 0 0/10
Pseudomonas 54 7/13 31 4/13 8 1/13 23 3/13 15 2/13
Rhodococcus 100 5/5 40 2/5 0 0/5 0 0/5 20 1/5
Staphylococcus 93 54/58 31 18/58 10 6/58 5 3/58 2 1/58 100 17/17 88 15/17 6 1/17 0 0/17 0 0/17

Streptomyces 100  8/8 38 3/8 0 0/8 0 0/8 0

0/8

“ Some isolates obtained from the spore-specific cultivations were from bacterial genera not known to harbor spore-forming members, such as Staphylococcus.

b 11, number of resistant isolates/total number of isolates.

obtained and 60% of the Bacillus spp. isolates that were hemolytic
on bovine blood,were positive for NRPS. NRPS-positive isolates
were distributed between all three identified Bacillus groups but,
interestingly, all hemolytic isolates showing high similarity to B.
pumilus (n = 5) were NRPS positive. The presence of cereulide
synthase (ces) or cereulide were not detected in any of the hemo-
lytic Bacillus spp. isolates analyzed here. The LC-MS analysis per-
formed on all NRPS- positive isolates, except for one isolate that
was discarded due to slow growth, revealed that 77% of the isolates
produced SCLPTs. This corresponded to 50% of the Bacillus iso-
lates that were hemolytic on bovine blood and 26% of the total
number of Bacillus isolates obtained in the present study. Isolates
positive for SCLPTs were limited to the B. pumilus and B. subtilis
groups, except for three isolates that were closely related to B.
thuringiensis (n = 2) and B. cereus (n = 1) in the B. cereus group.
More than 60% of the SCLPT-positive isolates were classified as B.
altitudinis and B. stratosphericus in the B. pumilus group.
Pigmentation. About 48% (141/291) of the total cultivation
isolates displayed visible colony pigmentation, while 8% (9/111)
of the spore-specific cultivation isolates displayed visible colony
pigmentation. The observed pigmentation included many shades
of yellow, orange, pink, and red, with the majority being yellow.
No major differences in colony pigmentation were observed be-
tween the environments. Bacterial isolates from the station
showed a 50% frequency of pigmentation, while the outdoor iso-
lates showed ca. 40%, which could probably be attributed to the
presence of more Micrococcus spp. and fewer Bacillus spp., typi-
cally yellow pigmented and nonpigmented, respectively, at the
station compared to the outdoor reference. A total of 28% (24/84)
of the OTU representative isolates displayed visible colony pig-
mentation and were further characterized by a LC-MS method
optimized for detection of carotenoids (see Table S3 in the sup-
plemental material). From these, 54% of the isolates yielded data
that led to tentative pigment identification. About 29% of the
isolates led to appropriate UV/VIS spectra but no corresponding
ion masses that enabled determination of accurate mass, while
17% of the isolates yielded no appropriate UV/VIS spectra. No
further attempts were made to identify colored compounds in
these 11 extracts. Several carotenoids were observed, and although
only tentatively identified, triophaxanthin, alloxanthin, amarou-
ciaxanthin, sarcinaxanthin, cycloviolaxanthin, a diglycosylated vari-
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ant of zeaxanthin, a glycosylated variant of OH-chlorobactene, and a
derivative of staphyloxanthin (8-apo-caroten-8-oic acid) were ob-
served. Sarcinaxanthin was observed in six different isolates from the
bacterial phylum Actinobacteria, distributed between the bacterial
families Microbacteriaceae (n = 5) and Micrococcaceae (n = 1).

DISCUSSION

We evaluated here the airborne bacterial community at a subway
station in Norway. The concentration level, composition, and
variability of airborne bacteria were investigated, along with
virulence- and survival-associated bacterial properties, such as he-
molytic activity, antibiotic resistance, pigmentation, and spore
fraction. A methodology scheme for investigating airborne bacte-
ria based on the SASS 3100 high-volume electret filter-based air
sampler and for rapid classification of bacterial isolates using the
Biotyper 2.0 MALDI-TOF MS-based microbial identification sys-
tem was also demonstrated. The observed bacterial content, par-
ticle size distribution, and concentration level were stable, except
for some sporadic deviations, within each environment (daytime
station, nighttime station, and daytime outdoor reference) despite
the seasonal variation (spring-summer-fall) throughout the study
(May to September 2010). In contrast to this, several differences
were seen between the sampled airborne environments, such as a
higher daytime concentration level of airborne bacteria at the sub-
way station compared to the outdoor location and a higher con-
centration level of airborne bacteria at the subway station during
the day than at night. These results, combined with observed dif-
ferences in the bacterial diversity between the environments, sug-
gested that anthropogenic sources, such as passengers and train
traffic, were major contributors to airborne bacteria at the Nor-
wegian subway station.

This study used a SASS 3100 high-volume electret filter-based
air sampler, and comparable airborne bacterial concentration lev-
els to previous studies in subway environments were obtained (34,
38, 62), suggesting that this instrument may be suitable for sam-
pling of airborne bacteria for cultivation analysis. Preliminary re-
sults from another sampling campaign performed by the Norwe-
gian Defense Research Establishment at the same subway station
(unpublished data) show that the SASS 3100 provides airborne
bacterial concentration level estimates comparable to those ob-
tained with the MAS-100 (high-volume impactor) and Andersen
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sampler (six-stage cascade impactor). Future harmonization or
standardization of the sampling, processing, and analysis method-
ologies (e.g., air sampling equipment and cultivation conditions)
used in bioaerosol characterization studies of indoor/outdoor en-
vironments is needed to facilitate improved interpretation and
comparison of the obtained results.

The results reported here may aid in improving the develop-
ment of biological detection/surveillance equipment and enable
T&E schemes that can be used to evaluate biological detectors’
operational performance by simulating complex real-life environ-
ments in controlled aerosol test chambers during challenge tests
with biological threat agents. Such T&E schemes could improve
the performance criteria of biological detection/surveillance
equipment to meet the users’ requirements to such equipment
with respect to reliable sensitive and specific real-time monitoring
of biological threat agents in different operational environments.
Furthermore, the present report may provide public health au-
thorities with baseline data for airborne bacteria, which can be
used when assessing human exposure limits or evaluating other
aspects of air quality, in subways or other enclosed environments
where people may be confined.

Airborne bacterial concentration. Bioaerosol surveys investi-
gating airborne bacteria have been performed at subway stations
in various countries, including the United States (7), Japan (35,
62), Korea (34, 38, 41), China (18), Russia (8), Egypt (4), the
United Kingdom (27), and Hungary (66, 67), but have not previ-
ously been carried out in Norway. The airborne bacterial concen-
trations reported in these studies ranged from not detected to 10*
CFU m 3, and, in general, the content of airborne bacteria was
higher in subway stations compared to adjacent outdoor air and
also higher at stations located deeper underground than in more
shallow stations (34). Due to the lack of standardized equipment,
analytical methods, and variable goals of the different studies, sev-
eral different air sampling instruments and cultivation conditions
have been used in the published studies. Thus, the comparison of
the results is challenging since the various methodologies have
been shown to provide different results even when subjected to the
same bioaerosol challenge (3, 42, 64, 76). The daytime concentra-
tion of airborne cultivable bacteria (~400 CFU m ) found at the
subway station in Oslo was within the range of previous reports
from Korea and Japan (34, 38, 62) but 10- to 100-fold lower than
that found in China and Egypt (4, 18). This discrepancy could be
due to the use of different air sampling and cultivation methods,
geographical differences in the atmospheric concentration of air-
borne bacteria, and physical differences between the subway sta-
tions, such as their size, layout, type of ventilation system, and not
least the number of passengers. The daytime concentration of air-
borne bacteria at the station was higher (3.5-fold) than in adjacent
outdoor air, a finding consistent with previous reports (34). The
increased daytime concentration observed at the station com-
pared to outdoor air could suggest that anthropogenic sources are
major contributors to airborne bacteria in the subway station
since these sources were more abundant at the station compared
to the outdoor location. The observation that the nighttime air-
borne bacterial concentration at the station was lower than the
station (20-fold) and outdoor (5.7-fold) daytime concentrations
further strengthens this hypothesis since anthropogenic sources
were nearly absent from the station during the night. Bacterial
spores are considered the most resistant form of bacteria, and
spores of B. anthracis (the causative agent of anthrax) are on the
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Centers for Disease Control and Prevention’s Category A list of
biological threat agents (12). However, little information is avail-
able about the amount of airborne bacterial spores in the subway
environment. To our knowledge, the study by Awad (4) in Egypt is
the only previous report addressing the airborne bacterial spore
content in the subway environment. Our results showed that the
bacterial spore fraction was higher (4.7-fold) in outdoor air than
at the subway station, which is consistent with the previous report
from Egypt that also found a higher spore fraction in outdoor air
(4). These observations are probably due to exposure to solar/UV-
radiation in the outdoor environment that primarily inactivates
vegetative bacteria or to differences in the composition of bacterial
sources between the subway station and the outside environment.
The daytime concentration of airborne bacterial spores that we
observed at the subway station, about 12 CFU m™?, is 100-fold
lower than that noted in the study from Egypt (4), thus indicating
that only low airborne concentrations of bacterial spores were
present at the Norwegian subway station. The LOD for the culti-
vation assay used here was 5.5 CFU m 2, and many of the spore-
specific cultivations fell below this threshold.

Airborne bacterial diversity. The presence and activities of
anthropogenic sources might be linked to increased concentra-
tions of airborne bacteria in subway stations, which is consistent
with the observation that these environments frequently are dom-
inated by members of the bacterial genera Micrococcus, Bacillus
and Staphylococcus, all of which contain several species represen-
tatives associated with an anthropogenic origin (4, 62). The dom-
inant bacterial genera observed in all sampled environments in the
present study were Micrococcus, Bacillus, and Staphylococcus,
which is consistent with previous cultivation studies in the subway
environment (38). Micrococcus and Bacillus spp., which are regu-
larly found on human skin (39), were observed at higher frequen-
cies at the subway station during the day than at night, and Micro-
coccus spp. were observed at higher frequencies at the subway
station than in outdoor air, thus further strengthening the hy-
pothesis that anthropogenic sources are a major contributor to
airborne bacteria in subway environments. Bacillus spp. were ob-
served more frequently in outdoor air than at the station, suggest-
ing local source differences or specific inactivation of non-spore-
forming bacteria in the outdoor atmosphere. Several bacterial
genera, such as Corynebacterium, Erwinia, Gordonia, Rothia, and
Serratia, were exclusively recovered from the station at nighttime
but might still be present at the station during daytime even if they
were not recovered. A plausible explanation for this might be that
the higher cultivable airborne bacterial concentration observed at
the station during daytime and also the higher frequency of Bacil-
lus spp. and Micrococcus spp. could bias the isolation process into
missing genera present only in very low abundances. Our results
also showed differences in the airborne bacterial diversity ob-
tained with the two cultivation media (TSA and R2A), thus high-
lighting the importance of using multiple growth media to reveal
a more complete diversity estimate and the challenges associated
with comparing results obtained with different growth media.
Our spore-specific cultivation assay used a heat-shock procedure
to inactivate vegetative bacterial cells and activate bacterial spores,
which have been commonly applied to determine the content of
bacterial spores in food products and soil (28). As expected, most
isolates originating from spore-specific cultivations were classified
into the bacterial genus Bacillus or the closely related genera such
as Paenibacillus, Viridibacillus, Tumebacillus, Brevibacillus, and
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Lysinibacillus, consistent with their spore-forming capabilities,
but also into the genus Staphylococcus (15%), which is not consis-
tent with spore-forming capabilities. This discrepancy might in-
dicate that the obtained Staphylococcus spp. isolates were heat re-
sistant. Even though an extensive literature survey was performed
by the authors, no reports were found that have previously de-
scribed the finding of Staphylococcus spp. that were heat resistant
to the heat-shocking procedure used here (75°C, 20 min). How-
ever, ongoing work at the Norwegian Defense Research Establish-
ment has provided similar observations of heat resistance in
Staphylococcus spp. found in wastewater treatment plants (unpub-
lished data). Alternatively, the bacterial cells might have been pro-
tected from the treatment if they were imbedded in larger airborne
particles, such as cell aggregates, biofilms, skin flakes, or other
composite matrices, as have been shown for other injuring stresses
such as solar/UV radiation and desiccation (46, 71). It is generally
acknowledged that spore-forming bacteria, such as Bacillus spp.,
are present mainly as spores in the environment (65). This is sup-
ported by the high amount of Bacillus spp. that were derived from
spore-specific cultivations in the present study, although we can-
not exclude the possibility of Bacillus spp. being present as both
spores and vegetative cells in the airborne environment. Direct
comparison of the number of Bacillus spp. isolates derived from
the total and spore-specific cultivations, which could have been
used to elucidate whether Bacillus spp. were exclusively present as
spores, was not appropriate on the basis of some important culti-
vation and isolation differences between the total and spore-
specific cultivations. All colonies from spore-specific cultivation
plates were isolated, whereas only a representative selection was
isolated from total cultivation plates. In addition, the germination
efficiencies could be different for bacterial spores that were acti-
vated by heat shocking prior to cultivation and those that were not
(16, 37).

Particle concentration and size distribution. The particle
concentration and size distribution obtained at the subway station
were comparable to those reported by Birenzvige et al. from the
Washington, DC, subway (7). Over the entire measured size
range, increased particle concentrations were seen at the station
during daytime compared to nighttime, and this is probably re-
lated to anthropogenic daytime sources that were nearly absent at
night, such as passengers and train traffic. The total particle con-
centrations and total cultivable airborne bacterial concentrations
showed significant correlation (r = 0.896). This indicated that the
level of airborne bacteria was related to the total particle concen-
tration, but the ratio (total particles to cultivable bacteria) was as
high as 10° airborne particles per CFU detected when considering
the entire particle size range measured. This is in agreement with
the study from Washington, DC, which showed that fluorescent
airborne particles accounted for <1% of the total particle counts
(7), which would translate into a total particle to total cultivable
bacteria ratio much higher than 10? airborne particles per CFU
detected.

Biotyper 2.0 MALDI-TOF MS-based classification. We fo-
cused here on rapid screening of bacterial isolates obtained from
airborne bacteria at a subway station using the Biotyper 2.0 mi-
crobial identification system, and thus the standard direct transfer
method recommended by the manufacturer for screening pur-
poses was exclusively used. The obtained results showed correla-
tion, but also some discrepancies, between the time-consuming
and costly 16S rRNA gene-based classification, and the rapid
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MALDI-TOF MS-based Biotyper 2.0 system. About 64% of the
isolates analyzed with the Biotyper 2.0 yielded a score value above
1.7, and hence 36% were assigned with no reliable identification
since 1.7 is the lower cutoff score value used by the Biotyper 2.0
system. Still, one and six of these low-scoring isolates yielded
species- and genus-consistent classification results compared to
the 16S rRNA gene-based classification, respectively, although this
could not have been appreciated without the a priori knowledge
from the 16S rRNA gene-based classification. When only consid-
ering the isolates that yielded a score value above 1.7, 61% were
species-consistently classified and 94% were genus-consistently
classified compared to the 16S rRNA gene-based classification. Of
the 84 isolates that were analyzed (Biotyper 2.0 system), seven
genera and 24 species given by the 16S rRNA gene-based classifi-
cation were missing from the Bruker Taxonomy database. Adding
these into the database could probably increase the consistency
between the two classification methods. The coverage of environ-
mental bacteria in the Bruker Taxonomy database and other tax-
onomic reference databases in general are gradually increasing,
but there is still a bias toward clinically relevant and highly studied
bacteria, and the coverage is still low for the myriad of newly
identified environmental bacteria (11). The Biotyper 2.0 system
allows users to construct their own libraries, thus enabling them to
increase the database coverage for organisms of special interest in
their research. Taken together, the Biotyper 2.0 microbial identi-
fication platform is a rapid and powerful tool for low-cost screen-
ing of environmental bacterial isolates, but an increased coverage
of such bacteria is urgently needed in the reference database before
the full potential of this screening method can be appreciated.
Care must also be taken to obtain high-quality spectra, balancing
between the rapidness of the direct transfer method and the more
laborious protein extraction method that is recommended by the
manufacturer to increase spectrum quality.

Antibiotic resistance. To our knowledge, antibiotic resistance
profiling of the airborne bacterial community in a subway station
has not previously been addressed, but several studies have ad-
dressed antibiotic resistance of airborne bacteria in other specific
environments (14, 17, 25, 30, 58), such as cattle, swine, or poultry
farms (1, 26, 57). The results obtained in the present study show
that most dominant bacterial genera have a very high frequency of
resistance to NAL, except for Bacillus and Paenibacillus spp.,
which had 14 and 0% frequencies of resistance, respectively. Ba-
cillus was the only genus to show a high (>50%) frequency of
resistance against AMP, while Paenibacillus was the only genus to
show a high (>50%) frequency of resistance against STR. The
airborne environment harbored bacteria with antibiotic resis-
tance that covered all of the antibiotics tested, and more than 27%
of the obtained isolates were resistant against at least two of them.
This shows that airborne bacteria in the subway environment con-
tain a pool of antibiotic resistance determinants against a broad
range of antibiotics. If these determinants are mobile, or mobi-
lized, they could be transferred to pathogenic or opportunistic
pathogenic bacteria, either in the environment or after human
inhalation. This could possibly have an impact on public health,
and further elucidation of this pool of antibiotic resistance deter-
minants and their presence on mobile genetic elements (e.g., plas-
mids, integrons, and transposons) is warranted.

Hemolytic activity and small cyclic peptides. The hemolytic
properties of airborne microorganisms in the subway environ-
ment have only been briefly studied previously (8, 62). About 22%
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of the obtained bacterial isolates in the present study were hemo-
Iytic. This is less than what was found in a study from Korea (62),
which reported that 34% of the isolates were hemolytic. These
researchers reported 27% beta-hemolysis and 7% alpha-
hemolysis, while we found ca. 21% beta-hemolysis and less than
1% alpha-hemolysis in our initial screen on sheep blood and ca.
19% beta-hemolysis and no alpha-hemolysis in the subsequent
screen on bovine blood. The majority of our hemolytic isolates
(87%) were members of the bacterial genus Bacillus. More than
50% of the total number of Bacillus isolates obtained here were
hemolytic on both sheep and bovine blood. The hemolytic Bacil-
lus isolates clustered into at least three distinct phylogenetic
groups, corresponding to known producers of NRPS-produced
SCPs, including B. cereus (cereulide), B. pumilus (pumilacidin),
and B. subtilis (surfactin). Cereulide (B. cereus emetic toxin)
causes food poisoning (22, 65). We investigated here the ecology
of cereulide-producing strains in airborne bacteria and in a sub-
way environment. In our study, the presence of cereulide or the
NRPS gene (ces) was not detected in any of the hemolytic Bacillus
isolates, while in foods usually ca. 5% of strains are ces positive
(22). Surfactin-like hemolytic peptides, such as surfactins, pumi-
lacidins, and lichenycins, are a family of structurally similar
SCLPTs that are produced by several B. subtilis group species, such
as B. subtilis, B. pumilus, and B. licheniformis. In the present study,
we investigated the distribution of SCLPTs in airborne Bacillus
spp. from a subway environment, showing that 50% of the hemo-
lytic Bacillus spp. isolates and 26% of the total number of Bacillus
spp. isolates produced SCLPTs. Surprisingly, SCLPT-positive iso-
lates were limited to the B. pumilus and B. subtilis group, except for
three isolates that were closely related to B. thuringiensis (n = 2)
and B. cereus (n = 1) in the B. cereus group. The percentage of
SCLPT-producing isolates is very high compared to what has been
reported by From et al., who found that only 8 of 333 isolates from
food and water produced SCLPTs (24). We currently have no
explanation for the finding of such a high number of SCLPT-
positive airborne isolates compared to that found in foods and
water. To our knowledge, there are no available surveys on the
percentage of SCLPT-containing Bacillus spp. in the airborne en-
vironment.

Pigmentation. The atmosphere is generally considered a hos-
tile environment for microorganisms due to stress, such as desic-
cation, radiation, oxygen toxicity, and pollutants (13). Solar/UV
radiation has been shown to influence the airborne survival of
bacteria, and pigmentation is a mechanism adopted by several
types of bacteria to protect them against photo-oxidative damage
(72). Our study presented an in-depth characterization of pig-
mentation in airborne bacteria at a subway station. About 48% of
the total cultivation isolates were pigmented, while only 8% of the
spore-specific cultivation isolates were pigmented. One of the
main protective effects of pigmentation is protection against oxi-
dative damage due to solar/UV radiation, and since bacterial
spores are highly resistant to UV/solar radiation (63), the finding
of a substantially lower percentage of pigmented spore-forming
bacteria is not surprising but still noteworthy. A high percentage
of pigmented bacteria has been found in ambient outdoor atmo-
sphere, and positive selection toward pigmented bacteria has been
demonstrated (73). Carotenoids, with more than 700 different
representatives isolated from natural sources, represent an abun-
dant group of natural pigments in both the prokaryote and eu-
karyote kingdoms, exhibiting colors from dark red to bright yel-
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low (15). Yellow, orange, and red pigments are abundantly found
in members of the bacterial genera Micrococcus, Corynebacterium,
Mycobacterium, and Nocardia, all of which contain carotenoids
(61). More than 50% of the pigmented isolates analyzed by
LC-MS in the present study led to tentative pigment identifica-
tion, spanning a broad range of different carotenoids. Although
the pigments were only tentatively identified, the finding of sarci-
naxanthin in an isolate classified as M. luteus further strengthens
our identifications since this pigment was originally isolated from
S. lutea (the former name of M. luteus) (45). Carotenoids have
more recently also been implicated as potential bacterial virulence
factors, since they may quench destructive effects of oxygen radi-
cals, a killing mechanism used by immune cells during the innate
immune response to bacterial infections (29, 44, 54). A derivative
of staphyloxanthin, 8-apo-caroten-8-oic acid, was found in an
isolate that was classified as S. warneri, and this is of interest since
staphyloxanthin is the predominant pigment in another bacterial
species within the same genus, namely, S. aureus (48). Staphylox-
anthin has recently been implicated as a potential virulence factor
involved in protecting the bacteria against oxygen radical killing
used by neutrophils during the innate immune response to bacte-
rial infections (44).

Future directions. We have addressed the bacterial fraction of
the bioaerosol community and its characteristics at a subway sta-
tion. Our aim was to investigate the presence of naturally occur-
ring airborne bacteria in an environment regarded as a potential
target for incidents involving the deliberate use of biological threat
agents and where biological detectors might be used. Information
about the bioaerosol background of the detectors operational lo-
cation is important for its performance criteria. However, other
types of airborne microorganisms (e.g., fungi and viruses) and
their products (e.g., toxins) could also be important for biological
detection/surveillance, as well as for public health. Further inves-
tigations of the subway environment, or other operational envi-
ronments, should therefore seek to also address airborne fungi,
viruses, and toxins.

The temporal variability of the bioaerosol background might
influence the operational performance of biological detectors, and
while the present study revealed differences between the daytime
and nighttime bioaerosol environment at a subway station, an
apparent limitation is the temporal resolution of the cultivation
data since only two samples were collected each day. In an attempt
to more specifically address the diurnal variation of the bioaerosol
background at the subway station, we are currently conducting
follow-up studies involving a multiday continuous sampling cam-
paign using the high-volume impactor MAS-100. This approach
will hopefully yield cultivation data with a much higher temporal
resolution than what was obtained here and thereby allow a more
in-depth investigation of the diurnal variability of the bioaerosol
background.

Cultivation has been the traditional method used to determine
airborne bacterial concentrations, but since generally <1% of en-
vironmental bacteria are cultivable by standard laboratory meth-
ods (2), cultivation-independent analyses have become wide-
spread. In the present study, the obtained bacterial isolates were
distributed among only three phyla, Actinobacteria, Proteobacte-
ria, and Firmicutes, and the proportion of Gram-positive bacteria
was >90%. The predominance of these phyla and the high con-
tent of Gram-positive bacteria are common for cultivation-
dependent studies of airborne bacteria (36) but likely represent
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only a fraction of the complete diversity (32, 33, 51). To further
elucidate the airborne bacterial diversity at the Norwegian subway
station, we are currently conducting a culture-independent diver-
sity study using 16S rRNA gene-based PhyloChip microarrays
(9, 10).

The regional deposition of bioaerosols inside the human respi-
ratory tract is related to particle size, which is an important prop-
erty of airborne bacteria-containing particles when assessing their
potential health hazard (70). To our knowledge, only one study
(available in Korean) has previously addressed the size distribu-
tion of cultivable bacterium-containing particles in a subway en-
vironment (41). We are currently conducting further studies at
the Nationaltheatret subway station using the Andersen sampler
(six-stage cascade impactor) to investigate the size distribution of
airborne bacterium-containing particles.
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FIG S1. The phylogenetic relationship between the hemolytic Bacillus spp. isolates that were
sequenced in this study (partial 16SrDNA) and type strains of several closely-related Bacillus
spp. (RDP-derived 16SrDNA sequences). The obtained hemolytic Bacillus spp. isolates
clustered into three distinct groups, the “B. pumilus group”, the “B. subtilis group” and the “B.
cereus group”. The type strain of B. megaterium (RDP-derived 16StDNA sequence) and a
closely related non-hemolytic isolate obtained in this study (partial 16SrDNA) were included
in the analysis. The type strain of E. coli was included as an out-group (RDP-derived

16SrDNA sequence).
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Temporal Variability of the Bioaerosol Background at a Subway
Station: Concentration Level, Size Distribution, and Diversity of
Airborne Bacteria

Marius Dybwad,? Gunnar Skogan,? Janet Martha Blatny?
Norwegian Defence Research Establishment, Kjeller, Norway?; Norwegian University of Science and Technology, Department of Biotechnology, Trondheim, Norway®

Naturally occurring bioaerosol environments may present a challenge to biological detection-identification-monitoring
(BIODIM) systems aiming at rapid and reliable warning of bioterrorism incidents. One way to improve the operational perfor-
mance of BIODIM systems is to increase our understanding of relevant bioaerosol backgrounds. Subway stations are enclosed
public environments which may be regarded as potential bioterrorism targets. This study provides novel information concern-
ing the temporal variability of the concentration level, size distribution, and diversity of airborne bacteria in a Norwegian sub-
way station. Three different air samplers were used during a 72-h sampling campaign in February 2011. The results suggested
that the airborne bacterial environment was stable between days and seasons, while the intraday variability was found to be sub-
stantial, although often following a consistent diurnal pattern. The bacterial levels ranged from not detected to 10° CFU m > and
generally showed increased levels during the daytime compared to the nighttime levels, as well as during rush hours compared to
non-rush hours. The airborne bacterial levels showed rapid temporal variation (up to 270-fold) on some occasions, both consis-
tent and inconsistent with the diurnal profile. Airborne bacterium-containing particles were distributed between different sizes
for particles of >1.1 pum, although ~50% were between 1.1 and 3.3 pum. Anthropogenic activities (mainly passengers) were dem-
onstrated as major sources of airborne bacteria and predominantly contributed 1.1- to 3.3-pm bacterium-containing particles.
Our findings contribute to the development of realistic testing and evaluation schemes for BIODIM equipment by providing
information that may be used to simulate operational bioaerosol backgrounds during controlled aerosol chamber-based chal-

lenge tests with biological threat agents.

ubway transportation systems are found in at least 133 cities

worldwide, transporting about 200 million passengers daily
(www.uitp.org). Subway stations are typically confined and
crowded underground public environments that may be regarded
as potential bioterrorism targets.

A major challenge with bioterrorism incidents involving aero-
solized biological threat agents is that exposure to even lethal
doses will in most cases not induce any immediate symptoms.
Thus, in the absence of on-site biological detection-identification-
monitoring (BIODIM) capabilities, the public will most likely re-
main unaware of such potential health hazards until symptomatic
individuals seek medical assistance up to several days later. Such a
time frame can result in exposed individuals traveling worldwide
before an alarm is raised, thus complicating postincident response
efforts and potentially leading to the unnecessary loss of human
life.

An urgent need for early-warning BIODIM systems capable of
operating in complex environmental backgrounds has been ex-
pressed by both military and civilian authorities, exemplified by
the Joint Biological Point Detection System (JBPDS) program of
the U.S. Department of Defense (www.defense.gov) and the Bio-
Watch Generation-3 program of the U.S. Department of Home-
land Security (www.dhs.gov). Early-warning BIODIM systems
may allow for timelier implementation of effective countermea-
sures (e.g., containment, evacuation, and prophylactic treatment
with medical countermeasures) which could contribute to reduce
the consequences of bioterrorism incidents.

In operational environments, the natural aerosol background
will challenge BIODIM systems with a dynamic and complex mix-
ture of both biological and nonbiological airborne particulate
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matter that could interfere with the system’s performance. The
natural occurrence of similar but nonpathogenic environmental
relatives of biological threat agents may lead to false-positive or
-negative detection responses by the BIODIM system. Currently,
few if any available systems have been able to meet all of the user
requirements regarding rapid, robust, reliable, cost-effective, sen-
sitive, and specific surveillance of biological threat agents in dif-
ferent operational environments (2).

Obtaining more-detailed information about various bioaero-
sol backgrounds may contribute to provide an overview of bio-
aerosol background-related conditions that will be encountered
by BIODIM systems. Such information may assist in the develop-
ment and testing and evaluation (T&E) of BIODIM equipment by
allowing more-realistic operational conditions to be taken into
account.

Airborne bacteria have been surveyed at subway stations in
several countries around the world, including the United States (3,
4), Japan (5), South Korea (6-8), China (9), Russia (10), Egypt
(11), the United Kingdom (12), Hungary (13, 14), Iran (15), and
Norway (16). However, certain characteristics of the airborne bac-
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terial environments encountered at subway stations have not pre-
viously been addressed in detail, including the size distribution of
airborne bacterium-containing particles and the temporal vari-
ability of the concentration level, size distribution, and diversity of
airborne bacteria.

The current work investigated airborne bacteria at the National-
theatret subway station in Oslo, Norway, aiming at providing de-
tailed information concerning the temporal variability of airborne
cultivable bacteria during a 72-h continuous-sampling campaign
in the winter season of 2011. Three air samplers were used to
obtain data sets with different properties, including (i) particle
size-resolved bacterial concentration levels and diversity data us-
ing an Andersen six-stage cascade impactor, (ii) concentration
levels with a high temporal resolution using a MAS-100 high-
volume impactor, and (iii) concentration levels and diversity data
using a SASS 3100 high-volume electret filter sampler, in accor-
dance with a sampling scheme that was used during a previous
study at the same station in the spring, summer, and fall seasons of
2010 (16). The airborne bacterial diversity was investigated by
analyzing representative bacterial isolates using the Biotyper 3.0
MALDI-TOF MS microbial identification system. The sampling
campaign also included meteorological and total particle mea-
surements using a VXT520 weather station and an APS3321 aero-
dynamic particle sizer, respectively.

MATERIALS AND METHODS

Study location. The study was conducted at the Nationaltheatret subway
station in Oslo (ca. 600,000 inhabitants), Norway. The subway transpor-
tation network in Oslo has six bidirectional lines which all pass through
the Nationaltheatret station, transporting over 70 million people annu-
ally. The underground station consists of a single double-tracked tunnel
hall housing both the eastbound and westbound routes. On average, one
train departs every minute during the operating hours of the station. No
heating, ventilation, and air conditioning (HVAC) or passenger screening
door (PSD) systems are installed at the station. A previous survey of the
airborne bacterial environment at the same station (May to September
2010) has been reported (16).

The sampling campaign was initiated on 14 February 2011 at 09:00
and ended on 17 February 2011 at 09:00 after 72 h of continuous sampling
activities at the station. The air sampling and monitoring equipment were
colocated in the middle of the westbound concourse about 4 m from the
train tracks. Throughout the campaign, the subway lines were running,
with (i) increasing train frequency from 05:10 (first train) to 06:00, (ii)
constant train frequency from 06:00 to 22:00, and (iii) decreasing train
frequency from 22:00 to 01:15 (last train). The station was nonoperative
and closed to the public from 01:15 to 05:10. On some occasions during
this period, maintenance personnel were working at the station and die-
sel-powered maintenance trains were operating in the adjacent tunnel
network.

Bioaerosol collection. Air samples were collected during the sampling
campaign using three different instruments, as follows: (i) an Andersen
six-stage cascade impactor (28.3 liters of air per minute [lpm], TE-10-800;
Tisch Environmental, Cleves, OH), (ii) a MAS-100 high-volume single-
stage impactor (100 Ipm; Merck, Billerica, MA), and (iii) an SASS 3100
high-volume electret filter sampler (300 Ipm; Research International,
Monroe, WA). The Andersen sampler was used to obtain particle size-
resolved airborne cultivable-bacterial concentration levels by sampling
for 20 min at the start of every h. The Andersen sampler separates aerosols
based on their aerodynamic diameter by cascade impaction onto cultiva-
tion plates in six size-resolved stages, as follows: stage 1, >7.1 pum; stage 2,
4.7 to 7.1 pm; stage 3, 3.3 to 4.7 wm; stage 4, 2.1 to 3.3 pum; stage 5, 1.1 to
2.1 wm; and stage 6, 0.65 to 1.1 wm. The airflow through the Andersen
sampler was monitored using a mass flow meter (TopTrak 826; Sierra

258 aem.asm.org

Instruments, Monterey, CA). The MAS-100 was used to obtain airborne
cultivable bacterial concentration levels with a higher temporal resolution
than the Andersen sampler by sampling for 2.5 min at the start of every
10-min period. The MAS-100 was scheduled to continue sampling until
17 February at 09:00, but due to a battery problem, the sampling had to be
discontinued on 16 February at 11:00. The SASS 3100 obtained airborne
cultivable bacterial concentration levels by sampling for 2 h per sample,
generating three different sample types, as follows: (i) nighttime samples
(03:00 to 05:00) in the station, (ii) daytime samples (07:00 to 09:00) in the
station, and (iii) daytime samples (07:00 to 09:00) at a square adjacent to
the station’s entrance (outdoor reference location). Two SASS 3100 sam-
plers were used to allow simultaneous air sampling in the station and at
the outdoor reference location.

The air samplers were mounted on tripods with inlet heights of about
1.5 m. The samplers were disinfected with ethanol (70%) between samples
to avoid cross-contamination. Field blanks were generated by mounting
cultivation plates (Andersen and MAS-100) or filters (SASS 3100) without
sampling air and subjecting them to the same analyses as the air samples.
The Andersen and MAS-100 impactors were operated with Reasoner’s 2a
(R2A) (Oxoid, Cambridge, United Kingdom) plates supplemented with
100 g ml~" cycloheximide (Sigma-Aldrich, St. Louis, MO) (R2Ac) to
avoid fungal growth. Air samples collected on SASS 3100 filters were ex-
tracted into liquid using an extraction buffer (phosphate-buffered saline
with 0.05% Triton X-100 [pH 7.4]) and the SASS 3010 extractor instru-
ment (Research International) according to the manufacturer’s instruc-
tions. The filter extracts (100 pl) were diluted as needed with extraction
buffer and plated as triplicates on R2Ac plates. A similar procedure, but
including a heat shock (75°C for 20 min), was also performed on the SASS
3100 filter extracts to exclusively enumerate aerobic bacterial spores. The
incubation of all cultivation plates was performed at 30°C for 48 h before
the colonies were enumerated. The results obtained from SASS 3100 sam-
ples were expressed as an average of the triplicate cultivation plates, while
the results from the Andersen and MAS-100 were corrected using the
standard positive-hole correction method (17). The airborne bacterial
levels were expressed as CFU per cubic meter of air (CFU m™?). The limit
of detection (LOD) was 6 CFU m ™ for the SASS 3100 cultivation assay,
corresponding to the observation of at least one CFU on each of the
triplicate cultivation plates. The LODs for the Andersen and MAS-100
were 2 and 4 CFU m ™7, respectively.

Total particle and meteorological data collection. The total particle
concentration level and size distribution at the station were monitored
with an APS 3321 aerodynamic particle sizer (TSI, Shoreview, MN). The
APS 3321 was positioned on a table with an inlet height of about 1.3 m.
The data were logged at 10-s intervals in 51 channels for particles with an
aerodynamic diameter between 0.5 and 20 wm and reported as particles
per cubic meter of air (particles m ). Meteorological parameters, includ-
ing temperature, humidity, wind speed, and wind direction, were moni-
tored using a VXT520 weather station (Vaisala, Helsinki, Finland)
mounted on a tripod at a height of about 1.5 m. The number of people on
the station’s westbound concourse was regularly counted, averaged over a
30-min period, and reported as 0, 1 to 10, 10 to 50, 50 to 100, or >100
passengers. The outdoor meteorological conditions during the sampling
campaign were retrieved from the Norwegian Meteorological Institute
(Www.yr.no).

Bacterial isolation. Representative selections of morphologically dis-
tinct bacterial colonies were isolated from 17 Andersen and 9 SASS 3100
samples. The triplicate primary cultivation plates from each SASS 3100
sample were considered together as one sample when colonies were se-
lected. For each Andersen sample, the six size-resolved primary cultiva-
tion plates were considered separately during colony selection. Five daily
samples were included for the Andersen sampler, two rush hour samples
(08:00 and 16:00), two non-rush hour samples (12:00 and 21:00), and one
nighttime sample (04:00). Two additional single samples were also in-
cluded, (i) a morning sample on 14 February (09:00), since the sampling
campaign was initiated after the peak morning rush on the first day, and
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(ii) a nighttime sample on 16 February (03:00), when the airborne culti-
vable bacterial level was temporarily increased compared to the general
nighttime level.

The selected colonies were transferred from the primary cultivation
plates to fresh R2A plates (secondary cultivation plates) and incubated at
30°C for 48 h. This process was repeated twice or until pure isolates were
observed by subculturing from the secondary cultivation plates. The final
bacterial isolates were stored at —80°C in brain heart infusion broth (Ox-
oid) supplemented with 18% glycerol (Merck).

MALDI-TOF MS. The bacterial isolates were classified using the Bio-
typer 3.0 microbial identification system (Bruker Daltonics, Bremen, Ger-
many) coupled with a MicroFlex LT matrix-assisted laser desorption ion-
ization—time of flight mass spectrometry (MALDI-TOF MS) instrument
(Bruker Daltonics), in accordance with the manufacturer’s standard di-
rect transfer method. The bacterial isolates were recovered from frozen
stocks and cultivated on Trypticase soy agar (TSA) plates (Oxoid) at 30°C
for 24 to 48 h before single colonies were transferred onto an MSP 96
ground-steel target (Bruker Daltonics) as triplicates. The a-cyano-4-hy-
droxycinnamic acid (HCCA) matrix (Bruker Daltonics) was prepared in
accordance with the manufacturer’s recommendations and overlaid on
each target spot (1 pl). The Biotyper 3.0 was run in automatic classifica-
tion mode, and the reference database used was the Bruker Taxonomy
database (version 3.3.1.0, containing 4,613 library entries), coupled with
the security-relevant add-on database (Bruker Daltonics). The Biotyper
3.0 reports classification score values (SV) of between 0 and 3, which are
generally interpreted to suggest (i) probable species identification if the
SV is =2.3, (ii) secure genus identification and probable species identifi-
cation if the SV is =2.0, (iii) probable genus identification if the SV is
=1.7,and (iv) no reliable identification if the SV is <1.7. Bacterial isolates
that failed to generate an SV of =2.0 during the first analysis round were
subsequently cultured and analyzed again.

Statistical analysis. The results were subjected to statistical analyses
using SigmaPlot version 12.3 (Systat Software, Inc., San Jose, CA). Nor-
mality testing was done with the Shapiro-Wilk test, and depending on
whether the normality and equal variance criteria were fulfilled or not,
significance testing was performed with the Student # test or the Mann-
Whitney rank-sum test, respectively. Consistencies regarding the
temporal variation both within and between the bacterial and particle
concentration level data sets were investigated using the Pearson product-
moment correlation coefficient. The Pearson chi-square test was used for
the bacterial diversity (categorical) data sets. The significance level was set
at a P value of <0.05 for all statistical tests.

RESULTS
Airborne cultivable bacterial concentration level. During the
sampling campaign (14 February at 09:00 to 17 February at 09:00),
72 and 300 air samples were collected at the subway station by the
Andersen six-stage cascade impactor and the MAS-100 high-vol-
ume single-stage impactor, respectively. The average bacterial lev-
els reported by the Andersen and MAS-100 were 377 *+ 227 CFU
m~® (mean =* standard deviation) and 378 *+ 288 CFU m >,
respectively. Both samplers showed significant correlation (r =
0.86) concerning the temporal variation of the airborne bacterial
level during the campaign and revealed several consistent diurnal
trends, i.e., (i) the daytime level was higher than the nighttime
level, (ii) during the daytime, the morning (~07:00 to 10:00) and
afternoon (~15:00 to 18:00) rush hours showed higher levels than
the noon (~10:00 to 15:00) and evening (~18:00 to 00:00) non-
rush periods, and (iii) following the afternoon rush hours, the
bacterial level typically decayed throughout the evening and night,
with a diurnal minimum just before the train activity recom-
menced in the morning (Fig. 1).

During the nighttime period, when the bacterial levels were
typically low and decaying, two atypical events occurred, and both
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samplers reported (i) a temporary strong increase in the bacterial
level on 16 February between 02:00 and 04:00 and (ii) a similar but
modest increase on 15 February at about 01:00 (Fig. 1). When
these two atypical events were considered together, the Andersen
sampler reported a significantly higher (4-fold) bacterial level
(395 = 213 CFU m ) during the events than during the same
periods on nonevent days (98 * 38 CFU m ™). Similar results
were observed with the MAS-100, which reported a significantly
higher (7.2-fold) bacterial level during the events (819 = 225 CFU
m ) than during nonevent periods (113 = 100 CFU m>).

Despite the nighttime atypical events and for both samplers,
significant correlations were observed when the individual diurnal
periods were compared to each other (Andersen, r = 0.61 to 0.85,
and MAS-100, r = 0.46 to 0.71). Based on the day-to-day diurnal
consistencies, the Andersen and MAS-100 results from individual
sampling days were each merged into a single diurnal period av-
eraged hourly (Table 1). The two nighttime atypical events were
not included in the averaged data.

To compare the daytime and nighttime bacterial levels at the
station, the following time period definitions were used: daytime,
between 05:20 and 00:00, and nighttime, between 00:00 and 05:20.
The nighttime-to-daytime boundary was based on the arrival of
the first morning trains between 05:10 and 05:20, with the subse-
quent rapid increase in anthropogenic activities (i.e., trains and
passengers). The daytime-to-nighttime boundary was chosen be-
cause the passenger counts (Fig. 1) and train frequency decreased
rapidly after midnight. The Andersen results showed that the day-
time bacterial level (452 * 198 CFU m ™) was significantly higher
(4.2-fold) than the nighttime level (107 + 68 CFU m™>). Simi-
larly, the daytime level was significantly higher (2.9-fold) than the
unfiltered (i.e., including atypical events) nighttime level (154 =
151 CFU m™?). The MAS-100 results showed that the daytime
level (443 = 275 CFU m ) was significantly higher (4.3-fold)
than the nighttime level (103 = 102 CFU m ™) and also signifi-
cantly higher (3.3-fold) than the unfiltered nighttime level (137 =
187 CFUm ).

A total of nine air samples were collected with the SASS 3100
high-volume electret filter sampler during the sampling cam-
paign, corresponding to three daily samples, as follows: (i) night-
time in the station (03:00 to 05:00), (ii) daytime at the station
(07:00 to 09:00), and (ii) daytime in the outdoor reference loca-
tion (07:00 to 09:00). The average bacterial levels reported by the
SASS 3100 were 493 = 153,25 * 22, and 41 = 17 CFU m™>, for
daytime and nighttime in the station and the daytime outdoor
reference, respectively (Table 1). The daytime level in the station
was significantly higher (19.4-fold) than the nighttime level and
also significantly higher (11.9-fold) than the daytime outdoor
level. The bacterial levels reported by the SASS 3100 in the station
were not significantly different from those obtained with the An-
dersen and MAS-100 impactors when these were averaged using
only the corresponding sampling periods. However, the nighttime
bacterial level reported by the SASS 3100 was, although not signif-
icantly different, 1.3-fold and 3.8-fold lower than those reported
by the Andersen and MAS-100, respectively.

The spore-specific cultivation analysis performed on the SASS
3100 samples consistently reported airborne bacterial spore levels
of less than the LOD (5.5 CFU m ), except during daytime sam-
pling in the station (7 = 5 CFU m™?). Still, the daytime level of
cultivable bacterial spores corresponded to less than 2% of the
total cultivable bacterial level at the station.
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FIG 1 Airborne cultivable bacterial concentration levels and passenger counts during the 72-h sampling campaign at the subway station. (a) Numbers of
passengers on the westbound concourse (30-min average). (b) Particle size-resolved airborne bacterial levels based on data from the Andersen six-stage cascade
impactor. (c) High-temporal-resolution airborne bacterial levels based on data from the MAS-100 impactor. MAS-100 sampling was discontinued on 16

February at 11:00 due to a power supply failure.

Airborne cultivable-bacterium-containing particle size dis-
tribution. The average particle size-resolved bacterial levels re-
ported by the Andersen six-stage cascade impactor were as fol-
lows: stage 1 (>7.1 pm), 58 = 36 CFU m™ % stage 2 (4.7 to 7.1
pm), 50 = 33 CFU m 3 stage 3 (3.3 to 4.7 pm), 69 = 38 CFU
m % stage 4 (2.1t03.3 um), 93 * 67 CFUm ™ *;stage 5 (1.1t0 2.1
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wm), 105 + 78 CFUm ™ ?;and stage 6 (0.65to 1.1 pm), 3 = 4 CFU
m . These results showed that the various particle sizes contrib-
uted to 17, 15, 19, 22, 26, and =1% of the total level, respectively
(Fig. 1).

The bacterial levels reported within each particle size stage cor-
related significantly with the total level (r = 0.33 to 0.95). By
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TABLE 1 Concentration levels and particle size distribution of airborne cultivable bacteria and total particles in the subway station”

Bacterial level (mean CFU m > = SD) for

Bacterial level (mean % contribution to total bacterial level + SD) in

Particle size distribution
(0.5-20 pm) (mean *

indicated sampler and location airborne particle size (um) stage: SD) ©
In station: SASS 3100” Total particle level

Time period 1 2 3 4 5 6 (mean particles m CMAD

(hh:mm) Andersen  MAS-100 Instation  Outdoors (>7.1) (4.7-7.1)  (3.3-4.7) (2.1-3.3) (1.1-2.1) (0.65-1.1) =*SD) (pum) GSD
00:00-01:00 176 * 54 79 £ 81 1911 156 20x2 208 25%7 <1 32X 107 = 1.8 X 107 0.72 +0.04 1.56 = 0.11
01:00-02:00 101 £ 19 111 £ 127 16 £5 16 = 4 25%7 24*6 186 <1 40X 107 £2.6 X107 070 =0.05 1.48 *+ 0.12
02:00-03:00 104 * 44 152 £ 104 2315 25*9 261 9*1 1513 2*3 40X 107 +23 X107 078 =0.10 1.62*0.22
03:00-04:00 89 * 43 114 = 100 2522 2611 27*3 25*4 1m1=*1 10£5 1*x1 3.4 X107 27X 107 0.72+0.03 1.45=*0.10
04:00-05:00 47 = 47 67 = 80 256 25*X10 23*10 13*+4 138 <1 21X 107 =58 X 10° 070 £0.02 1.39 + 0.07
05:00-06:00 114 * 82 362 * 605 301 267 21 £4 14 =1 9*8 <1 24107 = 83X 10° 076 £0.05 1.63 *0.17
06:00-07:00 304 = 131 499 * 276 26*3 205 25%2 15+3 11=5 3+3 3.6 %107 = 1.0 X 107  0.86 = 0.08 1.73 =+ 0.04
07:00-08:00 506 =95 656 £ 171 493 £ 153 41 %17 16 =2 14+ 4 181 26+3 26*5 1£1 34107 £ 87X 10° 0.81£0.06 1.67%0.04
08:00-09:00 936 =252 1073 + 294 14*1 13+1 171 26+ 1 29*1 <1 32X 107 £ 64X 10° 0.75+0.03 1.61 % 0.06
09:00-10:00 756 = 103 666 * 149 12+1 100+3 15+1 28+3 34+ 4 <1 37X 107 £ 63X 10° 0.80+0.06 1.64+ 0.04
10:00-11:00 526 =48 435 + 104 11+1 12+2 16 £ 1 27+1 33+3 <1 37X 107 £52X10° 079 £0.05 1.66 =+ 0.04
11:00-12:00 449 * 46 375+ 67 20+ 4 12+2 15+1 23+ 4 29+ 4 <1 3.8X 107 £73X 10° 078 £0.04 1.64 * 0.04
12:00-13:00 405 * 62 357 + 68 16 +1 16 +2 18+6 25+5 25+3 <1 43X 107 +£7.1X10° 0.82*0.05 1.66*0.05
13:00-14:00 322 * 46 31370 14*1 12+3 213 26+5 27 %5 <1 43X 107 +12X 107 081 *0.06 1.65*0.05
14:00-15:00 431 £ 58 356 = 94 14*4 142 20+3 27=*3 252 <1 41X 107 +7.7X10° 079 %005 1.62*0.06
15:00-16:00 462 * 26 446 £ 111 132 14*1 20=1 23*1 29+1 <1 41X 107 +73X10° 079 *0.06 163 *0.07
16:00-17:00 631 * 46 597 = 113 13=1 102 18 £2 30=*3 28+3 <1 43 %107+ 1.0X 107 076 = 0.05 159 *+ 0.07
17:00-18:00 492 = 110 408 * 108 132 9*3 152 25*1 37%6 <1 45% 107 =84 X 10° 078 *0.06 1.63 *+ 0.07
18:00-19:00 449 * 94 421 * 86 14 *4 9=1 17=1 272 33x1 <1 44107 £9.1X10° 0.78 £0.07 1.62 * 0.08
19:00-20:00 378 = 40 332 * 67 14*3 131 14 £2 283 313 1x1 45X 107 = 88X 10° 079 £0.09 1.62 =+ 0.08
20:00-21:00 370 * 25 316 = 107 14*3 10 = 4 20x2 24*1 3127 2=*1 44 %107+ 1.0X 107 0.80 = 0.11 1.62 % 0.09
21:00-22:00 294 =38 265+ 71 1111 13*£4 19+3 20+ 3 36 =4 2+1 43107 £ 14X 107 079 £0.11 1.61 =+ 0.10
22:00-23:00 218 + 31 196 *+ 81 11+2 12+6 201 26+3 305 1+£1 3.9% 107 £7.7 X 10° 0.75+0.06 1.58 =+ 0.11
23:00-00:00 206 =17 130 = 116 16 =3 12+2 18+2 24+2 30 =4 <1 33X 107 £ 1.0X 107 0.73£0.04 1.58 %+ 0.10

“ Data from the 72-h sampling campaign are presented as 1-h averages over the diurnal period, unless otherwise indicated.
¥ Two-hour averages: the SASS 3100 sampled for 2 h during the nighttime (03:00 to 05:00) and daytime (07:00 to 09:00).

© CMAD, count median aerodynamic diameter; GSD, geometric standard deviation.

comparing the different stages to each other, significant correla-
tions were also observed between stages (r = 0.38 to 0.94), except
when stage 4 or 5 was compared to stage 6 (r = 0.17 and r = 0.20,
respectively). The general trend was that the correlation strength
was inversely related to the distance between the stages (i.e., neigh-
boring stages correlated better than distant stages) (Fig. 1). The
particle size-resolved bacterial levels also showed significant cor-
relation (r = 0.63 to 0.89) between sampling days (Fig. 1), except
for stage 2 on 14 February compared to 16 February and for stage
6 on all sampling days. The weak correlation observed between 14
February and 16 February for stage 2 could be explained by a
higher variability in this stage on 16 February (Fig. 1). The weak
correlations observed between all sampling days for stage 6 could
be explained by frequent observations of bacterial levels that were
=LOD, with sporadic increases on some occasions (Fig. 1). Based
on the observed general temporal consistency concerning the var-
ious particle sizes’ contributions to the total level, the results from
individual sampling days were merged into a single diurnal period
averaged hourly (Table 1).

Compared between sampling days, the size distribution of air-
borne bacterium-containing particles showed no significant dif-
ferences, and similar results were obtained when different daytime
periods (rush hours versus non-rush hours) were compared to
each other (see Fig. S1 in the supplemental material). Taken to-
gether, these results suggested that the size distribution of air-
borne bacterium-containing particles at the station showed lim-
ited day-to-day variation and was also conserved between
different daytime periods. The largest temporal variability con-
cerning the size distribution of airborne bacterium-containing
particles was consistently observed during two diurnal periods, (i)
the daytime-to-nighttime transition period and (ii) the night-
time-to-daytime transition period (Table 1).

When daytime and nighttime periods were compared to each
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other, significant differences were revealed regarding the size dis-
tribution of airborne bacterium-containing particles in the station
(Fig. 2). Bacterium-containing particles of between 1.1 and 3.3
pm corresponded to a significantly larger fraction during the day-
time (56% = 4% [mean = standard deviation]) than at night
(30% == 8%), while a significantly greater fraction of bacterium-
containing particles of >3.3 um was observed at night (70% =
7%) than during the day (44% = 3%) (Fig. 2). By taking into
account the general trend showing low and decaying bacterial lev-
els at night (Fig. 1), the results suggested that the nighttime shift in
size distribution was caused by a reduction in 1.1- to 3.3-pm bac-
terium-containing particles rather than an increase in >3.3-pm
bacterium-containing particles. Taken together, these results sug-
gested that the contributing sources for 1.1- to 3.3-pm bacterium-
containing particles were predominantly present in the station
only during daytime.

When the size distribution of bacterium-containing particles
observed during nighttime atypical events (16 February from
02:00 to 04:00 and 15 February at 01:00) was compared to those
observed during the temporally closest daytime periods showing
corresponding total bacterial levels (15 February at 23:00, 16 Feb-
ruary at 16:00, and 14 February at 21:00, respectively), bacterium-
containing particles of >3.3 wm were found to be present as a
significantly larger fraction during the nighttime atypical events
(79% = 4%) than during the corresponding daytime periods
(44% = 3%) (Fig. 2). The opposite result was observed for 1.1- to
3.3-um bacterium-containing particles, which showed a signifi-
cantly smaller fraction during the nighttime atypical events
(21% = 3%) than during the corresponding daytime periods
(56% = 4%) (Fig. 2). Taken together, these results suggested that
the nighttime atypical events were caused by sources that gener-
ated a larger fraction of bacterium-containing particles of >3.3
pm and that these sources probably differed from the predomi-
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FIG 2 Size distribution of airborne cultivable-bacterium-containing particles
at the subway station. Size-resolved airborne cultivable bacterial levels were
obtained with the Andersen six-stage cascade impactor, expressed as percent-
ages of the total level and categorized into three groups: daytime, nighttime,
and atypical (special) nighttime events (16 February from 02:00 to 04:00 and
15 February at 01:00).

nant daytime sources, which generated a larger fraction of bacte-
rium-containing particles between 1.1 and 3.3 pm.

Airborne cultivable bacterial diversity. The airborne bacterial
diversity in the station was investigated by analyzing representa-
tive bacterial isolates using the Biotyper 3.0 MALDI-TOF MS sys-
tem. A total of 1,832 bacterial isolates were recovered from the
primary cultivation plates of 17 Andersen and 9 SASS 3100 sam-
ples and analyzed using the Biotyper 3.0 standard direct transfer
method. The results showed that 1,293 isolates (71% of the total)
were successfully classified at the species or genus level. Of the
total number of isolates classified, 1,141 and 152 isolates were
derived from the Andersen and SASS 3100 samples, respectively.
The isolates recovered from the Andersen impactor consisted of
17% Gram-negative bacteria, while only 4% Gram negatives were
recovered from the SASS 3100 electret filter sampler.

When considering the total bacterial diversity from both sam-
plers, 39 different bacterial genera belonging to the following four
bacterial phyla were observed at the station: Firmicutes, Actinobac-
teria, Proteobacteria, and Bacteriodetes/Chlorobi (Table 2). The
predominant bacterial genera were Micrococcus, Rhodococcus,
Arthrobacter, Moraxella, Staphylococcus, Bacillus, Pseudomonas,
Kocuria, and Dermacoccus, corresponding to the following bacte-
rial species: Micrococcus luteus, Rhodococcus fascians, Arthrobacter
spp. (e.g., Arthrobacter parietis), Moraxella osloensis, Staphylococ-
cus spp. (e.g., Staphylococcus epidermis), Bacillus spp. (e.g., Bacillus
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megaterium), Pseudomonas spp. (e.g., Pseudomonas stutzeri), Ko-
curia spp. (e.g., Kocuria rosea), and Dermacoccus nishinomiyaensis
(Table 2).

Of the total number of SASS 3100-derived isolates classified,
60% were pigmented (92/152), showing yellow, orange, or pink
colony pigmentation, and the predominant species were M. [u-
teus, R. fascians, and Rosemonas mucosal/K. rosea, respectively. Of
the total number of Andersen-derived isolates classified, 44%
were pigmented (507/1,141), showing yellow, orange, or pink col-
ony pigmentation, and the predominant species were M. luteus/A.
parietis/Kocuria marina/Kocuria rhizophila, R. fascians/Bacillus
atrophaeus, and R. mucosa/K. rosea, respectively.

The Andersen-derived bacterial diversity showed only limited
day-to-day variation (see Fig. S2 in the supplemental material).
Similarly, the Andersen-derived data for various daytime periods
(morning rush hour, 08:00; noon non-rush period, 12:00; after-
noon rush hour, 16:00; and evening non-rush period, 21:00) also
corresponded to each other (see Fig. S2). These results suggested
that the airborne bacterial diversity at the station was conserved
between sampling days, as well as between different daytime peri-
ods. The Andersen-derived diversity results were therefore cate-
gorized into three groups, (i) daytime, (ii) nighttime, and (iii)
nighttime atypical event (16 February at 03:00). Similarly, the
SASS 3100-derived diversity results were also categorized into
three groups, but the daytime outdoor reference location group
replaced the nighttime station atypical event group. The results
obtained with both samplers showed that the daytime bacterial
diversity at the station differed significantly from the nighttime
diversity (Fig. 3).

The Andersen-derived daytime diversity was dominated by
Micrococcus (37%), followed by Rhodococcus (14%), Arthrobacter
(11%), Moraxella (9%), Staphylococcus (6%), and Dermacoccus
(5%), while the nighttime diversity was dominated by Rhodococ-
cus (49%), followed by Arthrobacter (20%) and Micrococcus (8%)
(Fig. 3). The diversity observed during the atypical event on 16
February at 03:00 was similar to the diversity of nonevent night-
time samples, being dominated by Rhodococcus (45%) and Arthro-
bacter (27%) (Fig. 3). However, no Micrococcus isolates were re-
covered during the nighttime atypical event, while Pseudomonas
isolates (16%) were abundantly recovered. Interestingly, Pseu-
domonas was not observed during nonevent nighttime periods
and was only at low abundance during daytime periods (3%).

The SASS 3100-derived daytime diversity at the station was
dominated by Micrococcus (37%), followed by Rhodococcus
(17%), Staphylococcus (14%), Bacillus (12%), and Dermacoccus
(6%), while the nighttime diversity was dominated by Rhodococ-
cus (46%), followed by Staphylococcus (17%), Arthrobacter (13%),
and Bacillus (13%) (Fig. 3). The relative abundances of Micrococ-
cus, Rhodococcus, and Dermacoccus observed with the SASS 3100
were consistent with the Andersen-derived results. However, Ba-
cillus and Staphylococcus were observed more frequently with the
SASS 3100 than with the Andersen impactor, while Arthrobacter
(1%) and Moraxella (1%) were less frequently observed with the
SASS 3100 (Fig. 3).

When the SASS 3100-derived daytime diversity in the station
was compared to the daytime outdoor diversity, a higher abun-
dance of Micrococcus (58%) and lower abundances of Rhodococcus
(8%), Staphylococcus (8%), and Bacillus (8%) were observed at the
outdoor location (Fig. 3). Additionally, several minor differences
were observed for bacterial genera that were generally observed at
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TABLE 2 Airborne cultivable bacterial diversity in the subway station

Bioaerosol Background at a Subway Station

Occurrence using indicated sampler in:

Current study”

Previous study,

Genus” Species Andersen SASS 3100 SASS 3100°
Acinetobacter A. johnsonii, A. lwoffii, A. pittii, A. X X
nosocomialis, A. schindleri, A. towneri
Aerococcus X
Agrococcus A. jenensis X
Agromyces X
Arthrobacter A. parietis, A. scleromae, A. polychromogenes, X X X
A. oxydans, A. sulfonivorans, A.
chlorophenolicus, A. castelli, A.
crystallopoietes
Bacillus B. megaterium, B. atrophaeus, B. simplex, X X X
B. flexus, B. pumilus, B. cereus sensu lato
group species
Brevibacillus B. choshinensis X X
Brevibacterium X
Brevundimonas B. nasdae, B. vesicularis, B. diminuta X X
Chryseobacterium X
Corynebacterium C. flavescens X X
Curtobacterium C. flaccumfaciens X X
Dermacoccus D. nishinomiyaensis X X X
Dietzia X X
Enterococcus E. gallinarum X
Kocuria K. rosea, K. palustris, K. rhizophila, X X X
K. marina, K. polaris
Lysinibacillus L. fusiformis, L. sphaericus X X X
Macrococcus X
Massilia M. timonae X X
Microbacterium M. phyllosphaerae, M. lacticum X X
Micrococcus M. luteus X X X
Moraxella M. osloensis X X X
Ochrobactrum O. intermedium X
Paenibacillus P. pasadenensis, P. amylolyticus X X X
Paracoccus P. yeei X X
Pseudoclavibacter P. helvolus X
Pseudomonas P. stutzeri, P. xanthomarina, P. gessardii, X X X
P. brenneri, P. libanensis
Psychrobacillus X
Rhizobium R. rubi X
Rhodococcus R. fascians X X X
Roseomonas R. mucosa X X X
Rothia R. amarae X X
Sphingobacterium S. multivorum X
Sphingobium X
Sphingomonas S. aerolata X X
Staphylococcus S. aureus, S. hominis, S. capitis, X X X
S. haemolyticus, S. epidermis,
S. saprophyticus, S. warneri, S. equorum
Stenotrophomonas S. maltophilia X
Streptococcus S. salivarius X
Streptomyces S. badius, S. griseus X X X
Total 37 17 22

“ The most-abundant bacterial genera in the current study are highlighted in boldface.
¥ Results were obtained using the Biotyper 3.0 MALDI-TOF MS system.

“Dybwad et al. (16); results were obtained using the Biotyper 2.0 MALDI-TOF MS system and partial 16S rRNA gene sequencing. Only genera corresponding to the current study

are presented.

low frequencies. At the outdoor location, Dermacoccus (8%), Ro-
seomonas (4%), and Lysinibacillus (4%) were more abundant than
they were in the station, while Acinetobacter (1%), Arthrobacter
(1%), Massilia (1%), Moraxella (1%), Paenibacillus (1%), Pseu-
domonas (2%), Streptomyces (2%), and Agromyces (1%) were only
observed in the station (Fig. 3).

In an attempt to investigate particle size-dependent diversity
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differences, the 1,141 successfully classified Andersen-derived iso-
lates were also categorized with respect to particle size based on the
size-resolved stages of the Andersen sampler. The analysis was
done without temporal considerations due to the limited number
of isolates obtained during the nighttime periods. The size distri-
bution observed for the isolates classified were as follows: stage 1
(>7.1 wm), 20% (228/1,141); stage 2 (4.7 to 7.1 wm), 18% (208/
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FIG 3 Airborne cultivable bacterial diversity in the subway station. The airborne bacterial diversity was based on Biotyper 3.0 MALDI-TOF MS analysis of
representative bacterial isolates from 17 Andersen six-stage cascade impactor samples and 9 SASS 3100 electret filter samples. Andersen-derived results were
categorized into three groups, daytime, nighttime, and nighttime atypical (special) events (16 February at 03:00) at the station. SASS 3100-derived results were
categorized into three groups: daytime and nighttime in the station and daytime at the outdoor reference location. The number of bacterial isolates (N) classified

within each category is also presented.

1,141); stage 3 (3.3 t0 4.7 pm), 19% (218/1,141); stage 4 (2.1t0 3.3
wm), 19% (216/1,141); stage 5 (1.1 to 2.1 pm), 22% (253/1,141);
and stage 6 (0.65 to 1.1 wm), 2% (18/1,141). The results showed
that a very limited number of isolates were recovered from the
0.65- to 1.1-pum size range. However, by taking into account only
major differences, the relative abundance of Micrococcus was low
in stage 6 compared to its abundance in the other stages, while
Kocuria, Acinetobacter, Moraxella, and Pseudomonas isolates were
not observed in stage 6 (Fig. 4). Additionally, the relative abun-
dance of Arthrobacter, Bacillus, Rhodococcus, Dermacoccus, Bre-
vundimonas, and Microbacterium seemed to be higher in stage 6
than in the other stages, although for Brevundimonas (5%) and
Microbacterium (5%), the abundance estimates were based on the
observation of a single isolate (Fig. 4). When stage 6 was not taken
into account, the observed bacterial diversity was similar for all
other stages (Fig. 4). The only exception was an increased relative
abundance of Micrococcus in the stages corresponding to particles
of between 1.1 and 3.3 pum (stages 4 and 5) compared to particles
of >3.3 um (stages 1 to 3) (Fig. 4). These results suggested that the
airborne cultivable bacterial diversity at the station was fairly con-
served for bacterium-containing particles of different sizes greater
than 1.1 wm (Fig. 4).

Total particle concentration level and size distribution. The
average total particle level (mean * standard deviation) at the
station was 3.8 X 10”7 = 1.4 X 10 particles m > (0.5 to 20 um).
The average count median aerodynamic diameter (CMAD) and
geometric standard deviation (GSD) (mean * standard devia-
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tion) were 0.77 % 0.07 wm and 1.60 = 0.11, respectively. The total
particle levels were generally stable during the daytime periods,
except for some sporadic short-duration events with strongly in-
creased particle loads (Fig. 5). The daytime particle levels did not
show a consistent temporal pattern that corresponded to the day-
time bacterial levels (Fig. 5). The total particle levels generally
decayed during the late evening period and continued to decay
throughout the night, consistent with the general trend observed
for the bacterial levels during the same period. The results sug-
gested that the underlying baseline particle level was lower at night
than in daytime but that the observed nighttime particle level vari-
ability was higher than the daytime variability, showing multiple
short- and long-duration events with increased particle loads that
even exceeded the daytime maximum levels (Fig. 5). The night-
time events showing increased particle loads commonly coincided
with periods of increased maintenance activities at the station or
in the adjacent tunnel network. Based on the observed diurnal
consistencies, the total particle levels from the individual sampling
days were merged into a single diurnal period averaged hourly
(Table 1).

The average daytime total particle level was 3.9 X 107 = 1.0 X
107 particles m >, while the average nighttime level was 3.3 X 107 =
2.2 X 107 particles m >, The average daytime CMAD and GSD
were 0.79 = 0.07 pm and 1.63 * 0.08, respectively, while the
average nighttime CMAD and GSD were 0.72 % 0.06 pm and
1.50 = 0.16, respectively. No significant differences were observed
with respect to total particle levels or particle size distributions
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FIG 4 Particle size-resolved airborne cultivable bacterial diversity at the subway station. The particle size-resolved bacterial diversity data are based on Biotyper
3.0 MALDI-TOF MS analysis of representative bacterial isolates from 17 Andersen six-stage cascade impactor samples. The number of bacterial isolates (N)

classified within each size bin and in total are presented.

when the daytime and nighttime periods were compared to each
other (Table 1). Since the total particle levels did not show a tem-
poral pattern that could be correlated with the bacterial levels, an
attempt was made to investigate whether a high abundance of
small particles could be masking an underlying correlation. Three
different particle size ranges were extracted from the measured
range (0.5 to 20 wm), as follows: (i) particles of =0.5 pm (i.e.,
total), (ii) particles of =1 wm, and (iii) particles of =3.3 pm.
However, even after excluding particles of <1 pm and <3.3 pm,
the correlation between the temporal variation profile of the total
particle levels and the bacterial levels did not improve (Fig. 5).
Meteorological conditions. The average meteorological con-
ditions (mean = standard deviation) at the station were as follows:
(i) temperature, 7.5 = 0.4°C; (ii) relative humidity, 63 * 8.4%;
(iii) wind speed, 0.4 = 0.2 m s~ '; and (iv) wind direction, 173 *
69° with 0° west (i.e., wind from east toward west). The tempera-
tures at the station did not show consistent diurnal or day-to-day
trends, except that rapid fluctuations seemed to occur more fre-
quently during the day than at night (Fig. 6). The humidity levels
showed several consistent diurnal trends, including (i) lower lev-
els at night than during the day, (ii) rapidly fluctuating but stable
or increasing average daytime levels, and (iii) decaying levels dur-
ing the late evening and nighttime periods, showing less fluctua-
tion than in the daytime period (Fig. 6). Both the daytime and
nighttime humidity levels showed day-to-day variation in terms
of an overall increase throughout the sampling campaign, with the
largest change observed for the nighttime levels (Fig. 6). The wind
speed levels followed a trend similar to that of the humidity levels,
i.e., (i) lower levels at night than during the day, (ii) rapid fluctu-
ations during daytime, and (iii) rapid decay during the early night-
time period. The rapid drop in wind speed coincided with the
daily shutdown of train operations, suggesting that train-induced
piston effects were the main driving force (Fig. 6). During the
nighttime, when no trains were running, the air movement was
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almost exclusively from east toward west (Fig. 6). During the day-
time, the air movement fluctuated rapidly between all directions,
although the dominant direction was the same as during night
(Fig. 6). These results supported the hypothesis that train-induced
piston effects were the main driving force behind the speed, as well
as the direction, of air movements at the station but also suggested
that a stable air movement from east toward west was present
independent of the train activity. The average outdoor meteoro-
logical conditions were representative of typical winter conditions
in the region and remained stable throughout the sampling cam-
paign, i.e., (i) temperature of —7.4 = 1.6°C, (ii) relative humidity
0f79.0 = 4.8%, (iii) wind speed of 4.1 £ 0.6 ms~ ! wind direction
36 * 10° with 0° north (i.e., wind from the north-northeast), (iv)
cloud cover of =90%, and (v) snow depth of ~0.5 m.

DISCUSSION

The current study characterized airborne bacteria during a 72-h
continuous sampling campaign at a Norwegian subway station.
The results obtained contribute novel information concerning the
airborne bacterial community encountered in a subway station
environment, including previously unaddressed properties like
the size distribution of airborne bacterium-containing particles
and the temporal variability of airborne bacteria with respect to
their concentration level, size distribution, and diversity on sev-
eral different timescales. Additionally, the results contributed to
confirm and extrapolate results from previous efforts to charac-
terize airborne bacteria at subway stations (5-9, 11, 12, 15, 16).
The diurnal and day-to-day variation was specifically addressed in
the current work (winter 2011), while seasonal variability assess-
ments were made possible by including results obtained during
our previous study (16) at the same station (spring, summer, and
fall of 2010).

The results reported here may assist in the development of
BIODIM equipment and enable improved T&E schemes involv-
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FIG 5 Total particle concentration levels during the 72-h sampling campaign at the subway station. (a) Levels of total particles between 0.5 and 20 pm obtained
using the APS 3321 aerodynamic particle sizer (left y axis) and airborne cultivable bacterial levels obtained using the Andersen six-stage cascade impactor (right
yaxis). (b) Total levels of particles in various size ranges (indicated by the key), obtained using the APS 3321.

ing simulated operational conditions, including realistic bioaero-
sol backgrounds, during controlled aerosol chamber-based chal-
lenge tests with biological threat agents. Furthermore, the
knowledge generated may also be of great interest to the public
health, occupational health, and microbial ecology communities.

266 aem.asm.org

Airborne bacterial levels. Previous characterization efforts at
subway stations have reported airborne cultivable bacterial levels
ranging from not detected to 10* CFUm > (5-9, 11, 12, 15, 16). In
the current work, the airborne cultivable bacterial levels, based on
sampling with three air samplers possessing different properties
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FIG 6 Meteorological conditions during the 72-h sampling campaign at the subway station. The condition measured is indicated on the y axis of each panel. In

panel ¢, 180° corresponds to wind directly from east to west.

(Andersen, MAS-100, and SASS 3100), ranged from not detected
to 10° CFUm ™.

A consistent diurnal pattern regarding the levels of airborne
cultivable bacteria was observed at the station, as follows: (i) the
daytime levels were higher than the nighttime levels, (ii) the diur-
nal maximum levels were generally observed during the morning
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and afternoon rush hours, which both showed increased levels
compared to the noon and evening non-rush periods, and (iii)
following the afternoon rush hours, the bacterial levels generally
decayed throughout the evening and nighttime periods, with di-
urnal minimum levels just before the train activity reccommenced
in the morning.
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To the authors’ knowledge, the diurnal variability of airborne
bacteria in a subway station environment has not previously been
addressed in detail. However, Birenzvige et al. (3) characterized
the diurnal variation of the aerosol background at the Pentagon
subway station (Washington, DC) and also attempted to address
the diurnal variation of airborne bacteria. Unfortunately, airborne
bacterial concentration levels could not be established due to an
erratic air sampler, although some diurnal trends were proposed
(3). A comparison between the diurnal concentration profile of
airborne bacteria observed in the current work and the trends
proposed by Birenzvige et al. (3) suggested that the profiles at both
stations were highly similar. The observed diurnal concentration
profiles of airborne bacteria were also found to correspond to the
diurnal PM10 (airborne particulate matter of <10 pum) mass con-
centration profile reported by Salma et al. (18) from a subway
station in Budapest, Hungary.

On two separate occasions during the current sampling cam-
paign, atypical nighttime events deviating from the general night-
time trend occurred. The atypical events showed temporarily in-
creased bacterial levels, which commonly exceeded daytime levels
except for the rush hour maxima. The atypical events seemed to
coincide with periods of increased maintenance activities at the
station or in the adjacent tunnel network.

The largest temporal variability of the airborne bacterial levels
was consistently observed during two distinct diurnal periods at
the subway station, i.e., (i) the nighttime-to-daytime transition
period, when the diurnal minimum levels at the end of the night
were followed by a rapid increase in anthropogenic activities (i.e.,
passengers and trains) and the diurnal maximum levels during the
peak morning rush hours, and (ii) the two nighttime atypical
events, which showed increased bacterial levels that deviated from
the general nighttime trend of low and decaying levels. During the
nighttime-to-daytime transition period, the largest observed dif-
ferences in the bacterial levels of adjacent samples were 20- and
40-fold, based on hourly (Andersen) and 10-min (MAS-100)
sampling frequencies, respectively. Similarly, during the night-
time atypical events, the largest differences between adjacent sam-
ples were 66- and 270-fold, based on the Andersen and MAS-100
results, respectively. These results demonstrated that the airborne
bacterial levels in subway stations may be associated with signifi-
cant temporal variation over a short period of time and that such
changes occur as a consequence of both predictable (e.g., night-
time-to-daytime transition periods) and unpredictable (e.g., atyp-
ical nighttime events) events.

The average daytime levels of cultivable airborne bacteria
found at the station were 452 = 198 (Andersen), 443 = 275 (MAS-
100), and 493 = 153 (SASS 3100) CFU m . In addition to being
highly consistent when compared, these results were also in close
agreement with the daytime level (396 *= 93 CFU m?) reported
by the SASS 3100 during the previous study (16) at the same sta-
tion. The average nighttime bacterial levels found in the current
study were 107 = 68 (Andersen), 103 = 102 (MAS-100), and 25 *
22 (SASS 3100) CFU m>. The average nighttime bacterial level
(21 = 13 CFU m ) reported by the SASS 3100 during the previ-
ous study (16) corresponded better to the SASS 3100 results in the
current work than to the Andersen and MAS-100 results. This
could be explained by the fact that the SASS 3100 collected a single
2-h nighttime sample during a period commonly corresponding
to the diurnal minimum bacterial levels, while the Andersen and
MAS-100 sampled throughout the night at an hourly and a 10-
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min sampling frequency, respectively. In summary, these results
suggested that the airborne bacterial levels at the station appeared
to be similar during both studies, with a consistent daytime-to-
nighttime difference.

Considering the fact that the current study was performed dur-
ing the winter season (February 2011), while the previous study
(16) was performed during the spring, summer, and fall seasons
(May to September 2010), the combined results suggested that the
airborne bacterial levels at the station were conserved on a sea-
sonal time scale. Additionally, the current results, which show a
consistent diurnal pattern on three consecutive days, in combina-
tion with the previous results (16), which show consistent daytime
and nighttime levels over a period of several months, suggested
that the airborne bacterial levels at the station were also conserved
on a day-to-day time scale.

Based on the fact that the station was nonoperational and
closed to the public during the night, it could be suggested that
anthropogenic activities, such as passengers and trains, were the
major sources of airborne bacteria at the station. The increased
bacterial levels observed during the morning and afternoon rush
hours compared to the levels in the noon and evening periods
corresponded to increased passenger numbers, while the train fre-
quency remained constant. This result demonstrated more specif-
ically that passengers were a major source of airborne bacteria at
the station.

Airborne bacterium-containing particle size distribution.
The size distribution of airborne particles containing cultivable
bacteria has, to the authors’ knowledge, not previously been stud-
ied in a subway environment. Lee et al. (8) described the use of an
Andersen six-stage cascade impactor in various public environ-
ments, including a subway station, but did not report size-re-
solved results from the station. The size distribution of bacterium-
containing particles can have an impact on the regional deposition
of airborne bacteria in the human respiratory tract upon inhala-
tion and, therefore, may be of importance for health hazard as-
sessments (19). Furthermore, information concerning the size
distribution of bacterium-containing particles in various opera-
tional environments is also of interest to the BIODIM community
(2).

The current work revealed that airborne bacterium-containing
particles of between 0.65 and 1.1 wm contributed on average less
than 1% of such particles at the station, while particles of between
1.1 and 2.1, 2.1 and 3.3, 3.3 and 4.7, 4.7 and 7.1, and >7 pm
contributed 26, 22, 19, 15, and 17% of the total level, respectively.
The averaged results suggested that bacterium-containing parti-
cles of >1.1 um were relatively evenly distributed between differ-
ent particle sizes, although the maximum level was observed for
particles of between 1.1 and 2.1 pm and ~50% of the particles
were between 1.1 and 3.3 pm.

The size distribution of airborne bacterium-containing parti-
cles was found to be conserved between sampling days, as well as
between different daytime periods (rush hours versus non-rush
hours). The largest temporal variation in the size distribution of
airborne bacterium-containing particles was consistently ob-
served during two distinct diurnal periods at the station, i.e., (i)
the daytime-to-nighttime transition period and (ii) the night-
time-to-daytime transition period.

Both the relative and absolute amounts of 1.1- to 3.3-.m bac-
terium-containing particles were found to be higher during the
daytime than at night, suggesting that the contributing sources for
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such particles were primarily present in the station during the
daytime. Since the major difference between daytime and night-
time periods was an almost complete absence of passengers and
trains during the latter, it is reasonable to suggest that anthropo-
genic activities were the predominant sources of 1.1- to 3.3-um
bacterium-containing particles at the station.

The relative amount of airborne bacterium-containing parti-
cles of >3.3 pm observed during the nighttime atypical events was
found to be much higher than the amounts observed during the
temporally closest daytime periods that showed comparable bac-
terial levels, while the reverse was observed for 1.1- to 3.3-pm
particles. Interestingly, these observations suggested that the
nighttime atypical events were caused by different sources than
the daytime sources, which generated a larger relative amount of
1.1- to 3.3-pm airborne bacterium-containing particles.

Airborne bacterial diversity. To our knowledge, no previous
study has investigated the temporal variability of the airborne bac-
terial diversity at a subway station. The airborne cultivable bacte-
rial diversity at subway stations has been shown to consist largely
of the bacterial genera Micrococcus, Staphylococcus, and Bacillus,
but several other genera, such as Pseudomonas, Corynebacterium,
Paracoccus, Kocuria, Aerococcus, Moraxella, and Enterococcus, have
also been observed, although generally less consistently (3, 5, 7,
11, 15).

The previous study (16) identified 37 bacterial genera in the
station air and revealed that the airborne bacterial diversity ap-
peared to be comparable with the diversity found in other stations
(7). In the current work, 39 bacterial genera were observed in the
subway air, and the most frequently observed were Micrococcus,
Rhodococcus, Arthrobacter, Moraxella, Staphylococcus, Bacillus,
Pseudomonas, Kocuria, and Dermacoccus. Of the total number of
observed genera, 56% (22/39) were also encountered during the
previous study (16). If only the most frequently observed genera in
the current work were taken into account, a complete qualitative
consistency was observed between the two studies concerning the
diversity of airborne cultivable bacteria.

The results obtained for the temporal variability of the air-
borne bacterial diversity in the current study, in combination with
our previous results (16), suggested that the diversity was con-
served (i) between seasons, at least qualitatively, (ii) between days,
and (iii) between different daytime periods, such as rush hours
and non-rush hours.

The airborne bacterial diversities obtained with the Andersen im-
pactor and the SASS 3100 electret filter sampler were generally simi-
lar, although some differences were observed, i.e., (i) the Andersen-
derived diversity corresponded to 17% Gram-negative bacteria,
while only 4% was observed with the SASS 3100, (ii) the Andersen-
derived diversity showed a higher relative abundance of Arthrobacter
and Moraxella than the SASS 3100, while the SASS 3100 showed a
higher relative abundance of Staphylococcus and Bacillus, and (iii) the
Andersen-derived diversity corresponded to 44% pigmented bacte-
ria, while 60% was observed with the SASS 3100.

The results from both samplers suggested that the daytime di-
versity was strongly dominated by Micrococcus (M. luteus), while
the nighttime diversity was strongly dominated by Rhodococcus
(R. fascians) and had a very low relative abundance of Micrococcus
compared to the daytime period. Several other bacterial genera
appeared to have higher relative abundances in the station during
the daytime than at night, including Moraxella, Dermacoccus,
Pseudomonas, Brevundimonas, and Acinetobacter, while Arthro-
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bacter and Roseomonas appeared to have higher relative abun-
dances during the night. Compared to the previous study (16), the
relative abundance of Rhodococcus (R. fascians) reported by both
samplers was much higher in the current work.

An interesting observation was made regarding the airborne
bacterial diversity during an atypical nighttime event (16 February
at 03:00) that showed strongly increased bacterial levels at night.
While the atypical event diversity generally resembled the night-
time diversity with respect to the dominance of Rhodococcus and
Arthrobacter, a high relative abundance of Pseudomonas that de-
viated from both the typical daytime and nighttime abundances
was observed. Additionally, no Micrococcus was observed during
the atypical event. Taken together, these observations suggested
that the nighttime atypical event sources differed from the pre-
dominant daytime sources and that the atypical event sources ap-
peared to aerosolize a larger relative fraction of Pseudomonas.

When the daytime bacterial diversity in the station was com-
pared to that of the equivalent outdoor reference location, a
higher relative abundance of Micrococcus and lower relative abun-
dances of Rhodococcus, Staphylococcus, and Bacillus were observed
outdoors. The results concerning the difference between the sta-
tion diversity and the outdoor bacterial diversity did not corre-
spond to those obtained in our previous study (16), which showed
a higher relative abundance of Bacillus and a lower relative abun-
dance of Micrococcus at the outdoor location than in the station.
The reasons behind these discrepancies are not known, although
the composition of outdoor airborne bacterial communities has
been shown to display seasonal variation (20).

The airborne cultivable bacterial diversity in the station gener-
ally showed a conserved diversity profile for bacterium-contain-
ing particles of different sizes >1.1 wm. Interestingly, the largest
deviation from the general trend was observed for Micrococcus,
which showed an increased relative abundance in airborne bacte-
rium-containing particles of between 1.1 and 3.3 um compared to
its abundance in particles of >3.3 um. Compared to the diversity
observed for airborne bacterium-containing particles of >1.1
pm, particles of between 0.65 and 1.1 pum appeared to have very
low relative abundances of Micrococcus, Moraxella, and Pseu-
domonas.

Total particle level and size distribution. The total particle
levels and size distributions observed in this study were comparable
to those reported previously at the same station (16), as well as to
those reported by Birenzvige et al. (3). However, at the same time,
several consistent differences were identified concerning the diurnal
profiles and short-term temporal variability of the total particle levels.
While the previous study (16) revealed a significant difference be-
tween the daytime and nighttime particle levels, the current work
showed no significant difference between particle levels categorized
into daytime and nighttime periods. The current results nevertheless
revealed that the underlying baseline particle level was lower at night
than during the day but that the particle level variability was higher at
night, with multiple short- and long-duration events showing in-
creased particle loads that exceeded the daytime maximum levels.
The nighttime events commonly coincided with periods of increased
maintenance activities at the station or in the adjacent tunnels, which
suggested that a causal link existed. However, a direct correlation
between specific maintenance activities and the nighttime events was
not identified.

A low temporal correlation was observed between the total parti-
cle levels and the airborne bacterial levels at the station during the
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current work, even when particles of <1 and <3.3 um were excluded
from the total particle size range (0.5 to 20 wm). However, some
general consistencies were observed between the total particle levels
and the airborne bacterial levels, i.e., (i) the baseline total particle
levels and the airborne bacterial levels were both higher during the
day than at night and (ii) the baseline total particle levels and airborne
bacterial levels both showed a generally decaying trend during the late
evening period that continued throughout the night.

Implication and future directions. This work represents an
important step forward in obtaining a more-complete under-
standing of the bioaerosol backgrounds that will be encountered
by BIODIM systems at subway stations. The knowledge generated
helps to define a range of relevant bioaerosol background-related
conditions that may be used to improve the development and
T&E of BIODIM equipment by allowing realistic operational con-
ditions to be taken into account. A set of representative and well-
defined bioaerosol backgrounds may be developed and standard-
ized for use in aerosol test chambers, thus simulating realistic
operational conditions during controlled aerosol chamber-based
challenge tests with biological threat agents.

This study specifically addressed airborne bacteria, although
other types of airborne microorganisms (e.g., fungi and viruses),
their products (e.g., toxins), and other types of nonmicrobial bio-
aerosols (e.g., pollen) may also correspond to relevant compo-
nents of the bioaerosol background with respect to the develop-
ment and T&E of BIODIM systems.

Since the current work provided novel information concerning
the size distribution of airborne bacterium-containing particles and
the temporal variability of airborne bacteria in a subway environ-
ment, very limited data were available for interstudy comparisons. To
confirm and extend the results obtained in the current work, it is also
of interest to address the spatiotemporal variability of airborne bac-
teria by performing similar studies in different subway stations.

Cultivation has traditionally been the method of choice when
studying airborne bacteria, although cultivation-independent
techniques are now becoming more widespread, also within aero-
biological research (4). Cultivation-independent analyses (e.g.,
quantitative PCR, next-generation sequencing, and microarrays)
are able to elucidate not only cultivable bacteria but also viable but
not cultivable (VBNC) and dead bacterial fractions. The cultivable
fractions of environmental bacteria have in some environments
been shown to correspond to <1% of the total number (21),
clearly suggesting that the use of cultivation-independent tech-
niques may extend our understanding of the bioaerosol back-
ground. Currently, few reports exist on the use of cultivation-
independent analyses to study airborne bacteria in subway
stations (3, 4). We have recently performed a cultivation-indepen-
dent diversity study of airborne bacteria using 16S rRNA gene-
based PhyloChip microarrays at the same Norwegian subway sta-
tion (unpublished data), which may contribute interesting
information regarding differences between the cultivation-depen-
dent and -independent airborne bacterial diversities.
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Accurate exposure assessments are needed to evaluate health
hazards caused by airborne microorganisms and require air
samplers that efficiently capture representative samples. This high-
lights the need for samplers with well-defined performance char-
acteristics. While generic aerosol performance measurements are
fundamental to evaluate/compare samplers, the added complexity
caused by the diversity of microorganisms, especially in combi-
nation with cultivation-based analysis methods, may render such
measurements inadequate to assess suitability for bioaerosols. Spe-
cific performance measurements that take into account the end-to-
end sampling process, targeted bioaerosol and analysis method
could help guide selection of air samplers.

Nine different samplers (impactors/impingers/cyclones/
electrostatic precipitators/filtration samplers) were subjected to
comparative performance testing in this work. Their end-to-end
cultivation-based biological sampling efficiencies (BSEs) and
PCR-/microscopy-based physical sampling efficiencies (PSEs)
relative to a reference sampler (BioSampler) were determined for
gram-negative and gram-positive vegetative bacteria, bacterial
spores, and viruses.

Significant differences were revealed among the samplers and
shown to depend on the bioaerosol’s stress—sensitivity and particle
size. Samplers employing dry collection had lower BSEs for stress-
sensitive bioaerosols than wet collection methods, while nonfilter-
based samplers showed reduced PSEs for 1 um compared to
4 pm bioaerosols. Several samplers were shown to underestimate
bioaerosol concentration levels relative to the BioSampler due to
having lower sampling efficiencies, although they generally ob-
tained samples that were more concentrated due to having higher
concentration factors.

Our work may help increase user awareness about important
performance criteria for bioaerosol sampling, which could con-
tribute to methodological harmonization/standardization and re-
sult in more reliable exposure assessments for airborne pathogens
and other bioaerosols of interest.
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INTRODUCTION

Accurate and reliable quantification and identification of
bioaerosols depends on several factors, including the use of
air sampling equipment that efficiently capture representative
samples and match the targeted bioaerosol (e.g., concentration
level, particle size, and stress—sensitivity), the meteorological
conditions (e.g., temperature, humidity, and wind speed) and the
employed analysis methods (Alvarez et al. 1995). The latter
commonly includes microscopy, microbiological, biochemical,
immunological, and molecular techniques (Cox and Wathes
1995; Eduard and Heederik 1998; Buttner et al. 2002; Grin-
shpun and Clark 2005; Georgakopoulos et al. 2009; Reponen
et al. 2011; Xu et al. 2011). Bioaerosol sampling is usually
achieved through common aerosol collection principles such
as impaction, impingement, cyclonic separation, filtration, and
thermal or electrostatic precipitation (Burge and Solomon 1987;
Macher and Willeke 1992; Nevalainen et al. 1992; Cox and
Wathes 1995; Buttner et al. 2002; Grinshpun and Clark 2005;
Reponen et al. 2011). A myriad of air samplers have been devel-
oped based on these principles and offer a wide range of different
instrument properties with respect to sampling efficiency, col-
lection size range, airflow rate, collection medium type and
volume, physical properties (e.g., size, weight, ruggedness, and
automation) and inflicted sampling-associated microbial stress
(e.g., shear forces and desiccation) (Buttner and Stetzenbach
1991; Li 1999; Radosevich et al. 2002; An et al. 2004; Bergman
et al. 2004; Yao and Mainelis 2007; Carvalho et al. 2008,
Kesavan et al. 2008; 2010a; McFarland et al. 2010). Thus, no
single air sampler is likely to be optimal, or even suitable, for all
purposes (Macher and Willeke 1992; Nevalainen et al. 1992).

Different bioaerosol types and sampling applications may
be associated with variable inherent challenges and study-
specific requirements, which have made equipment and proce-
dural standardization difficult within the bioaerosol community
and consequently led to the use of several different air samplers
and analysis methods. Interstudy data comparisons are there-
fore demanding since various methodologies provide different
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results even when subjected to the same bioaerosol challenge
(Shahamat et al. 1997; Eduard and Heederik 1998; Li 1999;
Buttner et al. 2002; An et al. 2004; Yao and Mainelis 2007,
Griffin et al. 2011). Bioaerosol investigations are therefore ham-
pered by the lack of methods that can provide accurate, reliable,
and comparable exposure estimates for airborne microorgan-
isms (Macher 1999). Taken together, this highlights the need
for comparative testing and evaluation (T&E) of air samplers
and standardization of sampling procedures (Bartlett et al. 2002;
Anetal. 2004; Vitko Jret al. 2005; Millner 2009; Xu et al. 2011).
Such efforts will provide the users with important information
upon selection of air samplers in order to meet their specific
operational requirements.

Performance measurements for air samplers have been re-
ported using several different, and sometimes redundant, effi-
ciency terms (e.g., aspiration-, inlet-, transmission-, collection-,
sampling-, recovery-, retention-, physical-, biological-, total-,
and overall efficiency), taking into account different aspects
or parts of the end-to-end sampling process (Nevalainen et al.
1992; Grinshpun et al. 1994; Grinshpun et al. 1996; Henning-
son et al. 1997; Li 1999; Brixey et al. 2002; Kesavan et al.
2003; An et al. 2004; Bergman et al. 2004; Yao and Mainelis
2007, Carvalho et al. 2008; Kesavan et al. 2008; 2010a; McFar-
land et al. 2010). The performance information supplied with
commercially available samplers is often limited to collection
efficiencies for different sizes of inert nonbiological particles
(e.g., polystyrene latex spheres), which are used to define the
sampler’s particle cutoff diameter dso at which 50% collection
efficiency is observed. Such generic measurements do not, how-
ever, incorporate the sampler’s propensity to induce sampling
stress.

The well-characterized swirling liquid impinger (BioSam-
pler) was used as a reference air sampler in this study (Willeke
etal. 1998; Linetal. 1999, 2000; Hermann et al. 2006; Rule et al.
2007; Fabian et al. 2009; Van Droogenbroeck et al. 2009; Chang
et al. 2010; Kesavan et al. 2010b; Chang and Chou 2011; Kesa-
van et al. 2011). Compared to the BioSampler, the available per-
formance data for the rest of the involved air samplers were more
limited; gelatin filters (Li 1999; Lin and Li 1999; Tseng and Li
2005; Burton et al. 2007; Fabian et al. 2009; Van Droogenbroeck
et al. 2009; Chang and Chou 2011; Estill et al. 2011; Zhao et al.
2011), Coriolis FR (or Coriolis i and §) (Carvalho et al. 2008;
Gomez-Domenech et al. 2010; Ahmed et al. 2013), XMX-CV
(or XMX/2L-MIL and XMX/2A) (Cooper 2010; Black 2011;
Kesavan et al. 2011; Black and Cooper 2012; Enderby 2012),
BioCapture 650 (Kesavan et al. 2011; Enderby 2012), OMNI-
3000 (Kesavan et al. 2011; Zhao et al. 2011), SASS 2300 (or
SASS 2000) (Kesavan and Stuebing 2009; Kesavan et al. 2011),
and SASS 3100 (Kesavan et al. 2010b).

The aim of the present work was to perform aerosol chamber-
based comparative T&E of nine air samplers representing dif-
ferent collection principles in order to establish their end-
to-end cultivation-dependent biological sampling efficiencies
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(BSEs) and cultivation-independent physical sampling efficien-
cies (PSEs) for a selection of aerosol test agents relative to
the BioSampler. The BSEs were based on plate count analy-
ses, while the PSEs were based on quantitative real-time PCR
(qPCR) or fluorescence microscopy direct count analyses. The
aerosol test agents included Gram-positive and Gram-negative
vegetative bacteria, bacterial spores and viruses, and also flu-
orescent polystyrene latex spheres. The T&E scheme was de-
signed to provide the users of air sampling equipment with
more specific end-to-end performance measurements for vari-
ous bioaerosol sampling applications.

MATERIALS AND METHODS

Aerosol Test Agents and Spray Solutions

The biological test agents included Gram-negative (Serratia
marcescens, SM) and Gram-positive (Kocuria rhizophila, KR)
vegetative bacterial cells, bacterial spores (Bacillus atrophaeus,
formerly Bacillus globigii, BG), and viruses (Bacteriophage
MS2, non-enveloped ssRNA virus, MS2). A freeze-dried pow-
der containing 2.0 x 10% cfu mg~! of BG spores (DPG Lot
19076-03268) and a solution containing 3.5 x 10'> pfu ml~!
of MS2 phages (DPG Lot 201 1JUN28AKS) in TNME buffer
(10 mM Tris-HCI, 100 mM NaCl, 0.1 mM MgSO,, 0.01 mM
EDTA) were provided by Dugway Proving Ground (DPG, Dug-
way, UT, USA). A SM strain (ATCC 274) was purchased from
the American Type Culture Collection (ATCC, Manassas, VA,
USA) and a KR strain (ATCC 9341, formerly classified as Mi-
crococcus luteus) was provided by the Norwegian School of Vet-
erinary Science (NVH, Oslo, Norway). Fluorescent polystyrene
latex spheres (Fluospheres, FS) of two sizes, 1 ©m with yellow-
green fluorescence (505/515 nm) and 4 pum with red fluores-
cence (580/605 nm), respectively, were purchased from Invitro-
gen (Invitrogen, Carlsbad, CA, USA).

BG spores (5 mg ml~') were suspended in MilliQ water
(Millipore, Billerica, MA) assisted by vortexing (5 min). SM
and KR were seeded into nutrient broth (Oxoid, Cambridge,
UK) or trypticase soy broth (Oxoid), respectively, followed by
cultivation (18 h, 200 rpm) at 30°C (SM) or 37°C (KR). The
BG, SM, and KR were washed by centrifugation (3,000 x g,
5 min) and re-dissolved in MilliQ water. The optical density
(OD) was measured using a NanoDrop ND-1000 spectropho-
tometer (NanoDrop, Wilmington, DE, USA) and adjusted with
MilliQ water to ODggg = 1.0 for BG (~1.0 x 10 cfu ml™"),
ODggo = 0.5 for SM (~5.0 x 10° c¢fu ml™"), and ODgyp = 0.75
for KR (~3.0 x 10° cfu ml~"). The spray solutions’ concentra-
tion levels (cfu ml~!) were determined by plate count analyses
before and after aerosol generation. Serial dilutions of the spray
solutions were plated in triplicates on trypticase soy agar (TSA)
for KR and nutrient agar (NA) for BG and SM, and incubated
(18 h) at 37°C (KR) or 30°C (BG and SM). The MS2 stock
solution was directly diluted with 12.5% TNME buffer to give
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a spray solution concentration level of 1.0 x 10° pfu ml~'.
The MS2 spray solution’s concentration level (pfu ml~!) was
determined using a pour-plate method before and after aerosol
generation. Briefly, serial dilutions of the spray solution were
mixed with 1.0 x 107 cfu of log-phase Escherichia coli (DSM
4230) cells in soft NA (0.7% agar), poured out on NA plates in
triplicates, and incubated (18 h) at 37°C. The FS suspensions
were directly diluted with MilliQ water to give spray solutions
containing 1.0 x 10° spheres ml~!. All spray solutions were
prepared fresh each day.

Bioaerosol Test Chamber

The air sampler testing was performed in a 12 m* (3 x
2 x 2 m) stainless steel aerosol test chamber (ATC, Dycor Tech-
nologies, Edmonton, AB, Canada) fitted with external heating,
ventilation and air conditioning (HVAC) and high-efficiency
particulate air (HEPA)-filtration systems (Figure S1 in the on-
line supplemental information [SI]). The ATC was equipped
with two mixing fans (120 mm), meteorology sensors for tem-
perature, humidity and pressure, optical particle counter (Grimm
1.108, Grimm Technologies, Douglasville, GA, USA), aerody-
namic particle sizer (APS 3321, TSI, Shoreview, MN, USA), and
two slit-to-agar samplers (STA-203, New Brunswick, Edison,
NIJ, USA). Real-time monitoring of the test aerosol concentra-
tion and size distribution was done with the Grimm 1.108 and
APS 3321. The agent containing particles per liter of air (AC-
PLA) levels were monitored using sequentially operated STA-
203 samplers (30 Ipm, 0.5 rpm). The STA-203s were loaded
with TSA (KR) or NA plates (BG and SM), and the plates were
incubated (18 h) at 37°C (KR) or 30°C (BG and SM). The
STA-203s were not used during MS2 and FS experiments.

Aerosol Generation

Aerosolization of the biological test agents (BG, SM, KR,
and MS2) was achieved using a 48 kHz Sono-Tek ultra-
sonic atomizer nozzle (Sono-Tek, Milton, NY, USA), while FS
was aerosolized using a Micro Mist nebulizer (Hudson RCI,
Durham, NC, USA). The Sono-Tek nozzle was powered by a
broadband ultrasonic generator (Model 06-5108, Sono-Tek) and
the spray solution was fed from a syringe feeder (Model 997E,
Sono-tek). The Micro Mist nebulizer was operated with N> gas
(2.4 bar). Both dispersion devices were enclosed in an aerosol
dilution system (ADS-A20, Dycor Technologies) which offered
adjustable dilution of the aerosol with HEPA-filtered air before
injection into the ATC. The targeted aerosol particle sizes were
1 and 4 um mass median aerodynamic diameters (MMAD).
The air sampler testing was performed with 4 pm aerosols for
all test agents and additionally 1 pm aerosols for FS and BG.
Appropriate instrument settings for the ATC and its subsystems
were determined during pre-study experiments to generate re-
producible concentration levels and size distributions for the test
aerosols, and then kept static throughout the study.
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Evaluated Air Samplers

Nine different air samplers based on various wet and dry
aerosol collection principles, including filtration, impaction, im-
pingement, cyclonic separation, and electrostatic precipitation,
were subjected to aerosol chamber-based comparative T&E. The
air samplers spanned a wide range of airflow rates (12.5-540
Ipm) and ranged in technological sophistication from simple
filter cassettes and glassware samplers that require external
vacuum sources and manual handling to fully automated and
ruggedized systems. The evaluated samplers (Table 1 and Figure
S2) were SASS 2300, SASS 3100, gelatin filters, Coriolis FR,
OMNI-3000, BioCapture 650, Electrostatic precipitator (ESP)
prototype, XMX-CV, and BioSampler.

The BioSampler was used as a reference and the sampling
efficiencies of the other samplers were reported relative to the
reference sampler. The samplers were operated according to
their respective manufacturers’ instructions-for-use documents.
The air flows through the BioSampler and the gelatin filter were
monitored using mass flow meters (TopTrak 826, Sierra In-
struments, Monterey, CA, USA). The SASS 3100’s open-faced
filter holder was covered with an aluminum cover cap to avoid
deposition of test aerosols on the electret filter during aerosol
generation and mixing.

The collection liquids used with Coriolis FR and Bio-
Capture 650 were both phosphate buffered saline (PBS)-
based surfactant-containing formulations supplied as single-use
consumables. PBS supplemented with 0.05% Triton X-100
(Sigma-Aldrich, St. Louis, MO, USA) and 0.005% Antifoam
A (Sigma-Aldrich, PBSTA) was used as collection liquid with
the BioSampler and XMX-CV, and as extraction liquid with
the SASS 3100, ESP, and gelatin filters. The OMNI-3000 was
operated with collection cartridges containing PBS supplied as
single-use consumables and MilliQ water as make-up liquid in
the onboard reservoir. The SASS 2300 was operated with PBS
as both collection liquid and make-up liquid. The OMNI-3000
and SASS 2300 samples were supplemented with Triton X-100
and Antifoam A to a final concentration of 0.05% and 0.005%,
respectively, immediately after sampling.

Air Sampler Testing

The described aerosol chamber-based T&E scheme was con-
sistently used unless otherwise stated. Each air sampler was
tested with a minimum of five experimental repetitions for each
aerosol test agent and particle size. The samplers were tested
in groups with the number of simultaneously tested samplers
ranging from 2 to 6. Fixed sampling positions were used in
the ATC and the relative positions of the samplers were varied
between experiments (Figure S1). Before each experiment, the
ATC was sealed and purged using HVAC-conditioned HEPA-
filtered air, until the Grimm 1.108 reported background con-
centration levels (<1 particles liter™! between 0.8 and 20 zum)
and the targeted meteorological conditions were observed (55%
relative humidity and 20°C). Test aerosol generation was initi-
ated and continued (~2 min) until the Grimm 1.108 reached the
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targeted concentration level (~160 particles liter—"). The venti-
lation system, but not the mixing fans, was then switched off and
the test aerosol mixed (1 min). The sampling period was 5 min,
after which the ATC was purged down to background condi-
tions. The collected samples were immediately transported to
the laboratory, and the samplers decontaminated in accordance
with their sample-to-sample decontamination procedures. The
electret filters from SASS 3100 were extracted with PBSTA
(8 ml) using a SASS 3010 extractor instrument (Research In-
ternational). The collection pipes from the ESP were extracted
with PBSTA (10 ml, hand-shaking, 30 s), while the gelatin
filters were completely dissolved in PBSTA (10 ml, 37°C,
hand-shaking).

Evaluation of Test Aerosol Homogeneity

The homogeneity of test aerosols inside the ATC was eval-
uated during pre-study experiments by simultaneous sampling
with three STA-204 slit-to-agar samplers (30 Ilpm, 0.5 rpm, New
Brunswick) and two STA-203 slit-to-agar samplers. These ex-
periments were performed with 4 um BG aerosols and repeated
while changing the relative positions of the samplers between
those used for air sampler testing (Figure S1). Two SASS 3100
electret filter samplers (300 lpm) and two SASS 2000 wetted-
wall cyclones (325 1pm, older model of SASS 2300) were used
to simulate ongoing air sampler testing during the homogene-
ity experiments. The ACPLA levels reported by the slit-to-agar
samplers were used to assess the homogeneity of test aerosols in-
side the ATC during simulated air sampler testing. Additionally,
wind speed measurements were recorded at multiple heights for
each sampling position using a hotwire anemometer (VT200,
Kimo Instruments, Montpon, France).

Cultivation Analysis

Plate count analyses (in the [SI]) were used to establish the air
samplers’ BSEs for BG, SM, KR, and MS2 aerosols. The BSEs
were calculated relative to the reference sampler (BioSampler)
using Equation (1) (Henningson et al. 1997; An et al. 2004; Yao
and Mainelis 2007; Carvalho et al. 2008).

BSE or PSE
sample concentration (# ml~") x collection medium volume (ml)

Sampler
airflow rate (Imin~") x duration (min) (Sampler)

sample concentration (#ml~!) x collection medium volume (ml)

(Reference)

(11

airflow rate (Imin~")x duration (min)

Molecular Analysis

gPCR assays (in the SI) for BG (Buttner et al. 2004), SM
(Saikaly etal. 2007) and KR (this study), and a reverse transcrip-
tase qPCR (qRT-PCR) assay for MS2 (O’Connell et al. 2006),
were used to determine the air samplers’ PSEs. The PSEs were
calculated relative to the reference sampler using Equation (1).
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Direct Count Analysis

Fluorescence microscopy-based direct count analyses (in the
SI) were used to determine the air samplers’ PSEs for FS
aerosols. The concentration levels of FS in the collected air
samples were calculated using Equation (2). The PSEs were
calculated relative to the reference sampler using Equation (1).

Sample concentration (spheres m1~!)
_ Counts per field (spheres field™") x total filter area (um?)

filtered volume (ml) x area per field (/Lmzﬁeld’l)
(2]

Statistical Analysis

The results were subjected to statistical analyses using
SigmaPlot (Systat Software, San Jose, CA, USA). Normality
checking was done with the Shapiro-Wilk test and depend-
ing on whether the normality and equal variance criteria were
fulfilled or not, significance testing was performed with the Stu-
dent’s 7-test or the Mann—Whitney rank sum test, respectively.
The significance level was set at p < 0.05 for all statistical tests.

RESULTS AND DISCUSSION

Spray Solutions and Test Aerosols

The spray solutions showed less than +10% variability in
cultivable counts (BG, KR, SM, and MS2) or direct microscopy
counts (FS) throughout the period they were used for aerosol
generation. Particle size calculations based on APS 3321 mea-
surements from all experiments showed re-producible size dis-
tributions for all test aerosols with median sizes close to the
targeted 1 and 4 um MMAD (Table S2). The homogeneity of
test aerosols in the ATC was evaluated to ensure that all sam-
plers were exposed to the same challenge. Five simultaneously
operated slit-to-agar samplers showed similar recoveries (£2%)
of 4 um BG aerosols at each sampling position, irrespectively
of whether or not four high-volume air samplers were operated
at the same time. The airflow velocities in the ATC were deter-
mined to evaluate the risk of observing over- or undersampling
through the air samplers’ inlets. Airflow velocities below 1 m
s~! were consistently observed at all sampling positions and in-
let heights, suggesting that substantial over- or undersampling
were unlikely for the involved particle sizes and inlet velocities
(Grinshpun et al. 1994; Baron 1998; Li et al. 2000).

T&E Results (Test Agent Categorized)

The following sections present statistical interpretations of
the T&E results assisted by two figures (Figures 1 and 2). A
consolidated result summary showing BSEs and PSEs for each
air sampler and test agent is provided as SI (Table S3).



TESTING AND EVALUATION OF BIOAEROSOL SAMPLERS

Sampling efficiencies for 1 and 4 um MMAD aerosols
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FIG. 1. The evaluated air samplers’ end-to-end cultivation-based biological
sampling efficiencies (BSEs) and qPCR- or fluorescence microscopy-based
physical sampling efficiencies (PSEs) relative to a reference sampler (BioSam-
pler) for 1 and 4 um mass median aerodynamic diameter (MMAD) aerosols of
FluoSpheres (FS) and B. atrophaeus spores (BG). The evaluated air samplers’
sampling efficiencies were significantly different from the BioSampler’s sam-
pling efficiency (gray dotted line) except when specified with an asterisk (*).
The evaluated air samplers’ sampling efficiencies were significantly different
for 1 pm aerosols compared to 4 um aerosols when specified with the same
letter.

FluoSpheres (FS)

The air samplers’ PSEs relative to the reference sampler were
determined for 1 and 4 um FS aerosols (Figure 1). The filter-
based samplers (SASS 3100 and gelatin filters) did not show
significantly different PSEs for 1 um compared to 4 um. The
other samplers showed significantly lower PSEs for 1 um com-
pared to 4 um FS, although the reductions were smaller for ESP
and Coriolis FR than for SASS 2300, XMX-CV, BioCapture
650, and OMNI-3000. The largest sampling efficiency reduc-
tion for 1 um compared to 4 um FS was observed for XMX-CV
(~26-fold).

In general, the evaluated samplers showed significantly lower
PSEs for both sized FS compared to the reference sampler, ex-
cept for: (i) gelatin filters that had significantly higher PSEs for
both sized FS, and (ii) XMX-CV that did not have a significantly
different PSE for 4 um FS. Low PSEs (<0.13) were observed
for both sized FS with SASS 2300 and OMNI-3000.

B. atrophaeus spores (BG)

The air samplers’ BSEs and PSEs relative to the reference
sampler were determined for 1 and 4 um BG aerosols (Figure 1).
The filter-based samplers (SASS 3100 and gelatin filters) and
OMNI-3000 did not show significantly different BSEs or PSEs
for 1 um compared to 4 um BG. The other samplers had signif-
icantly lower BSEs and PSEs for 1 um compared to 4 ©m BG,
although the efficiency reductions were smaller for ESP and
Coriolis FR compared to SASS 2300, XMX-CV, and BioCap-
ture 650. The largest sampling efficiency reductions for 1 um
compared to 4 um BG was observed for XMX-CV (~6-fold)
and SASS 2300 (~5-fold).
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FIG. 2. The evaluated air samplers’ end-to-end cultivation-based biological
sampling efficiencies (BSEs, upper panel) and qPCR-based physical sampling
efficiencies (PSEs, lower panel) relative to the reference sampler (BioSam-
pler) for 4 um mass median aerodynamic diameter (MMAD) aerosols of B.
atrophaeus spores (BG), Kocuria rhizophila (KR), Serratia marsescens (SM),
and bacteriophage MS2 (MS2). The evaluated air samplers’ sampling efficien-
cies were significantly different from the BioSampler’s sampling efficiency
(gray dotted line) except when specified with an asterisk (*). The evaluated air
samplers’ BSEs and PSEs were significantly different from each other when
specified with the same letter.

The evaluated samplers had significantly lower BSEs and
PSEs for both sized BG compared to the reference sampler,
except for: (i) gelatin filters that had a significantly higher BSE
and PSE for 1 um BG and not significantly different BSE and
PSE for 4 um BG, and (ii) XMX-CV that had a significantly
higher BSE and not significantly different PSE for 4 um BG
only.

For both sized BG, no significant differences were observed
between the BSEs and PSEs, except for 4 um BG with BioCap-
ture 650 that had a significantly lower PSE (~1.5-fold).

Low BSEs and PSEs (<0.22) were observed for both sized
BG with OMNI-3000 and for 1 «m BG with SASS 2300, XMX-
CV, and BioCapture 650. Since OMNI-3000 showed low PSEs
for both sized BG and FS, this sampler was excluded from
further testing.

Kocuria rhizophila (KR)
The air samplers” BSEs and PSEs relative to the reference
sampler were determined for 4 um KR aerosols (Figure 2). The
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evaluated samplers had significantly higher BSEs compared to
PSEs, except for ESP that had a lower but not significantly
different BSE.

The evaluated samplers also had significantly lower PSEs
compared to the reference sampler, except for XMX-CV and
gelatin filters that did not have significantly different PSEs.
XMX-CV had a significantly higher BSE compared to the ref-
erence sampler, while ESP and SASS 3100 had significantly
lower BSEs. The gelatin filters, SASS 2300, BioCapture 650,
and Coriolis FR did not have significantly different BSEs com-
pared to the reference sampler.

Serratia marcescens (SM)

The air samplers’ BSEs and PSEs relative to the reference
sampler were determined for 4 um SM aerosols (Figure 2). Air
samplers collecting directly into liquid had significantly higher
(SASS2300 and XMX-CV) or not significantly different (Corio-
lis FR) BSEs compared to PSEs, while samplers employing dry
collection principles (ESP, SASS 3100, gelatin filters, and Bio-
Capture 650) had significantly lower BSEs compared to PSEs.
The largest reductions in BSEs compared to PSEs were observed
for the filter-based samplers, SASS 3100 (~52-fold) and gelatin
filters (~36-fold), that both had very low BSEs (<0.03).

The evaluated samplers had significantly lower BSEs and
PSEs compared to the reference sampler, except for: (i) XMX-
CV that had significantly higher BSE and not significantly dif-
ferent PSE, (ii) SASS 2300 that had a significantly higher BSE,
and (iii) gelatin filters that did not have a significantly different
PSE.

Bacteriophage MS2

The air samplers’ BSEs and PSEs relative to the reference
sampler were determined for 4 um MS2 aerosols (Figure 2).
SASS 3100 and ESP had significantly lower BSEs than PSEs,
while gelatin filters had a significantly higher BSE than PSE. The
other samplers (SASS 2300, XMX-CV, BioCapture 650, and
Coriolis FR) did not have significantly different BSEs compared
to PSEs. Low BSEs and PSEs (<0.21) were observed with
XMX-CV.

The evaluated air samplers had significantly lower BSEs and
PSEs compared to the reference sampler, except for gelatin
filters that did not have a significantly different BSE.

T&E Results (Test Agent- and Particle Size-Consolidated)

The following sections present and discuss the consolidated
T&E results to identify and highlight performance differences
and/or similarities between the evaluated air samplers.

Particle size

The particle size of the targeted bioaerosol is an important
parameter to consider upon selection of air sampler. Our results
showed that the BSEs and PSEs for BG and FS aerosols with
the filter-based samplers (SASS 3100 and gelatin filters) were
not affected by reducing the particle size from 4 um to 1 pm,
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while the XMX-CV, SASS 2300, and BioCapture 650 showed
strongly reduced BSEs and PSEs for 1 um compared to 4 um
aerosols (Figure 1). The ESP and Coriolis FR also showed re-
duced BSEs and PSEs for 1 um aerosols, but the reductions
were only moderate compared to those observed for the XMX-
CV, SASS 2300 and BioCapture 650 (Figure 1). These results
are in agreement with previous studies showing that the ds cut-
off diameters are above 1 um for XMX-CV, SASS 2300 and
BioCapture 650, and below 1 um for the BioSampler (Kesavan
and Stuebing 2009; Kesavan et al. 2011).

Physical sampling efficiency (PSE)

The PSEs for 1 and 4 um ES aerosols based on microscopy
and 1 and 4 um BG aerosols based on qPCR corresponded with
each other (Figure 1). The observation that similar PSEs could
be reproduced for two test agents even when based on differ-
ent analysis methods, suggested that the PSEs were accurate
and representative for the respective samplers. However, two
minor exceptions were observed; SASS 2300 and OMNI-3000
had about two-fold and six-fold lower PSEs, respectively, for
FS compared to similar sized BG. These air samplers had the
largest internal surface areas and tubing coming in contact with
the collection liquid during sampling. This could possibly lead
to internal loss of sampled material due to adherence to the sam-
plers’ walls and tubing, thus having an impact on the end-to-end
sampling efficiency. Observations also indicated that FS were
more hydrophobic than BG, which could contribute to increase
the internal loss of FS in the SASS 2300 and OMNI-3000. The
OMNI-3000 was excluded from further testing due to its very
low PSE for both sized FS and BG aerosols. It should however
be noted that technical issues with this sampler’s fluid monitor-
ing system led to abnormal replenishment of collection liquid
on some occasions.

When comparing the air samplers’ PSEs for 4 um BG, KR,
SM, and MS?2 aerosols consistency was observed, suggesting
that the PSEs were similar for all test agents (Figure 2).
However, for MS2, the gelatin filters and XMX-CV both had
>5-fold lower PSEs for MS2 compared to BG, KR, and SM.
A corresponding BSE result was seen for XMX-CV which had
>5-fold lower BSE for MS2 compared to the other test agents,
but this was not observed for the gelatin filters.

When the two discrepancies observed for MS2 were dis-
carded, the PSEs for BG, KR, SM, and MS2 showed that gelatin
filters and XMX-CV had an averaged PSE (1.01 4+ 0.06 and 1.03
=+ 0.07, respectively) close to the reference sampler, while ESP
(0.46 £ 0.14), SASS 3100 (0.62 £ 0.11), SASS 2300 (0.48 £+
0.10), BioCapture 650 (0.58 £ 0.09), and Coriolis FR (0.58 £+
0.08) had an averaged PSE that was lower than the reference
sampler.

Biological sampling efficiency (BSE)

The targeted bioaerosol’s sensitivity to sampling stress and
the sampler’s propensity to induce such effects are important
parameters to consider when cultivation-dependent analysis
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methods are needed for quantification and identification of air-
borne microorganisms. By comparing the cultivation-dependent
BSEs to the cultivation-independent PSEs, our results showed
that the evaluated air samplers differed substantially regarding
their propensity to induce sampling stress. The evaluated air
samplers’ BSEs for 4 um BG, KR, SM, and MS2 aerosols dif-
fered more between the test agents than the PSEs (Figure 2),
although this was not surprising since the test agents were se-
lected to provide microorganisms with variable sensitivities to
sampling stress.

The observation that the BSEs and PSEs for BG aerosols
corresponded with each other provided additional support to
the accuracy of the PSEs since Bacillus spores are known to
be highly tolerant to microbial stress (Sinclair et al. 2008).
These results also suggested that the BSEs and PSEs were com-
parable measurements that could be used to assess sampling-
associated stress. The BSEs and PSEs for KR aerosols also
corresponded with each other and with BG aerosols. The BSEs
for SM and MS2 aerosols were however more variable, showing
both lower and higher BSEs compared to PSEs. Our results (Fig-
ure 2) therefore suggested that BG (bacterial spores) and KR
(gram-positive vegetative bacteria) were much more resistant
to sampling-inflicted microbial stress than SM (gram-negative
vegetative bacteria) and MS2 (non-enveloped ssRNA viruses).
It should however be taken into account that these results were
obtained with 4 um aerosols consisting of cell/spore aggre-
gates, which may respond differently to stresses than aerosols
consisting of single cells/spores.

Coriolis FR was the only sampler that had similar BSEs for
BG, KR, SM, and MS2, with an averaged BSE (0.75 & 0.09)
corresponding to the averaged PSE for the same test aerosols
(0.58 + 0.08), with a small offset (+30%).

BioCapture 650 had similar BSEs for BG, KR, and MS2, with
an averaged BSE (0.80 % 0.09) corresponding to the averaged
PSE (0.58 &+ 0.09) with a small offset (+38%). The BSE for
SM was >4-fold reduced compared to that obtained for BG, KR
and MS2, suggesting that that BioCapture 650 injured SM more
than the reference sampler, but that the stress did not affect BG,
KR, or MS2.

XMX-CV had similar BSEs for BG and KR, with an averaged
BSE (1.36 &£ 0.13) corresponding to the averaged PSE (1.03 £+
0.07) with a small offset (+32%). The BSE for SM was about
two-fold higher compared to that obtained for BG and KR,
suggesting that the reference sampler injured SM more than
XMX-CV, but that the stress did not affect BG and KR. The
BSE for MS2 was >6-fold lower compared to that obtained for
BG and KR, but since the PSE for MS2 also showed a similarly
reduced efficiency (>5-fold) compared to FS, BG, KR, and SM,
these results could not be attributed to differences in sampling
stress.

Gelatin filters had similar BSE for BG, KR, and MS2, with
an averaged BSE (1.14 £ 0.07) corresponding to the averaged
PSE (1.01 £ 0.06) with a small offset (+13%). The BSE for SM
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was about 38-fold lower compared to that obtained for BG, KR,
and MS2, suggesting that the gelatin filters injured SM more
than the reference sampler, but that the stress did not have an
impact on BG, KR, and MS2.

SASS 3100 had similar BSEs for BG and KR, with an
averaged BSE (0.80 £ 0.04) corresponding to the averaged
PSE (0.62 &+ 0.11) with a small offset (+30%). The BSEs for
SM and MS2 were about 80-fold and 40-fold lower, respec-
tively, compared to that obtained for BG and KR, suggesting
that the SASS 3100 injured both SM and MS2 more than the
reference sampler, but that no such effect was seen for BG
and KR.

SASS 2300 had similar BSEs for BG, KR, and MS2, with
an averaged BSE (0.64 4 0.21) corresponding to the averaged
PSE (0.48 4 0.10) with a small offset (+33%). The BSE for
SM was about 2.5-fold higher compared to that obtained for BG,
KR, and MS2, suggesting that the reference sampler injured SM
more than the SASS 2300, but that the stress did not have an
impact on BG, KR, and MS2.

ESP had similar BSEs for BG and KR, with an averaged BSE
(0.52 £ 0.05) corresponding to the averaged PSE (0.46 £ 0.14)
with a small offset (+13%). The BSEs for SM and MS2 were
about 4-fold and 17-fold lower, respectively, compared to the
averaged BSE for BG and KR, suggesting that the ESP injured
both SM and MS2 more than the reference sampler, but that the
stress did not affect BG and KR.

The consistently observed positive offset (13%—-38%) be-
tween BSEs and PSEs suggested that there was a small bias
toward overestimating the BSEs, or underestimating the PSEs,
of the evaluated samplers relative to the reference sampler.

Taken together our results suggested that samplers employ-
ing dry collection principles (ESP, SASS 3100, gelatin filters,
and BioCapture 650) had a more dramatic impact on the cul-
tivability/viability of SM than those employing wet collection
(SASS 2300, XMX-CYV, and Coriolis FR). The same pattern was
not observed with MS2, for which two dry collection samplers
(ESP and SASS 3100) seemed to injure MS2 more than the wet
collection samplers (SASS 2300 and Coriolis FR), while the
other two dry collection samplers (gelatin filters and BioCap-
ture 650) did not seem to influence MS2 differently from the
wet collection samplers. A possible explanation could be that
MS2 was less sensitive to desiccation than SM, and remained
infective with the gelatin filters and BioCapture 650 but not
with the ESP and SASS 3100. The manufacturer’s instructions-
for-use document for the gelatin filters states that they contain
46%-49% residual dampness, while the BioCapture 650 au-
tomatically rinses the sampled material from its spinning disk
impactor at the end of the sampling period. Thus, the sam-
pled material had a short holding time in a desiccated state be-
fore transfer into liquid, in contrast to the ESP and SASS 3100
where the samples had to be manually extracted into liquid af-
ter sampling (i.e., the sampled material had a longer holding
time in a dry state before transfer to liquid). For BG and KR, no
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differences were observed between samplers that could be linked
to specific collection principles, suggesting that both these test
agents were resistant to the sampling stress inflicted by the eval-
uated air samplers, independent of whether they employed wet
or dry collection principles.

Concentration Factor

In addition to the importance of the sampling efficiency,
which is fundamental to ensure accurate quantification of the
bioaerosols, the air sampler’s concentration factor may also be
important since it impacts the amount and concentration of sam-
pled material than can be obtained and subjected to analysis.
An air sampler’s concentration factor will depend on its airflow
rate, collection medium volume, and sampling efficiency. An air
sampler with a relative concentration factor of 100 compared to
the BioSampler will have a 100-fold lower detection limit for
the same sampling operation, and which could be an important
performance criterion when the targeted bioaerosol’s concentra-
tion level is low. Similarly, for sampling applications requiring
high temporal resolutions, or when other factors limit the sam-
pling time, employing an air sampler with a high concentration
factor may be crucial to ensure that sufficient sampled material
is present.

The evaluated air samplers’ theoretical concentration fac-
tors relative to the reference sampler showed that while the
gelatin filters had a theoretical concentration factor of 2, the
other samplers had much higher theoretical concentration fac-
tors ranging from 46 to 201 (Table 1). The theoretical relative
concentration factors were transformed into end-to-end relative
biological concentration factors (BCFs) and physical concen-
tration factors (PCFs), respectively, by multiplying them with
the BSEs and PSEs obtained in the current work (Table S3). A
consolidated summary showing the BCFs and PCFs for each air
sampler and test agent is provided as SI (Table S4).

The results showed that the BCFs and PCFs for the evaluated
samplers were consistently higher than for the reference sam-
pler, except the BCFs for 4 um SM with SASS 3100 and gelatin
filters, and the PCFs for 1 um FS with OMNI-3000 and 4 um
MS2 with gelatin filters. The highest BCFs and PCFs were ob-
served with XMX-CV for all test aerosols (>200), except 4 um
MS2, 1 um BG, and 1 um FS. For 4 um MS2, the SASS 2300
had the highest BCF (~93) and PCF (~84). For I um BG and
1 um FS, the SASS 3100 had the highest BCF (BG; ~44) and
PCF (BG; ~50, and FS; ~43). In comparison to the other evalu-
ated samplers, low BCFs and PCFs were consistently observed
for the gelatin filters (<3) and OMNI-3000 (<10).

In summary, the observed results showed that while sev-
eral of the evaluated air samplers may underestimate bioaerosol
concentration levels due to having lower sampling efficiencies
(BSESs/PSEs) than the reference sampler (Table S3), they would
generally obtain samples that contained higher concentrations
of sampled material due to having higher concentration factors
(BCFs/PCFs) than the reference sampler (Table S4).
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Air Sampler Suitability Assessments

Based on the demonstrated performance of the evaluated air
samplers (Figures 1 and 2, and Tables S3 and S4), general-
ized features regarding their suitability for various bioaerosol
sampling applications were assessed (Table 2).

The suitability features were separated into quantitative and
qualitative sampling applications because the fundamental air
sampler performance requirements may be different depending
on whether the objective is to accurately determine concentra-
tion levels (quantify) or to detect/identify (qualify).

Since the sampling efficiency directly impacts bioaerosol
concentration level estimates (e.g., an absolute sampling ef-
ficiency of 50% results in a two-fold underestimation of the
true level), it may be considered a fundamental performance re-
quirement for quantitative bioaerosol sampling. The evaluated
air samplers’ BSEs and PSEs were therefore used to assess their
suitability for quantitative sampling applications. An air sampler
was considered suitable if the relative sampling efficiency was
>0.5, thus implying less than twofold underestimation of the
bioaerosol level compared to the reference sampler (Table 2).

While a direct quantitative relationship between air and sam-
ple is essential for accurate quantification, qualitative sampling
applications are, however, not dependent on the existence of
such a direct relationship.

For qualitative applications, obtaining sufficient material
(i.e., above the analysis method’s detection limit) may be con-
sidered the primary sampling objective, and the sampler’s abil-
ity to concentrate bioaerosols from the air and into a sample
may therefore be considered a fundamental performance re-
quirement. The evaluated air samplers” BCFs and PCFs were
therefore used to assess their suitability for qualitative sampling
applications. An air sampler was considered suitable if the rel-
ative concentration factor was >1.0, thus implying similar or
higher concentration levels of sampled material compared to
the reference sampler (Table 2).

It should however be noted that because the T&E results
obtained in the current work were relative to the BioSampler,
the employed suitability criteria were also inherently relative.
For the purpose of this study, the PSEs and BSEs and concen-
tration factors of the BioSampler were therefore considered as
“performance benchmarks,” although this should not be taken
to suggest that the BioSampler has 100% absolute PSEs and
BSE:s for all bioaerosols or that its concentration factors will be
suitable for all bioaerosol sampling purposes.

The BioSampler was chosen as a reference sampler because
it has been shown to have sampling efficiencies >90% for the
particle sizes involved in this study (Willeke et al. 1998; Ke-
savan et al. 2011). The BioSampler has also been shown to
inflict limited sampling stress allowing retained cultivability of
stress-sensitive airborne microorganisms (Lin et al. 1999, 2000).
However, some of the T&E results obtained in the current study,
and especially the BSEs for 4 um SM aerosols observed with
XMX-CV and SASS 2300 which both were > 1.5, could suggest
that the BioSampler inflicted sampling stress that reduced the
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cultivability of SM more than some of the evaluated samplers.
While these are interesting observations, further studies will be
needed to verify and investigate these results. Still, they may be
seen as an interesting reminder about that in all likelihood no
single air sampler will be universally optimal, or even suitable,
for all bioaerosols and bioaerosol sampling purposes.

CONCLUSION AND IMPLICATIONS

Selecting an air sampler for bioaerosol sampling applica-
tions is a nontrivial task that must be performed with great care
to ensure that the obtained results accurately and reliably de-
scribe the studied bioaerosol. The current work contributes to
increase user awareness about important factors that should be
considered during air sampler selection. Our results highlight
the importance of harmonizing air sampler performance to the
targeted bioaerosol and the downstream analysis method, and
provide several generalized features regarding the evaluated air
samplers’ suitability for various bioaerosol sampling applica-
tions (Table 2).

Although this study involved a diverse selection of test
agents, several other types of commonly studied bioaerosols
were not specifically addressed (e.g., fungi, fungal spores, pro-
tists, pollen, and microbial fragments such as endotoxins and
mycotoxins). However, since we established PSEs and BSEs
for aerosol test agents with highly variable morphologies and
sensitivities to sampling stress, practitioners interested in other
types of bioaerosols may still be able to extract relevant per-
formance information, at least within the evaluated particle size
range. Extrapolations of the results to include other types of
bioaerosols should in any case only be carefully attempted and
mindfully considered, even within the microorganism classes
that were specifically evaluated.

We believe that the performance measurements presented in
this work could contribute to a more well-harmonized selection
of air sampling equipment, and thereby lead to more accurate,
reliable, comparable, and relevant exposure assessments for air-
borne pathogens and other bioaerosols of interest.
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Comparative Testing and Evaluation of Nine Different Air Samplers: End-to-End Sampling
Efficiencies as Specific Performance Measurements for Bioaerosol Applications

Marius Dybwad, Gunnar Skogan, Janet Martha Blatny

MATERIALS AND METHODS
Cultivation analysis

The collected samples were diluted as needed with PBSTA before triplicate plating on
appropriate growth medium plates. NA plates were used for BG and SM, while TSA plates
were used for KR. MS2-containing samples were analyzed on NA plates by a pour-plate
method using 1.0 x 107 cfu of log-phase Escherichia coli (DSM 4230) cells in soft NA (0.7%
agar). The cultivation plates were incubated (18 hr) at 30°C (BG and SM) or 37°C (KR and
MS?2) and plates containing between 30 and 300 cfu or pfu were manually counted.

Molecular analysis

The qPCR assay for KR was designed using Primer-Blast with standard parameters for primer
search and specificity checking (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). The query
sequence was gyrB from the genome sequence of Kocuria rhizophila DC2201 (NC_010617).
Specificity checking was performed towards the GenBank nr nucleotide collection database.

Nucleic acids were purified using NucliSENS isolation kits (bioMérieux, Marcy 1'Etoile,
France) and the EasyMAG instrument (bioMérieux). Samples containing SM, KR and MS2
were purified directly, while BG samples were homogenized (1 ml sample, 60 s, max
intensity) with a Mini Beadbeater-8 (BioSpec, Bartlesville, OK) using bead beating tubes
(2ml, Sarstedt, Niimbrecht, Germany) containing 0.5 g 100 pm and 0.5 g 500 pm zirconium-
silica beads (BioSpec). Purified nucleic acids were analyzed as triplicate reactions in 96-well
PCR plates (Roche Diagnostics, Indianapolis, IN) using a LightCycler 480 instrument (Roche
Diagnostics). The primers and probes were purchased from Invitrogen (Table S1).

Each qPCR reaction (20 pl) contained; 2X SYBR Green master mix (10 pl, Roche
Diagnostics), PCR grade water (6 pl, Roche Diagnostics), 10 mM forward and reverse
primers (1 ul each) and template (2 pl). The qPCR program consisted of denaturation (95°C,
5 min) and 40 cycles of denaturation (95°C, 20 s), annealing (60°C, 20 s) and extension
(72°C, 20 s).

Each qRT-PCR reaction (20 pl) contained; 5X Reaction buffer (4 pul) and 50X Enzyme blend
(0.4 pl) from the Real-time Ready RNA Virus Master kit (Roche Diagnostics), PCR grade
water (10.6 pl), 10 mM forward and reverse primers (1 pl each), 10 mM probe (1 pl) and
template (2 ul). The gRT-PCR program consisted of reverse transcription (50 °C, 8 min),
denaturation (95°C, 5 min) and 40 cycles of denaturation (95°C, 20 s), annealing (60°C, 20 s)
and extension (72°C, 20 s).

Standard curves were constructed for each test agent by purifying nucleic acids from serial
dilutions of the respective spray solutions. PCR grade water was used as negative



amplification controls, while standards from the standard curves were used as a positive
amplification controls and internal calibrators. Melting curves were constructed to verify
specific amplifications when SYBR Green was used. Possible PCR inhibition due to
differences in the collection liquids were investigated by analyzing nucleic acids purified
from collection liquids spiked with standards from the standard curves. No inhibition was
observed for any of the collection liquids. Possible false positive PCR amplification was
addressed by testing each PCR assay to all test agents, and no cross-reactivity was observed.

Direct count analysis

The collected samples were diluted as needed with PBSTA and filtered onto black
polycarbonate membrane filters (Isopore, 25mm diameter, 0.2 pum pore-size, Millipore)
housed in polypropylene filter holders (Swinnex-25, Millipore). The membrane filters were
mounted on microscopy slides and analyzed using a fluorescence microscope (AxioSkop 2,
Carl Zeiss, Thornwood, NY) fitted with a digital camera (AxioCam HRe, Carl Zeiss). Yellow-
green FS (1 um) were viewed using 488nm and 525nm band pass filters (filter set 52, Carl
Zeiss), while red Fluospheres (4 pm) were viewed using 546nm and 575-640nm band pass
filters (filter set 20, Carl Zeiss). Photomicrographs were captured (AxioVision, Carl Zeiss)
from random field-of-views (>20 fields or >1000 FS) and processed using image analysis
software (ImageJ, http://rsbweb.nih.gov/ij/index.html).
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Rapid Identification of Bacillus anthracis Spores in Suspicious Powder
Samples by Using Matrix-Assisted Laser Desorption Ionization—-Time
of Flight Mass Spectrometry (MALDI-TOF MS)

Marius Dybwad,*? Anton L. van der Laaken,® Janet Martha Blatny,® Armand Paauw®

Norwegian Defence Research Establishment FFI, Kjeller, Norway®; Norwegian University of Science and Technology, Department of Biotechnology, Trondheim, Norway®;
TNO, Department of Earth, Environmental and Life Sciences, Rijswijk, The Netherlands®

Rapid and reliable identification of Bacillus anthracis spores in suspicious powders is important to mitigate the safety risks and
economic burdens associated with such incidents. The aim of this study was to develop and validate a rapid and reliable labora-
tory-based matrix-assisted laser desorption ionization—time of flight mass spectrometry (MALDI-TOF MS) analysis method for
identifying B. anthracis spores in suspicious powder samples. A reference library containing 22 different Bacillus sp. strains or
hoax materials was constructed and coupled with a novel classification algorithm and standardized processing protocol for vari-
ous powder samples. The method’s limit of B. anthracis detection was determined to be 2.5 X 10° spores, equivalent to a 55-pg
sample size of the crudest B. anthracis-containing powder discovered during the 2001 Amerithrax incidents. The end-to-end
analysis method was able to successfully discriminate among samples containing B. anthracis spores, closely related Bacillus sp.
spores, and commonly encountered hoax materials. No false-positive or -negative classifications of B. anthracis spores were ob-
served, even when the analysis method was challenged with a wide range of other bacterial agents. The robustness of the method
was demonstrated by analyzing samples (i) at an external facility using a different MALDI-TOF MS instrument, (ii) using an un-
trained operator, and (iii) using mixtures of Bacillus sp. spores and hoax materials. Taken together, the observed performance of
the analysis method developed demonstrates its potential applicability as a rapid, specific, sensitive, robust, and cost-effective
laboratory-based analysis tool for resolving incidents involving suspicious powders in less than 30 min.

Bacillus anthracis is one of the most feared biological threat
agents. This Gram-positive, spore-forming bacterium, desig-
nated a category A agent, is the causative agent of anthrax (1). The
infective route of B. anthracis is inhalation, ingestion, or contact
through skin lesions, leading to the development of inhalation,
gastrointestinal, or cutaneous anthrax, respectively. B. anthracis
can enter a resting stage by producing endospores that are highly
resistant to environmental influences such as temperature, radia-
tion, and humidity extremes, illustrated by the fact that B. anthra-
cis spores have been shown to persist in various harsh environ-
ments for decades (2). Historically, B. anthracis has played a
central role as a biological warfare agent, but in 2001, the mailing
of letters containing powders of B. anthracis spores to news media
and government offices in the United States (the Amerithrax in-
cident) killed five people, sickened an additional 17, and resulted
in economic disbursements of more than one billion U.S. dollars,
demonstrating B. anthracis as a bioterrorism agent (3, 4). The
majority of incidents involving suspicious powders eventually
turn out to be hoaxes (i.e., the powder does not contain B. anthra-
cis spores) (5). However, even hoax incidents have economic and
psychological impacts, since they cannot easily be discriminated
from bioterrorism incidents and must therefore be handled as real
threats until the presence of B. anthracis spores or other hazards
can be ruled out. In the United States alone, about 3,000 incidents
involving suspicious powders occur each year (6). Rapid and reli-
able methods capable of ruling out hoax materials and confirming
the presence of B. anthracis spores in powder samples are impor-
tant to mitigate the safety risks and economic burdens associated
with both bioterrorism and hoax incidents. Such methods assist in
reducing the time needed to respond to possible and real bioter-
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rorism events, as well as normalizing the situation after a hoax is
encountered.

Several commercial methods are currently available for analyz-
ing suspicious powder samples, ranging from basic powder
screening kits that can provide first responders with an initial as-
sessment of a powder’s content to sophisticated laboratory tech-
niques that are able to identify or rule out the presence of biolog-
ical threat agents (7). The methods’ sensitivity and specificity vary
substantially, but they also differ in other analysis-related proper-
ties, such as speed, cost, and infrastructure and user experience
level requirements. More than one method is generally needed
when analyzing suspicious powder samples because the methods’
analysis-related properties have a tendency to be inversely related
(i.e., simple and rapid methods are often not sufficiently sensitive
or specific, while sophisticated laboratory methods are often time-
consuming and expensive and require expert users and a special-
ized infrastructure).

Recent advances in mass spectrometry (MS) and the introduc-
tion of soft ionization techniques such as matrix-assisted laser
desorption ionization (MALDI) and electrospray ionization (ESI)
that allow MS analysis of intact organic macromolecules have led
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to an increased interest in MS-based microorganism identifica-
tion methods, especially within infectious disease diagnostics and
the biodefense community (8-14). MS is not restricted to prede-
termined targets, which stands in contrast to most other molecu-
lar detection techniques that generally rely on molecular recogni-
tion and selective binding (e.g., antibodies and nucleic acid probes
and primers). In particular, MALDI-time of flight (TOF) MS has
shown potential for rapid identification of microorganisms based
on whole cells or whole-cell extracts (15), exemplified by the in-
troduction of commercial analysis platforms (e.g., MALDI Bio-
typer from Bruker Daltonics and SARAMIS from AnagnosTec)
that are now commonly used in hospital diagnostic laboratories
(16-21).

MS-based methods (e.g., MALDI-TOF MS and liquid chroma-
tography-tandem MS) involving several different analysis con-
cepts such as mass spectrum fingerprinting and top-down or bot-
tom-up proteomics have been successfully used to detect and
characterize small acid-soluble proteins (SASPs) in Bacillus sp.
spores (8-11, 22-39). SASPs, originally described in B. subtilis
spores, have been shown to confer resistance to DNA damage and
to function as a source of amino acids during spore germination
(40). SASP family proteins are abundantly found in Bacillus sp.
spores, and because of their basic nature, they can be selectively
solubilized in acids and easily protonated to provide strong signals
when ionized by MALDI or ESI (8). SASPs have been proposed as
candidate biomarkers capable of discriminating between various
Bacillus sp. spores, including those within the Bacillus cereus sensu
lato group (B. anthracis, B. cereus sensu stricto, Bacillus thuringien-
sis, Bacillus weihenstephanensis, Bacillus mycoides, and Bacillus
pseudomycoides). The predominant SASPs found in B. cereus sensu
lato group spores by MALDI-TOF MS are recognized as a-, B-,
a/B-, and y-SASPs (23).These SASPs are generally highly con-
served within and between the various species of the B. cereus sensu
lato group, and their true potential as unique biomarkers of B.
anthracis spores has therefore been discussed and shown to de-
pend on the analysis method used (24, 26, 27, 29, 32, 38, 39).

The aim of the present study was to develop a rapid, reliable,
and cost-effective laboratory-based analysis method for identify-
ing B. anthracis spores in suspicious powders. The development
and validation of a MALDI-TOF MS-based classification method
able to discriminate between powder samples consisting of B. an-
thracis spores, spores of closely related Bacillus spp., and com-
monly encountered hoax materials are described.

MATERIALS AND METHODS

Microorganisms and hoax materials. Bacillus sp. strains were obtained
from the American Type Culture Collection; the Deutsche Sammlung von
Mikroorganismen und Zellkulturen; the U.S. Department of Agriculture
Agricultural Research Service culture collection; and Alvin Fox at the De-
partment of Pathology, Microbiology, and Immunology, University of
South Carolina, Columbia, SC. All of the Bacillus sp. strains used belong to
the B. cereus sensu lato group (B. anthracis, B. cereus sensu stricto, B. thu-
ringiensis, and B. weihenstephanensis) or the B. subtilis group (B. subtilis
and B. atrophaeus [formerly known as B. globigii]). Emphasis was placed
on obtaining several B. cereus sensu stricto and B. thuringiensis strains
closely related to B. anthracis, based on the University of Oslo B. cereus
group MultiLocus and MultiData Typing website (http://mlstoslo.uio
no) (41). The B. anthracis, B. cereus sensu stricto, and B. thuringiensis
strains were also selected to completely cover the previously described
SASP diversity found within each of these species (8-11, 22-39). A dry
powder formulation of B. atrophaeus spores was obtained from Dugway
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Proving Grounds (Dugway, UT), and a dry powder pesticide formulation
(Turex WP 50) containing B. thuringiensis spores was obtained from Cer-
tis Europe (Utrecht, The Netherlands). The spores from these powders
were subsequently recultured and isolated, and the isolates obtained were
designated B. thuringiensis Kurstaki/Aizawai and B. atrophaeus Dugway,
respectively. Commercially available powdered substances associated
with powder letter hoaxes (42, 43) and referred to here as hoax materials
were purchased from local supermarkets or obtained from Sigma-Aldrich
(St. Louis, MO). Table 1 provides a complete list of the Bacillus sp. strains
and hoax materials used in this study.

Spore production. The Bacillus sp. strains were recovered from frozen
stocks, maintained on blood agar plates, and clonally seeded into cultiva-
tion flasks containing 2XSG modified Schaeffer sporulation broth (44,
45). The cultivation flasks were incubated (30°C, 250 rpm) until more
than 90% phase-bright free spores were observed by phase-contrast mi-
croscopy. The cultures were centrifuged (4,500 X g, 30 min), and the
supernatants were discarded. The spores were washed (10,000 X g, 5 min)
three times with cold (4°C) MilliQ water (Millipore, Billerica, MA). Be-
tween the first and second washing steps, the spore solutions were freeze-
thawed (—20°C, 18 h) and incubated (room temperature, 2 h) to induce
autolysis of residual endospore-containing vegetative cells. The spores
were further purified by a density gradient centrifugation procedure (46).
Briefly, the spores were resuspended in 20% (wt/vol) Nycodenz (Axis-
Shield, Oslo, Norway) in MilliQ water and overlaid onto 50% (wt/vol)
Nycodenz in MilliQ water in a centrifuge tube (2 ml). The supernatant
was discarded after centrifugation (13,000 X g, 45 min), and the spore
pellets were washed (10,000 X g, 5 min) three times with cold (4°C) MilliQ
water to remove residual Nycodenz. The final spore preparations were
quantified with a counting chamber and a phase-contrast microscope
(Olympus BX41; Olympus Nederland, Zoeterwoude, The Netherlands)
and confirmed to contain more than 99% phase-bright free spores. Stock
solutions were made by diluting the spores to a final concentration of
1.0 X 10°/ml in MilliQ water. The spore stocks were stored at 4°C for the
duration of the study.

Acid-assisted protein extraction procedure. An acid-soluble protein
extraction protocol suitable for powder samples containing Bacillus sp.
spores or hoax materials was developed by modifying a previously de-
scribed formic acid (FA)-based method (47). The entire protocol was
completed in less than 10 min. The standard input amount for samples
included in this study was 1 mg powder (Fig. 1) or ~107 spores (when
starting directly with liquid spore stocks). The modified protein extrac-
tion protocol was as follows. MilliQ water (1.0 ml) was added to a centri-
fuge tube (2 ml) containing the sample and mixed by pipetting up and
down. The sample tube was centrifuged (13,000 X g, 2 min), and the
supernatant was aspirated from the center of the tube and discarded with-
out disturbing the pellet. The pellet was resuspended in 1.0 ml MilliQ
water, mixed by pipetting up and down, and centrifuged (13,000 X g, 2
min). The supernatant was removed, the tube was recentrifuged (13,000 X g,
1 min), and any residual liquid was removed. The pellet was resuspended
in 15.0 pl 70% FA and mixed by pipetting up and down without intro-
ducing air bubbles. After incubation (2 min, room temperature), 15.0 wl
acetonitrile (ACN; Sigma-Aldrich) was added and the solution was mixed
as described above. The tube was centrifuged (13,000 X g, 30 s), and the
supernatant was transferred without disturbing the pellet to the filter
membrane of a luer-lock syringe filter (0.22-wm-pore-size, 4-mm, Mil-
lex-GV,, hydrophilic Durapore polyvinylidene difluoride [PVDF] filters;
Millipore). The liquid was filtered with a luer-lock syringe (1 ml), and the
filtrate was captured in a new tube.

MALDI-TOF MS. The protein extracts were spotted (1.0 pl) onto
MTP AnchorChip 600/384 T F targets (Bruker Daltonics), air dried, and
overlaid with 0.5 ul matrix solution containing 10 mg ml™" a-cyano-4-
hydroxycinnamic acid (Bruker Daltonics) in 50% ACN (Sigma-Aldrich)
and 2.5% trifluoroacetic acid (Sigma-Aldrich). Mass spectra were ac-
quired with FlexControl 3.0 software (Bruker Daltonics) and an AutoFlex
III Smartbeam mass spectrometer (Bruker Daltonics) in positive linear
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TABLE 1 Bacillus sp. strains and hoax materials included in this study and results concerning the MALDI-TOF MS-based classification method’s
specificity and robustness

Performance
measurements for
B. anthracis [no. of

Evaluation of specificity and robustness classifications
[no. of correct classifications (total)] (total)]
Specificity Robustness ~ Robustness
Included in (blinded (operator (instrument  False False
Bacillus sp. strain or hoax material library? SASGCL (classification library) Similarity group samples)  dependence) dependence) positive negative
B. cereus sensu lato group
B. anthracis
Ames(pXO1*/pX02*) Yes B. anthracis/B. cereus sensu stricto- ~ B. anthracis 4(4) 1(1) 1(1) NA“ 0(6)
B. thuringiensis
Vollum(pXO1*/pX02*) Yes B. anthracis/B. cereus sensu stricto- ~ B. anthracis 4(4) 1(1) 1(1) NA 0(6)
B. thuringiensis
Sterne(pXO1*/pX02 ™) Yes B. anthracis/B. cereus sensu stricto-  B. anthracis 4 (4) 1(1) 1(1) NA 0(6)
B. thuringiensis
Farmer cute(pXO1*/PX02") Yes B. anthracis/B. cereus sensu stricto-  B. anthracis 4 (4) 1(1) 1(1) NA 0(6)
B. thuringiensis
B. cereus sensu stricto
DSM 336 Yes B. anthracis/B. cereus sensu stricto-  B. cereus sensu stricto- 3 (3) 1(1) 1(1) 0(5) NA
B. thuringiensis B. thuringiensis
NVHO0597-99 Yes B. anthracis/B. cereus sensu stricto- ~ B. cereus sensu stricto- 3 (3) 1(1) 1(1) 0(5) NA
B. thuringiensis B. thuringiensis
DSM 31 (ATCC 14579) Yes B. anthracis/B. cereus sensu stricto- ~ B. cereus sensu stricto- 3 (3) 1(1) 1(1) 0(5) NA
B. thuringiensis B. thuringiensis
DSM 9378 (ATCC 10876) Yes B. anthracis/B. cereus sensu stricto- ~ B. cereus sensu stricto- 3 (3) 1(1) 1(1) 0(5) NA
B. thuringiensis B. thuringiensis
DSM 3648 (ATCC 11950, W) Yes B. anthracis/B. cereus sensu stricto-  B. cereus sensu stricto- 4 (4) 1(1) 1(1) 0(6) NA
B. thuringiensis B. thuringiensis
R3 Yes B. anthracis/B. cereus sensu stricto-  B. cereus sensu stricto- 3 (3) 1(1) 1(1) 0(5) NA
B. thuringiensis B. thuringiensis
DSM 8438 Yes B. anthracis/B. cereus sensu stricto- ~ B. cereus sensu stricto- 3 (3) 1(1) 1(1) 0(5) NA
B. thuringiensis B. thuringiensis
B. thuringiensis
CEB97/27 Yes B. anthracis/B. cereus sensu stricto- ~ B. cereus sensu stricto- 3 (3) 1(1) 1(1) 0(5) NA
B. thuringiensis B. thuringiensis
BGSC 4AJ1 Yes B. anthracis/B. cereus sensu stricto- ~ B. cereus sensu stricto- 3 (3) 1(1) 1(1) 0(5) NA
B. thuringiensis B. thuringiensis
DSM 6102 (ATCC 33679, HD-1)  Yes B. anthracis/B. cereus sensu stricto-  B. cereus sensu stricto- 3 (3) 1(1) 1(1) 0(5) NA
B. thuringiensis B. thuringiensis
BGSC 4CC1 Yes B. anthracis/B. cereus sensu stricto-  B. cereus sensu stricto- 4 (4) 1(1) 1(1) 0(6) NA
B. thuringiensis B. thuringiensis
Kurstaki/Aizawai” Yes B. anthracis/B. cereus sensu stricto-  B. cereus sensu stricto- 3 (3) 1(1) 1(1) 0(5) NA
B. thuringiensis B. thuringiensis
B. weihenstephanensis DSM 11821 Yes B. weihenstephanensis/ B. subtilis/ B. weihenstephanensis 3 (3) 1(1) 1(1) 0(5) NA
B. atrophaeus
B. subtilis group
B. subtilis DSM 10 (ATCC 6051) Yes B. weihenstephanensis/B. subtilis/ B. subtilis 5(5) 1(1) 1(1) 0(7) NA
B. atrophaeus
B. atrophaeus Dugway® Yes B. weihenstephanensis/B. subtilis/  B. atrophaeus 3(3) 1(1) 1(1) 0(5) NA
B. atrophaeus
Hoax materials
Wheat flour Yes Hoax materials Wheat flour 4(4) 1(1) 1(1) 0(6) NA
Rye flour Yes Hoax materials Rye flour 4(4) 1(1) 1(1) 0(6) NA
Dry milk Yes Hoax materials Dry milk 4(4) 1(1) 1(1) 0(6) NA
Coffee creamer NA"® ND ND 0(3) NA
Washing powder NASE ND ND 0(3) NA
Talcum powder NAS& ND ND 0(3) NA
Powdered sugar NAS& ND ND 0(3) NA
Nutrient broth NASE ND ND 0(3) NA
Yeast extract NA"E ND ND 0(3) NA
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TABLE 1 (Continued)
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Performance
measurements for
B. anthracis [no. of

Evaluation of specificity and robustness classifications
[no. of correct classifications (total)] (total)]
Specificity Robustness ~ Robustness
Included in (blinded (operator (instrument  False False
Bacillus sp. strain or hoax material library? SASGCL (classification library) Similarity group samples)  dependence) dependence) positive negative
Spore-containing powders
Turex WP 50 3(3) 1(1) 1(1) 0(5) NA
Dugway B. atrophaeus® 3(3) 1(1) 1(1) 0(5) NA
Other bacterial agents (vegetative)” NA# ND ND 0(39) NA
Total 83 (83) 24 (24) 24 (24) 0(164) 0(24)

“ NA, not applicable.
! Isolated from Turex WP 50.
“Isolated from Dugway B. atrophaeus.

4 Commercial pesticide formulation containing B. thuringiensis Kurstaki/Aizawai spores (Certis Europe, Utrecht, The Netherlands).
¢ Freeze-dried B. atrophaeus Dugway spores, lot 19076-03267 (Dugway Proving Grounds, Dugway, UT).

/Flat-lined mass spectrum, no peaks found.
£ No false-positive classifications observed.

" Vegetative cells of other bacterial agents, including various strains of Escherichia coli (n = 5), B. anthracis (n = 5), B. cereus sensu stricto (n = 4), B. subtilis (n = 1), B. atrophaeus
(n = 1), Francisella tularensis (n = 2), Clostridium botulinum (n = 2), Vibrio cholerae (n = 2), Burkholderia mallei (n = 2), Burkholderia pseudomallei (n = 1), Yersinia pestis (n =
2), Acinetobacter baumannii (n = 1), Coxiella burnetii (n = 1), Enterococcus faecalis (n = 1), Staphylococcus aureus (n = 1), Staphylococcus epidermis (n = 1), Proteus mirabilis (n =

1), Pseudomonas aeruginosa (n = 1), Serratia marcescens (n = 1), Brucella ceti (n = 1), Brucella melitensis (n = 1), Shigella flexneri (n = 1), and Shigella sonnei (n = 1).

" ND, not determined.

mode between 2 and 20 kDa. The pulsed ion extraction time was 350 ns,
the acceleration voltages were 20 kV (source 1) and 18.7kV (source 2), the
lens voltage was 8 kV, and the linear detector voltage was 1.522 kV. Each
sample spot was measured by using a hexagon acquisition pattern, and the
mass spectra were recorded as the sum of 2,000 laser shots with the Smart-
beam Nd:YAG (355 nm) laser at 200 Hz. The instrument was externally
calibrated with the Bacterial Test Standard (255343; Bruker Daltonics).
Mass spectrum data processing. The mass spectra acquired were con-
verted into MZXML format by using a script file from Bruker Daltonics
(CompassXport.exe). Matlab R2012b (MathWorks, Natick, MA) and the
Bioinformatics toolbox (version 3.0) were used for data processing. Data
processing involved import (mzxmlread.m), resampling (msresample.m;
mass range, 3,000 to 10,000 #1/z; 31,500 data points), smoothing (mslow-
ess.m; Lowess smoothing; order, 2; span, 40), baseline subtraction (ms-
backadj.m; window and step size, 5.0 and 0.005 X m/z), normalization
(msnorm.m; single peak max intensity, 300), and peak selection
(mspeaks.m; minimum intensity threshold, 10.0 between 3,000 and 8,000
m/zand 3.0 between 8,000 to 10,000 11/z). An additional filtering step was
used after peak selection to remove peak shoulders initially identified as

peaks by the intensity-based algorithm (mspeaks.m). By comparing the
intensities of the peaks to the intensities of the neighboring valleys (iden-
tified by using the first-, and second-order derivatives), peak shoulders
were removed by applying a bidirectional peak-to-valley minimum inten-
sity ratio of 2.0.

Reference library construction. Protein extracts were prepared by the
modified FA-based method of protein extraction from samples consisting
of the Bacillus sp. spores or hoax materials selected for library construc-
tion (Table 1). Three extractions of each sample were done on separate
days, and each protein extract was measured eight times. The peak lists
obtained were used to generate one consensus peak list for each Bacillus
sp. strain or hoax material. The inclusion criteria used when binning the
individual peak lists into a consensus peak list required that the peak be
present in >75% (18/24) of the individual peak lists within +300 ppm of
the peak’s m/z average. A preliminary reference library was created by
binning the consensus peak lists into common library peaks by using a bin
size of =500 ppm of the peak’s m/z average and associating each library
peak with present and absent designations for each entry of Bacillus sp.
spores or hoax materials. Three stand-alone, similarity-grouped reference

FIG 1 Powder sample (1 mg) on a microscopy slide. The inset shows the same amount of powder in a 1.5-ml centrifuge tube. A pipette tip (10 pl) is shown as

a scale reference. The end facing the powder is 1 mm in diameter.
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3,000 — 10,000 m/z

BW DSM11821
BG Dugway

BC s.s. DSM31
BT DSM6102
BC s5.5. DSM3648
BT kurstaki/aizawai
BC s.s. DSM8438 2
BT BGSC 4CC1

BCs.s. R3

BT BGSC 4AJ1
BC s.s. DSM336
BT CEB97/27
BC s.s. NVH0597-99
BA Ames
BA Vollum
BA Farmer cute
BA Sterne

BSASP  B-SASP  B-SASP a-SASP a/BSASP | 9507
9,540 [7y-sAsp

y-SASP

V-SASP

FIG 2 Dendrogram from average linkage hierarchical clustering of the preliminary reference library, including spores of 19 different Bacillus sp. strains and three
hoax materials. The green region (region 1) corresponds to the B. weihenstephanensis (BW), B. subtilis (BS), B. atrophaeus (BG), dry milk, wheat flour, and rye
flour entries. The orange region (region 2) corresponds to the B. cereus sensu stricto (BC s.s.) and B. thuringiensis (BT) entries. The red region (region 3)
corresponds to the B. anthracis (BA) entries. The a-, 8-, a/B-, and y-SASPs observed in the B. anthracis, B. cereus sensu stricto, and B. thuringiensis entries are
presented below the dendrogram. SASPs found exclusively in B. cereus sensu stricto-B. thuringiensis entries (and not in B. anthracis) are orange, while SASPs found
exclusively in B. anthracis entries (and not in B. cereus sensu stricto-B. thuringiensis) are red.

libraries (SASGRLs) were further constructed on the basis of the results of
a hierarchical cluster analysis (average linkage) of the preliminary refer-
ence library (Fig. 2). The SASGRLs contained (i) B. anthracis and B. cereus
sensu stricto-B. thuringiensis (merged into a composite similarity group)
entries (the B. anthracis-B. cereus sensu stricto-B. thuringiensis library); (ii)
B. weihenstephanensis, B. subtilis, and B. atrophaeus entries (the B. weihen-
stephanensis-B. subtilis-B. atrophaeus library); and (iii) dry milk, wheat
flour, and rye flour entries (the hoax material library). In the SASGRLs, a
single library entry was created to represent each similarity group by
merging together all of the individual entries that were assigned to the
similarity group. The peak present and absent designations in the SASGRLs
were reported as percent present values (PPVs; range, 0 to 100) calculated
from the number of entries used to construct the similarity group that had
the peak divided by the total number of entries used to construct the
similarity group. From each SASGRL, a final stand-alone similarity-
grouped classification library (SASGCL) was created. Each similarity
group’s PPV was transformed into a PPV ratio (the similarity group’s PPV
divided by the sum of the PPVs of all of the similarity groups in the
SASGRL) and further into an odds ratio (PPV ratio/[1 — PPV ratio]).
Each SASGCL contained the same library peaks as the SASGRL it was
generated from, in addition to each peak’s odds ratio for each similarity
group in the library. The SASGCLs also contained information about
whether the library peaks could be linked to observed and/or predicted
masses of SASP family proteins previously described in the literature (8, 9,
22-34, 37-39) or identified through a protein search of GenBank (http:
/lwww.ncbi.nlm.nih.gov) for SASPs. A 5X weighting correction was
added to the B. anthracis-B. cereus sensu stricto-B. thuringiensis library to
adjust the PPVs (adjusted PPV range, 0 to 500) of all of the SASP-associ-
ated library peaks observed exclusively in a single similarity group (i.e.,
unique similarity group SASP markers).

Sample measurement. All of the samples analyzed in this study were
processed according to the procedures described for acid-assisted protein
extraction, MALDI-TOF MS measurement, mass spectrum data process-
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ing, and library-based classification, unless otherwise stated. The protein
extracts were measured as five spots on the MALDI target, thus generating
a total of five mass spectra per analyzed sample. A consensus peak list was
generated for each sample by binning peaks observed in >60% (3/5) of
the individual peak lists within =300 ppm of the peak’s m/z average.
Classification algorithm. A custom classification algorithm was de-
veloped that matched the consensus peak list of a measured sample to
library peaks (+500 ppm of the peak’s m/z average) in each of the three
SASGCLs. The classification algorithm summed the odds ratios for each
similarity group in each SASGCL using matched peaks only and output-
ted summed size-sorted odds ratios together with the ratio of the highest
to the second highest summed odds ratio. The classification algorithm
also extracted the number of matched peaks in a SASGCL that could be
mapped to SASP family proteins. The confidence threshold for a sample
classification result was based on three different criteria that all had to be
met. The first criterion was used to obtain a group classification and select
one of the SASGCLs for further classification. When all of the common
SASPs from the B. anthracis-B. cereus sensu stricto-B. thuringiensis library,
a-SASP (~6,835 Da), B-SASP (~6,679, ~6,695, or ~6,711 Da), and o/B-
SASP (~7,080 Da), were observed in a sample’s consensus peak list, the
classification algorithm used the B. anthracis-B. cereus sensu stricto-B. thu-
ringiensis library for further classification and reported B. anthracis-B.
cereus sensu stricto-B. thuringiensis as a confident group classification.
When the common SASPs of the B. anthracis-B. cereus sensu stricto-B.
thuringiensis library were absent, the classification algorithm selected the
B. weihenstephanensis-B. subtilis-B. atrophaeus library when two or more
peaks could be mapped to SASP family proteins found in this library and
reported B. weihenstephanensis-B. subtilis-B. atrophaeus as a confident
group classification. If fewer than two SASPs could be mapped to the B.
weihenstephanensis-B. subtilis-B. atrophaeus library, the classification al-
gorithm selected the hoax material library for further classification but did
not report a confident group classification. For the B. anthracis-B. cereus
sensu stricto-B. thuringiensis or B. weihenstephanensis-B. subtilis-B. atro-
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phaeus library, the second and third confidence criteria necessary to re-
port a confident similarity group classification were a minimum summed
odds ratio of 500 and a minimum ratio of the highest to the second highest
summed odds ratio of 5, respectively. For the hoax material library, the
second and third confidence criteria were more stringent to reduce the
likelihood of assigning false-positive classifications to hoax materials be-
cause of random (by chance) matching of only a limited number of sam-
ple consensus peaks to the hoax material library. Specifically, a minimum
summed odds ratio of 1,000 and a minimum ratio of the highest to the
second highest summed odds ratio of 500 were necessary to assign a con-
fident similarity group classification in the hoax material library. When
none of the classification criteria described were met, the classification
algorithm reported “no reliable classification.”

LOC. The limit of classification (LOC) by the end-to-end classification
method, defined here as the smallest amount of spores that allowed con-
sistent, confident, and correct classification of a sample, was determined
on 2 separate days by using spores of B. anthracis Sterne, B. cereus sensu
stricto NVH0597-99, and B. atrophaeus Dugway. Two-fold serial dilutions
of the original spore stocks were made fresh each day with MilliQ water to
generate samples ranging in concentration from 4.0 X 107 to 1.25 X 10°
spores ml~ ', as determined by phase-contrast microscopy. Initial testing
was done with 10-fold serial dilutions between 1.0 X 10'® and 1.0 X 10°
spores ml ™! to establish an appropriate concentration window for LOC
testing. Each dilution was extracted in duplicate and measured as five
spots on the MALDI target. The analysis was scored as successful when the
sample was correctly classified. The overall mass spectrum quality (i.e.,
peak resolution, peak signal-to-noise, and peak-to-peak intensity ratio)
was also assessed, and the mass spectra were assigned a quality indicator
(excellent, good, medium, or poor) in reference to the mass spectra gen-
erated during reference library construction. These quality indicators
were used to complement the classification results when determining the
method’s LOC.

Validation of the classification method with blinded samples.
Eighty-three samples consisting of Bacillus sp. spores or hoax materials
were created by random selection from the available Bacillus sp. strains
and hoax materials (Table 1) and analyzed according to the classification
method described. Each sample was number coded, and the operator
performing the analysis was blinded to the sample content until the anal-
ysis was completed. Additionally, 18 samples containing hoax materials
notincluded in the reference libraries (Table 1) and 39 samples containing
vegetative cells of various bacterial species (Table 1) were also analyzed to
investigate the method’s potential for obtaining false-positive classifica-
tion results.

Evaluation of the classification method’s robustness. All of the Ba-
cillus sp. spores or hoax materials (Table 1) were analyzed by an untrained
operator (i.e., no previous experience with the method). The analysis
results from these 24 samples were used to evaluate the operator-depen-
dent robustness of the classification method. A similar set of the same 24
samples were independently processed and express shipped on dry ice to
the Norwegian Defense Research Establishment FFI (Kjeller, Norway) for
MS measurement on a MicroFlex LT MALDI-TOF MS instrument
(Bruker Daltonics) to evaluate the instrument-dependent robustness of
the classification method. To evaluate the classification method’s poten-
tial for analyzing samples containing Bacillus sp. spores mixed with hoax
materials, spores of B. anthracis Ames, B. cereus sensu stricto NVH0595-97,
or B. atrophaeus Dugway were mixed with various hoax materials and
analyzed by the method described. Each sample was analyzed on 2 sepa-
rate days, and the hoax materials used were dry milk, wheat flour, rye
flour, coffee creamer, talcum powder, and washing powder, for a total of
seven samples (one control and six mixtures) for each Bacillus sp. strain
per analysis round. The mass spectra generated were assigned quality in-
dicators in accordance with the procedure described for the LOC experi-
ments. These were used to complement the classification results when
evaluating the impact of sample mixtures on the method’s classification
potential.
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RESULTS

Spore production. High-purity spore preparations (>99%
phase-bright free spores) were successfully produced for all of the
19 Bacillus sp. strains selected for reference library construction
(Table 1). In an attempt to include at least one representative
species of each member of the B. cereus sensu lato group, produc-
tion of B. mycoides and B. pseudomycoides spores were initially
attempted by using the standard sporulation protocol, but these
efforts failed because of low sporulation efficiencies (<1%).

Acid-assisted protein extraction protocol. A modified FA-
based protein extraction procedure was developed that includes a
pre-extraction washing step to retain a high level of Bacillus sp.
spore recovery while removing water-soluble substances (data not
shown). The added sterile filtration step was shown to consistently
exclude spores from the final protein extract following repeated
testing with up to 1.0 X 10'° spores of B. anthracis Sterne, B. cereus
sensu stricto NVH0597-99, and B. atrophaeus Dugway. The filter
step did not have an impact on the mass spectra obtained from
Bacillus sp. spores, consistent with observations made by Lasch et
al. (48).

Reference library construction and classification algorithm.
The scope of the present work was to develop a rapid method able
to confidently discriminate B. anthracis spores from other Bacillus
sp. spores and hoax materials in powder samples. High-quality
mass spectra with consistently observed mass peaks could be gen-
erated from all of the 19 Bacillus sp. spore preparations produced.
Of the nine hoax materials selected for the library construction
(Table 1), only three (dry milk, wheat flour, and rye flour) gener-
ated mass spectra with consistent mass peaks while the rest failed
to generate mass spectra with peak information (flat-lined mass
spectra). Reference library construction was therefore performed
with a total of 22 entries, 19 Bacillus sp. strains (4 B. anthracis, 7 B.
cereus sensu stricto, 5 B. thuringiensis, 1 B. weihenstephanensis, 1 B.
subtilis, and 1 B. atrophaeus) and three hoax materials (dry milk,
wheat flour, and rye flour). A hierarchical cluster analysis (average
linkage) was performed on the preliminary reference library con-
taining all of the Bacillus sp. strains and hoax materials as inde-
pendent library entries in order to guide the binning of the indi-
vidual entries into similarity-grouped entries. The dendrogram
from the cluster analysis correlated well with the known phyloge-
netic grouping of Bacillus spp. (Fig. 2). The interdispersed cluster-
ing of B. cereus sensu stricto and B. thuringiensis strains and the
positioning of the B. anthracis strains in a homogeneous and sep-
arable cluster inside the B. cereus sensu stricto-B. thuringiensis
branch also corresponded well to results of previous phylogenetic
analyses of the B. cereus sensu lato group (41). The dendrogram
also revealed that the B. weihenstephanensis, B. subtilis, B. atropha-
eus, and hoax material entries constituted a heterogeneous cluster
well separated from the B. anthracis, B. cereus sensu stricto, and B.
thuringiensis entries. Since the main objective of the classification
method was to identify B. anthracis spores and because the B.
cereus sensu stricto and B. thuringiensis strains were interdispersed
with each other in the dendrogram, the B. cereus sensu stricto and
B. thuringiensis entries were merged into a single similarity group
while the B. anthracis entries were kept as a similarity group sep-
arate from the composite B. cereus sensu stricto-B. thuringiensis
group. The preliminary similarity-grouped reference library
therefore consisted of the following entries after the merging all of
the individual entries into a single entry per similarity group: B.
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peaks in the sample’s consensus peak list; number 2, similarity group summed odds ratio above a predetermined threshold; number 3, ratio of the highest to the
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classification” was reported when the second or third classification criteria were not met for the hoax material library.

anthracis, 4 merged entries; B. cereus sensu stricto-B. thuringiensis
composite similarity group, 12 merged entries; B. weihenstepha-
nensis, 1 entry; B. subtilis, 1 entry; B. atrophaeus, 1 entry; milk
powder, 1 entry; wheat flour, 1 entry; rye flour, 1 entry. The hier-
archical clustering and the preliminary similarity-grouped refer-
ence library revealed that a core set of SASPs, o (~6,835 m/z), B
(~6,679, ~6,695, or ~6,711 m/z), and /B (~7,080 m/z), were
observed in all of the B. anthracis, B. cereus sensu stricto, and B.
thuringiensis entries and could be used to separate them from all of
the other library entries (Fig. 2). This led to the separation of these
entries from the other Bacillus spp. and hoax materials by creating
a SASGRL including only the B. anthracis and B. cereus sensu stric-
to-B. thuringiensis similarity groups (B. anthracis-B. cereus sensu
stricto-B. thuringiensis library). B. weihenstephanensis did not have
the common core set of SASP peaks found in all of the other B.
cereus sensu lato group entries. Thus, B. weihenstephanensis was
not included in the B. anthracis-B. cereus sensu stricto-B. thurin-
giensis library, even though it is phylogenetically recognized as a
member of the B. cereus sensu lato group. It was found that two or
more peaks corresponding to SASP family proteins were consis-
tently observed in all of the B. weihenstephanensis, B. subtilis, and
B. atrophaeus entries. Subsequently, this was used to separate these
entries from the hoax materials by creating two SASGRLs contain-
ing (i) the B. weihenstephanensis, B. subtilis, and B. atrophaeus
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similarity groups (B. weihenstephanensis-B. subtilis-B. atrophaeus
library) and (ii) the milk powder, wheat flour, and rye flour sim-
ilarity groups (hoax material library). Figure 3 provides a flow
chart summary of the proposed classification method, including
the classification algorithm and final SASGCLs. Figure 4 presents
representative MALDI-TOF MS spectra obtained by the analysis
method described, highlighting the predominant SASPs observed
in B. anthracis, B. cereus sensu stricto, and B. thuringiensis spores.

LOC. The LOC experiments revealed clear differences between
the B. cereus sensu lato group spores tested (B. anthracis Sterne and
B. cereus sensu stricto NVH0595-97) and the B. atrophaeus Dugway
spores, with a 4-fold higher LOC observed for the B. atrophaeus
Dugway spores than for the B. cereus sensu lato group spores (Ta-
ble 2). By employing stringent criteria for the LOC (4/4 correct
classifications and good-quality mass spectra), the LOCs for B.
anthracis Sterne, B. cereus sensu stricto NVH0595-97, and B. atro-
phaeus Dugway spores were 2.5 X 10%, 2.5 X 10° and 1.0 X 107
spores per sample, respectively (Table 2). Nearly all of the sam-
ples containing spores corresponding to half the LOC were
correctly classified but did not fulfill all of the defined quality
criteria (Table 2).

Method validation and robustness evaluation. One hundred
percent (83/83) of the blinded samples consisting of Bacillus sp.
spores or hoax materials were correctly classified by the proposed
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FIG 4 Representative mass spectra obtained by the MALDI-TOF MS-based analysis method described for B. thuringiensis Kurstaki/Aizawai, B. anthracis Ames,
B. cereus sensu stricto NVH0597-99, and B. thuringiensis CEB97/27 spores. The upper plot presents the a-, 8-, and a/B-SASPs, and the bottom plot presents the
y-SASPs. SASP-associated peaks found exclusively in B. cereus sensu stricto and/or B. thuringiensis and not B. anthracis are in orange, while SASP-associated peaks
found exclusively in B. anthracis and not B. cereus sensu stricto and/or B. thuringiensis are in red. The y-SASP peaks were commonly associated with low-intensity
shoulder peaks (+28 m/z), probably because of FA-induced protein formylation.

classification method (Table 1). Additionally, analysis of 18 sam-
ples containing hoax materials not included in the classification
library and 39 samples containing vegetative cells of various bac-
terial species did not lead to any (0/57) false-positive classifica-
tions (Table 1). Analysis of 24 different samples representing each
of the Bacillus sp. strains and hoax materials by an untrained op-
erator led to 100% (24/24) correct classification (Table 1), indi-
cating that the performance of the classification method was not
influenced by operator-dependent factors. A similar set of the 24
samples was analyzed at an external research facility (FFI, Kjeller,
Norway), revealing that all of the samples (24/24) were correctly
classified (Table 1). This indicated that the classification method’s
performance was not impacted by instrument-dependent factors
(i.e., not influenced by the transport of protein extracts on dry ice
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or the use of a MicroFlex LT MALDI-TOF MS instrument at the
external facility). In summary, the method’s specificity and ro-
bustness were proven by classifying a total of 131 samples with
100% accuracy (Table 1). The performance criteria related solely
to the successful discrimination of B. anthracis spores were dem-
onstrated by obtaining 0% (0/164) false-positive and 0% (0/24)
false-negative classification results after subjecting the classifica-
tion method to samples containing a wide range of Bacillus sp.
spores (including closely related B. cereus sensu lato group strains),
hoax materials, and vegetative cells of other bacterial species (Ta-
ble 1).

Classification potential for sample mixtures. The analysis of
42 samples containing B. anthracis Ames, B. cereus sensu stricto
NVH0595-97, or B. atrophaeus Dugway spores mixed with hoax
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TABLE 2 End-to-end detection limit (i.e., sensitivity) of the MALDI-TOF MS-based classification method

Strain and no. of spores/sample Result No. correct (total) Spectrum quality
B. anthracis Sterne
4.0 X 107 B. anthracis 4 (4) Excellent
2.0 X 107 B. anthracis 4 (4) Excellent
1.0 X 107 B. anthracis 4 (4) Excellent
5.0 X 10° B. anthracis 4(4) Excellent
2.5 X 10° B. anthracis 4 (4) Good
1.25 X 10° B. anthracis” 3(4) Medium
B. cereus sensu stricto NVH0595-97
4.0 X 107 B. cereus sensu stricto-B. thuringiensis 4 (4) Excellent
2.0 X 107 B. cereus sensu stricto-B. thuringiensis 4(4) Excellent
1.0 X 107 B. cereus sensu stricto-B. thuringiensis 4 (4) Excellent
5.0 X 10° B. cereus sensu stricto-B. thuringiensis 4(4) Excellent
2.5 X 10° B. cereus sensu stricto-B. thuringiensis 4 (4) Good
1.25 X 10° B. cereus sensu stricto-B. thuringiensis 4 (4) Medium
B. atrophaeus Dugway
4.0 X 107 B. atrophaeus 4 (4) Excellent
2.0 X 107 B. atrophaeus 4(4) Good
1.0 X 107 B. atrophaeus 4 (4) Good
5.0 X 10° B. atrophaeus® 3(4) Poor
2.5 X 10° No reliable classification® 0(4) NA»4
1.25 X 10° No reliable classification® 0(4) NAY

“NA, not applicable.

" A single sample (1/4) led to “No reliable classification.”
< All samples (4/4) led to “No reliable classification.”

4 Flat-lined mass spectrum, no peaks found.

materials revealed that all three types of Bacillus sp. spores could
be successfully classified in a mixture with dry milk, wheat flour,
rye flour, coffee creamer, talcum powder, or washing powder.
Generally, the mass spectra obtained from Bacillus sp. spores
mixed with hoax materials differed marginally from those of the
control samples containing Bacillus sp. spores only. Also, all of the
acquired mass spectra were of high spectrum quality. When spores
were mixed with hoax materials present in the classification li-
brary, mass peaks from both the spores and the hoax materials
were consistently observed without major changes in the overall
mass spectrum quality or the normalized intensities of the indi-
vidual mass peaks. However, one exception was seen when spores
were mixed with wheat flour (see Fig. S1 in the supplemental
material), since when measured alone, wheat flour generated mass
spectra with two high-intensity mass peaks (~4,820 and ~4,920
m/z). These were the only hoax material-derived peaks that dis-
played higher intensities than the predominant SASPs from Bacil-
lus sp. spores. Still, their intensities were only marginally stronger
than those of the SASP peaks and therefore did not influence the
peak selection process. However, because the first criteria of the
classification algorithm (detection of two or more SASP-associ-
ated mass peaks) were achieved, only the Bacillus sp. spores were
classified and no attempt was made to identify the hoax material
by the proposed method when the sample contained Bacillus sp.
spores.

DISCUSSION

Powder letters containing B. anthracis spores can represent a real
threat to human health and to our society, as revealed by the 2001
Amerithrax incidents in the United States (1, 3, 4, 49). Besides the
actual acts of bioterrorism, letters containing harmless powders
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are commonly encountered. A major challenge with these hoax
incidents is that they cause anxiety, consume resources, and must
be handled as a real threat until the presence of B. anthracis spores
and/or other hazardous substances can be confidently ruled out,
even if they per se do not represent a direct health hazard.

The present work has demonstrated the successful develop-
ment of a MALDI-TOF MS-based rapid classification method for
powder samples suspected of containing B. anthracis spores.
Taken together, the observed performance of the classification
method demonstrates its applicability as a rapid, reliable, and
cost-effective laboratory-based analysis tool for powder samples.
The end-to-end classification method achieved the sensitivity and
specificity levels needed to resolve incidents involving suspicious
powders and can be completed in less than 30 min.

The presence of B. anthracis spores is generally the first sus-
pected hazard when encountering suspicious powders, but other
threat agents could potentially be considered as well (50). The
MALDI-TOF MS-based classification method developed in this
work was originally aimed at suspicious powder threats involving
B. anthracis spores but could be extended to include additional
threat agents, which could increase the applicability of the pro-
posed assay in a broader sense. This is supported by the method’s
observed performance, and there is reason to believe that it could
be adapted and validated for other sample types (e.g., swabs and
air samples), although this was outside the scope of the present
study.

The mass spectra obtained from Bacillus sp. spores in this study
were consistently dominated by mass peaks that could be linked to
SASPs. Previous MS-based investigations have demonstrated the
use of SASPs as discriminatory biomarkers to separate various
Bacillus sp. spores from each other (8-11, 22-39). The challenges
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associated with SASP-based discrimination increase significantly
when attempting intragroup discrimination inside the B. cereus
sensu lato group, which is not surprising considering their close
genetic relationship (41). Recent studies, have pointed out that B.
weihenstephanensis, B. mycoides, and B. pseudomycoides can be dis-
criminated from the rest of the members of the B. cereus sensu lato
group on the basis of their a-, and B-SASPs, except for B. mycoides
group 1 strains, which have the same a-SASP as B. anthracis, B.
cereus sensu stricto, and B. thuringiensis strains and the same
B-SASP as some B. cereus sensu stricto and B. thuringiensis strains
(22-25). It has been proposed that the mass (~6,679 Da) of the
B-SASP from B. anthracis can be used to discriminate B. anthracis
from B. cereus sensu stricto and B. thuringiensis on the basis of the
consistent observation of one or two amino acid substitutions in
the B-SASP (~6,695 or ~6,711 Da, respectively) from B. cereus
sensu stricto and B. thuringiensis compared to that from B. anthra-
cis (24-27, 34, 38). Recent work has revealed that some B. cereus
sensu stricto and B. thuringiensis strains, although presumably rare,
also have this previously assumed B. anthracis-specific 3-SASP
(22, 23, 36). To ensure the robustness of the proposed classifica-
tion method when encountering such B. cereus sensu stricto and B.
thuringiensis strains, several of these strains were included in the B.
anthracis-B. cereus sensu stricto-B. thuringiensis library. Three of
seven B. cereus sensu stricto strains (NVHO0597-99, R3, and
DSM8438) and one of five B. thuringiensis strains (BGSC4CCl1) in
the B. anthracis-B. cereus sensu stricto-B. thuringiensis library (Ta-
ble 1) have the same B-SASP (~6,679 Da) as B. anthracis. The
y-SASP has recently been highlighted as a potential biomarker for
the discrimination of B. anthracis from B. cereus sensu stricto and
B. thuringiensis (32). We consistently observed the y-SASP
(~9,735 Da) in all of the B. anthracis spores in this study. None of
the B. cereus sensu stricto or B. thuringiensis strains had the same
y-SASP as B. anthracis but had other y-SASP masses instead (e.g.,
~9,642, ~9,540, and ~9,507 Da). By combining the collective
discriminatory power of the a-, 8-, a/f3-, and y-SASPs and several
other non-SASP-associated peaks, we were able to develop a
MALDI-TOF MS library-based classification method that could
confidently discriminate B. anthracis spores from all other Bacillus
sp. spores, even when challenged with closely related B. cereus
sensu stricto and B. thuringiensis strains that contained the same
o-, B-, and a/B-SASP (~6,835, ~6,679, and ~7,080 Da, respec-
tively) as B. anthracis.

Generally, most of the MALDI-TOF MS methods in use for
microorganism identification rely on cultivation before MS anal-
ysis. Thus, previous studies have not focused on the determination
of exact detection limits. The proposed end-to-end classification
method was found to have sensitivity comparable to that of other
MALDI-TOF MS-based analysis methods for microorganism
identification (51-53). Previously described MALDI-TOF MS-
based methods for the direct identification and discrimination of
Bacillus sp. spores have focused primarily on elucidating the spec-
ificity of various SASPs as biomarkers (22-25, 30, 31, 33, 34, 37,
38). To our knowledge, limited information is available on end-
to-end functional assays and on sensitivity measurements (i.e.,
detection limits). Our proposed end-to-end classification method
was shown to have stringently set LOCs for B. anthracis Sterne, B.
cereus sensu stricco NVH0595-97, and B. atrophaeus Dugway of
2.5 X 10°,2.5 X 10° and 1.0 X 10 spores, respectively. However,
it should be noted that our modified protein extraction method
led to the use of constant volumes of FA and ACN (15 pl each),
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independently of the observed size of the spore pellet after the
pre-extraction washing step, while only 1 pl of the total protein
extract (30 pl) was analyzed per MALDI spot. The LOC could
therefore probably be further improved by adjusting the FA and
ACN volumes to the size of the pellet or, alternatively, by analyz-
ing a larger fraction of the available protein extract. Compared to
those of other sensitive detection technologies, such as PCR-based
methods, the reported LOC of the proposed classification method
is orders of magnitude higher. However, for applications involv-
ing the screening of suspicious powders, it can be assumed that the
powder must be present in an amount discernible by the naked eye
for it to be recognized as a suspicious powder threat. On the basis
of the physical size of a 1-mg powder sample (Fig. 1), it seems to be
unlikely that amounts far below 1 mg would warrant analysis by
such methods. The powder letters involved in the 2001 Ameri-
thrax incident in the United States contained gram quantities of B.
anthracis spores at concentrations ranging from 2.1 X 10'* to 4.6 X
10" spores/g (54), which would translate into 1-mg samples that
contain 4.6 X 107 spores for the crudest spore preparation in-
volved. This corresponds to more than 18 times the LOC de-
scribed for B. anthracis spores (2.5 X 10° spores) in our study,
indicating that for even the most impure powder involved in the
Amerithrax incident, a sample amount as small as 55 g would be
sufficient for successful classification by the method described. In
this study, the proposed classification method was successfully
tested with up to 1.0 X 10'° B. anthracis Sterne, B. cereus sensu
stricto NVH0595-97, and B. atrophaeus Dugway spores, indicating
that analysis of a larger amount of powder would be possible. Still,
increasing the amount of powder could compromise the robust-
ness of the method if the powder does not primarily contain
spores. A sound approach could be to analyze different amounts
of the same powder samples. The results obtained in the LOC
experiments showed that the LOC for B. atrophaeus spores was
four times higher than that for B. anthracis and B. cereus sensu
stricto spores. This could possibly be attributed to physical differ-
ences between B. cereus sensu lato and B. subtilis group spores,
including the presence or absence of exosporium, respectively,
and spore coat and cortex compositional differences. This is sup-
ported by previous reports showing lower SASP yields from B.
subtilis group spores than from B. cereus sensu lato spores follow-
ing extraction with ACN-5% TFA (70:30, vol/vol) (34, 55).

The results obtained from the analysis of sample mixtures
demonstrated the robustness of the proposed classification
method, since all of the samples containing both Bacillus sp.
spores and hoax materials could be consistently and correctly clas-
sified. This observation also suggested that the acid-assisted pro-
tein extraction was not sensitive to the presence of additional ma-
terials in the samples, possibly helped by the pre-extraction
washing step that was included in the standardized protocol to
remove water-soluble substances. The proposed method classified
only the spore content and not the hoax material when the sample
contained a mixture of both. Since the method was developed
primarily to identify B. anthracis spores, no attempt was made to
implement hoax material classifications when Bacillus sp. spores
were present in the sample. The classification method described
was also challenged with samples consisting of Bacillus sp. spores
generated by production methods that differed from the standard
protocol described, including several solid agar production meth-
ods (e.g., Columbia blood agar, Trypticase soy agar, and nutrient
agar). The classification method was also challenged with crude
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spore preparations (i.e., without postproduction purification)
and spore preparations that were intentionally harvested before
complete sporulation (i.e., <90% phase-bright free spores). All of
the samples containing Bacillus sp. spores produced with the al-
ternative production protocols were correctly classified, and no
discernible changes in the mass spectra obtained were seen (data
not shown), which is in agreement with previous observations (31,
33, 37). The analysis of samples containing crude spore prepara-
tions generated mass spectra with several additional peaks com-
pared to pure spores. The additional peaks were most likely de-
rived from vegetative cells and/or medium residues, but the
expected spore-associated peaks were still consistently observed.
Since the additional peaks were not present in the classification
library and the SASP-associated peaks were present in the mass
spectra irrespective of the additional peaks, no effect on the final
classification results was seen and all of the samples were correctly
classified (data not shown). Taken together, these observations
support the perceived robustness of the proposed classification
method.

The analysis method described here is a supplement to other
laboratory methodologies (e.g., cultivation-, PCR-, and sequenc-
ing-based methods). The main focus of the proposed method is to
obtain a reduction of the time between the initial discovery of a
suspicious powder and the first confirmed laboratory-based an-
swer about whether it contains B. anthracis spores or not, in order
to decide if the initiation of other countermeasures is needed.
Finally, the MALDI-TOF MS method developed is a cost-effective
and potentially valuable assay that can easily be deployed in re-
sponse laboratories and will help to elucidate suspicious powders
and substantially reduce the burden of handling them.

In conclusion, a MALDI-TOF MS-based classification method
for the rapid and reliable screening of powder samples and iden-
tification of B. anthracis spores was developed. The results showed
that the assay is specific enough to discriminate B. anthracis spores
from genetically highly similar B. cereus sensu lato strains and that
the method is sensitive enough to allow the successful analysis of
barely visible powder samples in less than 30 min.
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FIG S1. Representative mass spectra obtained with the described MALDI-TOF MS-based analysis method from B.
anthracis Ames (top section) and B. cereus sensu stricto NVH0597-99 (bottom section) spores. The analysis was
performed with pure spores (~107) and a similar amount of spores mixed together with 1 mg wheat flour. As can be
seen the predominant SASPs (a, B, o/p and y) were consistently observed in the mass spectra also when the spores were
mixed wheat flour. The wheat flour led to two high intensity peaks (4,920 and 4,820 m/z). In some cases the relative
intensities of the SASPs were altered due to the high intensity of the wheat flour peaks. However, these intensity
changes had no impact on the classification results since all the predominant SASP peaks were still detected by the peak
selection procedure.





