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Abstract

The release of biological agents, including those which could be used in biowarfare or bio-
terrorism in large urban areas, has been a concern for governments for nearly three
decades. Previous incidents from Sverdlosk and the postal anthrax attack of 2001 have
raised questions on the mechanism of spread of Bacillus anthracis spores as an aerosol or
contaminant. Prior studies have demonstrated that Bacillus atrophaeus is easily transferred
through simulated mail handing, but no reports have demonstrated this ability with Bacillus
anthracis spores, which have morphological differences that may affect adhesion properties
between spore and formite. In this study, equipment developed to simulate interactions
across three generations of envelopes subjected to tumbling and mixing was used to evalu-
ate the potential for cross-contamination of B. anthracis spores in simulated mail handling.
In these experiments, we found that the potential for cross-contamination through letter tum-
bling from one generation to the next varied between generations while the presence of a
fluidizer had no statistical impact on the transfer of material. Likewise, the presence or
absence of a fluidizer had no statistically significant impact on cross-contamination levels or
reaerosolization from letter opening.

Introduction

The unintentional release of Bacillus anthracis (Ba) in Sverdlovsk, Russia in April of 1979 from
a suspected biological warfare agent (BWA) production facility resulted in the death of at least
68 individuals in the surrounding population [1]. Although unintentional, this was the first
documented example of the hazard posed with the release of a BWA in a civilian population.
In September and October of 2001, letters containing Ba spores were intentionally placed into
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and distributed through the United States Postal Service (USPS) in pre-stamped envelopes [2].
These mailings of spores resulted in contamination of 35 commercial mail rooms as well as
processing and distribution centers in Hamilton, New Jersey, Washington D.C., New York
City, and Wallingford, Connecticut [2]. Additionally, postal facilities along the path transited
by contaminated letters mailed to a targeted media company in Florida became contaminated.

Subsequent to this bioterrorist attack, now known as the Amerithrax event, 22 individuals,
including postal workers, persons who received or handled the contaminated letters, and per-
sons exposed to environments contaminated by the letters, developed either inhalation or cuta-
neous anthrax; five of these individuals died from inhalation anthrax [2-7]. An additional 43
individuals tested positive for exposure to Ba spores by nasal swab culture as part of the public
health response to the attacks, including 38 individuals working at the Hart Senate Office
Building and 5 individuals working at the America Media Inc. building in Boca Raton, Florida.
These persons were provided oral post-exposure antimicrobial prophylaxis, with or without
anthrax vaccine adsorbed (AVA), and did not develop anthrax [2, 8]. Subsequent studies have
further investigated the relationships between infection or evidence of exposure and physical
presence in areas where contamination was known to be present, or where other known expo-
sures occurred [8-10]. These additional studies suggest that additional persons may have been
exposed beyond those identified during the Amerithrax event and response and the anxiety
created by uncertainty increased the effect of these attacks [11-12].

With an uncertain and unpredictable pattern of the spread of contamination, developing a
system to identify potentially affected buildings and surrounding areas in order to provide
postexposure prophylaxis (PEP) to populations in those areas and conduct decontamination is
difficult [13]. Even in light of recent investigations into this phenomenon, the mechanics of the
transmission of anthrax spores and resulting exposure and infection are poorly understood
and likely a complex process. This is best exemplified by the cases of two individuals who
developed inhalational anthrax during the 2001 Amerithrax event, an elderly woman in Con-
necticut and a hospital supply worker in New York City, where subsequent investigations failed
to detect Ba spores on their mail, or in their homes, vehicles, or locations they frequently visited
[6-7, 14-15]. However, positive samples were found in a mail office a mile from the home of
the Connecticut woman [6, 16-17].

Without evidence of the presence of Ba spores in locations frequented by the inhalation
anthrax cases from Connecticut and New York City it is impossible to demonstrate the source
of their infections. Hypothetically their infections may have resulted from exposure to mail
contaminated by passing through the same sorting equipment around the same time as recov-
ered spore-containing letters that were sent to Senators Leahy and Daschle or others were pro-
cessed, or cross-contaminated by such envelopes [18]. Due to the lack of additional
documented cases in these areas or supporting environmental sampling data, there is no way
to confirm this as a potential route of exposure. A previous hypothesis suggested that these
individuals may have become infected through inhalation exposure to spores released from
spore-containing envelopes that they, or someone in proximity to them, tore open and then
discarded [19]. The delay between exposure and disease may have led to the contaminated
mail being discarded. In this instance, the possibility of the fomite responsible for transmission
having been discarded and removed, combined with the incomplete data on the limits of detec-
tion for environmental sampling or a low concentration of spores remaining on environmental
surfaces, may have contributed to the source of exposure remaining undetected [20-21].

The exposure of these two inhalation anthrax cases may also have resulted from handling
secondary- or tertiary-contaminated mail. A previous study investigating the reaerosolization
of spores from contaminated mail demonstrated that a significant number of spores can
become airborne through the process of opening cross-contaminated mail [19]. This is of
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particular concern because it demonstrates the potential for exposure without a requirement to
come into physical contact with contaminated surfaces.

Re-aerosolization is a poorly studied phenomenon dependent upon a number of known
forces such as van der Waals, electrostatic, adhesion, and surface tension of adsorbed liquid, as
well as the potential for additional unknown forces which dictate adhesion and release of parti-
cles from substrates [22]. Predicting the adhesion of particles containing biological organisms is
more difficult due to the presence of residual media, preparation protocols, organism structures
such as exosporium surface proteins, and other physiological differences which exist between
not only species, but even between strains within a single species and between methods of prep-
aration. In a previous study, a device was designed to expose uncontaminated envelopes to enve-
lopes bearing a powdered preparation of Bacillus atrophaeus var. globigii (BG) spores, and then
to expose additional uncontaminated envelopes to envelopes that had been exposed to the initial
powder-bearing envelope [19]. This device was designed and demonstrated to transfer spore-
containing particles between envelopes in a consistent, reproducible manner. In those experi-
ments, the surrogate BG used has a crystalline protein on the outer surface of the spore that is
lacking in Ba. Additionally, Ba contains hair-like fibers on the exosporium membrane, lacking
on BG [23-24]. As a consequence the BG surrogate studies may have produced results not
directly comparable to Ba. It is unclear if these features could play a role in fomite affinity and
whether data using BG is an adequate simulant for the human pathogen Ba.

Materials and Methods
Spore Preparation

Two preparations of the Bacillus anthracis Sterne vaccine strain (BAS), lot #28 Apr2010W§],
were supplied by Dugway Proving Grounds (U.S. Army). In both preparations, spore-containing
particles were milled to a median aerodynamic diameter of 1.42 ym. The median mass diameter
was 6.14 um, with a mean mass diameter of 10.45 pm. Measured spore concentration in the
preparation was 5.1 x 10° CFUs g'. One preparation of spores was left unaltered while the sec-
ond preparation of spores was mixed with 5% Aerosil R976S (Nippon Aerosil Co., Ltd.).

Tumbler

The tumbler was developed by the Advanced Design and Manufacturing Team at Aberdeen
Proving Ground and was designed to tumble a group of letters at a standard speed of 3 revolu-
tions per minute. The tumbler consisted of an outer sealed container, and an inner stainless
steel insert with fins designed to facilitate mixing, and a mechanism for rotating the outer
sealed container. A detailed description and figures of the tumbler has been previously
described in Edmonds et. al 2010 [19].

Loading of the payload letter

One standard sized 10.48 cm X 24.13 cm (No. 10 business size) envelope was stuffed with one
21.59 cm X 27.94 cm (letter size) tri-folded piece of plain white printer paper containing one
gram of dry BAS milled spores with or without 5% fluidizer as dictated by the experiment. The
envelope was then sealed using a moistened cotton swab (Puritan; Fisher Scientific, Suwanee,
GA; catalog no. 14-959-102).

Surrogate Transfer Study: Primary, Secondary, and Tertiary
Contamination

Primary Contamination. One 19 L bucket with a 30.5 cm gamma seal lid (Pleasant Hill
Grain, Aurora, NE) was placed inside the tumbler device. With the lid off, a sterile stainless
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steel insert [19] was placed inside the bucket with the set screws screwed down tightly. Twenty-
four 10.48 cm X 24.13 cm (No. 10 business size) envelopes were each stuffed with one sheet of
21.59 cm X 27.94 cm (letter size) tri-folded white printer paper and sealed as described above
and numbered sequentially with pencil in the center and corners. The stuffed and sealed enve-
lopes were placed inside the stainless steel insert. One payload letter was placed inside the stain-
less steel insert, on top of the 24 sealed envelopes. Five 47-mm glass fiber filters (Pall Life
Sciences, VWR, West Chester, PA) were then placed on top of the payload letter. The lid was
secured tightly and the bucket was tumbled for one hour at 3 rpm. After one hour, the tumbler
was turned off and envelopes remained inside the tumbler for 30 minutes. The envelopes were
then removed individually with their order and orientation recorded. The first two envelopes,
excluding the top envelope or the envelope located immediately above and below the payload
envelope, were selected and set aside for secondary contamination (Fig 1). The remaining enve-
lopes and glass fiber filters were placed into individual stomacher bags (Seward BA6141, West
Sussex, UK) containing 35 mL of sterile deionized water and sealed. Each sample was mixed by
a stomacher (Seward Circulator 400, West Sussex, UK) for two minutes at 260 rpm. Using a
sterile pipet, the remaining liquid not absorbed by the envelope was removed, volume
recorded, and the liquid was placed into a 50 cc snap-cap conical tube (NUNC, Thermo Fisher
Scientific, Rochester, NY). Each sample was then diluted to extinction with 50 uL of deionized
H,O plated on tryptic soy agar (TSA, Becton Dickenson, Sparks, MD) in triplicate using a spi-
ral plater (Spiral Biotech, Norwood, MA). Colonies were counted and CFU counts were stored
electronically by Q-count (Spiral Biotech, Norwood, MA) with the final spore number calcu-
lated (Total CFU) for both controls and samples.

Secondary and Tertiary Contamination. A new 19 L bucket with gamma seal lid was
placed inside the tumbler device, along with a sterile stainless steel insert. One envelope set
aside from the primary or secondary contamination was placed on top of 24 stuffed and sealed
envelopes labeled sequentially as described above, identical to the procedure followed in the
primary contamination experiment (Fig 1). Five additional glass fiber filters were placed on top
of the contaminated letter. The gamma seal lid was secured tightly and the envelopes were tum-
bled for one hour at 3 rpm. The envelopes were again allowed to rest for 30 minutes before pro-
cessing. Two envelopes were set aside from the secondary contamination to use as a seed for
the tertiary contamination using the same criteria as in the primary contamination. All remain-
ing envelopes from all runs were recorded and processed in the same manner as in the primary
contamination. Two runs of each generation (primary, secondary, and tertiary) were per-
formed in this manner.

Hazard of Operation Study: Opening Contaminated Letters (Simulant)

Twenty-four primarily contaminated envelopes were generated through tumbling in the man-
ner described. Fifteen envelopes, excluding the top envelope and the envelopes located immedi-
ately above and below the payload envelope, were selected in the order that they came out of
the tumbling drum and set aside for aerosol release testing. Five envelopes were used for con-
trol enumeration, and five envelopes were used for each of the two tearing test protocols for a
total of 15 envelopes used per tumbling event. The payload letter and nine of the cross-contam-
inated letters were discarded. The air sampling protocol involved tearing, with a finger, the
width of the envelope from the top corner where the postage stamp would be located, to the
bottom corner of that same side. One envelope at a time was placed inside a 180 L glove

box containing two air filter devices with 47-mm glass fiber filters. The bottom surface of the
glove box was covered by aluminum foil to reduce the likelihood of cross-contamination
between samples. A mass flow meter (Alicat Scientific, Tucson, AZ) was then connected to
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Fig 1. Flow chart of letter tumbling process. Image reproduced from Edmonds et al 2010 [19].

doi:10.1371/journal.pone.0152225.g001
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each air filter device and pump to regulate the flow of air through the glass fiber filters. Each
mass flow meter was set to regulate the vacuum pumps to pull air at a rate of 20 L/min with
HEPA filtered make-up air brought into the system to replace the sampled air. All pumps were
turned on simultaneously 5 seconds prior to sampling of the letter. The air pumps remained on
and sampled the air for 18 minutes (four air exchanges). After air sampling, both of the glass
fiber filters were removed from the air filter device and placed into the same stomacher bag
containing 35 mL of sterile deionized water and sealed. Each sample was then placed inside a
stomacher for two minutes at 260 rpm and further processed as previously described. This pro-
cedure was repeated for each of the five envelopes for the two tearing protocols. The glove

box interior surfaces were cleaned with bleach, deionized water and drying cloth after each
envelope sampling. The aluminum foil was discarded. The five control envelopes set aside for
enumeration were placed in separate stomacher bags containing 35 mL of sterile deionized
water and sealed and processed as earlier described. This process was repeated for both BAS
with and without 5% fluidizer.

Statistical Analysis of Envelope Randomization

The degree of randomness of the envelopes was analyzed concurrently with the addition of bio-
logical material during the course of the experiment. Confirmation of random tumbling events
was confirmed by statistical analysis as reported in Edmonds et al. 2010 [19]. Data upon which
the degree of randomness could be assessed were acquired based on the numerical order in
which the envelopes were removed from the tumbler (after tumbling), as well as analysis of the
orientation of the envelopes when removed (flap facing up or down, to the left or right, forward
or back). The data were then analyzed for randomization using the Wald-Wolfowitz runs test
and the Mann-Kendall test. These two tests were based on the length of a run of consecutive
events, such as numerical order and flap orientation, as well as the number of defined runs. A
statistically random experiment was accepted at a 95% confidence level (Edmonds et al. 2010).
The same protocol and equipment under the same environmental controls was used for the
work presented here and thus, we did not repeat the statistical analysis for randomization with
the rigor documented in Edmonds et al. 2010.

Results
Transfer of spores to subsequent generations of envelopes

Primary tumbling of a letter loaded with one gram of BAS spores consisting of 5 x 10° CFUs g™*
produced a mean cross-contamination of 1.4 X 10> CFUs per envelope and reduced the number
of CFUs retained within and on the payload envelope to 1.9 X 10® CFUs. After tumbling took
place and the lid from the apparatus was removed, it was observed that approximately 100mg-
200mg of the spore powder preparation had settled to the bottom of the bucket after completion
of each run of the experiment. However, the powder was never collected and weighed, and only
visual approximations were recorded. After the secondary tumbling, the transfer envelopes
from the primary tumbling, which were the source of contamination, were found to have
retained 1.4 X 10° CFUs. These letters produced an average cross-contamination of 2.8 X 10°
CFUs per envelope. The envelopes which were cross-contaminated in the tertiary tumbling con-
sisted of 2.1 X 10> CFUs on average. The transfer envelopes from the second tumbling that pro-
vided the source of contamination retained 3.5 X 10> CEUs (Table 1).

Primary tumbling of a letter loaded with one gram of BAS spores with 5% fluidizer consist-
ing of 5 x 10° CFUs g! produced a mean cross-contamination of 3.5 X 10° CFUs per envelope
and reduced the number of CFUs contained within and on the payload envelope to 1.2 X 10°
CFUs. After the secondary tumbling, the transfer envelopes which were the source of
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Table 1. CFU recovery following three generations of Bacillus anthracis Sterne mail tumbling.

BAS Load Envelope

Paper Stuffed envelopes
BAS Fluidized Load Envelope
Paper Stuffed envelopes

*Coefficient of Variation

doi:10.1371/journal.pone.0152225.t001

Primary Tumbling
CFUs (CV*%)
1.90E+08 (78%)n =3
1.4E+05 (76%) n = 66
1.20E+08 (156%) n = 3
3.5E+05 (76%) n = 66

Secondary Tumbling
CFUs (CV%)

1.40E+05 (131%) n =6
2.8E+03 (194%) n = 138
3.20E+04 (139%) n = 6
5.4E+03 (146%) n = 138

Tertiary Tumbling
CFUs (CV%)

3.50E+03 (137%) n =6
2.1E+03 (183%) n = 144
1.40E+03 (41%) n = 6
1.1E+03 (221%) n = 144

contamination were found to retain 3.2 X 10* CFUs. These letters produced an average cross-
contamination of 5.4 X 10* CFUs per envelope. The envelopes which were cross-contaminated
in the tertiary tumbling had been contaminated with 1.1 X 10° CFUs on average. The letters
providing the source of contamination retained 1.4 X 10> CFUs (Table 1).

Re-aerosolization of spores from opened mail

Letters contaminated from the primary tumbling with payload letters containing either BAS
spores or BAS spores + 5% fluidizer were opened using a finger. When letters cross-contami-
nated with BAS spores were opened, 1.9 X 10 aerosolized CFUs were recovered from the air
leaving 1.7% of the spores bound to the envelopes. When letters cross-contaminated with BAS
spores + 5% fluidizer were opened, 6.1 X 10> aerosolized CFUs were recovered from the air
resulting in 1.4% of the initial contamination remaining on the envelopes. There was no statis-
tically significant difference in reaerosolization percentage between BAS and BAS with 5%
fluidizer.

Discussion

Despite attempts to perform a direct comparison between the previous BG studies and the BAS
data presented here, inherent differences in the spore preps likely exist which could have con-
tributed to some of the differences in cross-contamination and aerosolization. Although all
spore preps were obtained from the same production facility around the same time, it is highly
unlikely that the spore preps were identical in production regardless of how closely protocols
were followed. Likewise, the starting concentration of the BAS was two logs less than the BG.
Despite the difference in publication years between this manuscript and the 2010 manuscript
originally describing the protocol and equipment used, the experimental data were generated
in a much closer timeframe by the same personnel, utilizing the same protocols, equipment
and under the same environmental controls, controlling as best as possible for inter-laboratory
and inter-operator variability. However, because the studies were not run in parallel, starting
material varied significantly, and two separate spore preps were used, it is possible that some
differences in cross contamination and reaerosolization could be due to unknown variations in
procedure making a direct comparison inappropriate.

Surrogates are routinely used for experimental analysis for research involving pathogenic
biological organisms. The higher degree of safety, better access to material, and less stringent
requirements for storage, tracking, and use of surrogates in comparison to pathogenic microor-
ganisms offers a cost and time benefit over the use of pathogenic BWAs. Regardless of the simi-
larity in phenotype or genotype, often times the phenomenology between two separate species,
strains, or methods of preparation vary such that no or limited correlations between pathogen
and surrogate can be made. In the previous analysis of the spread of contamination through
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mail by a tumbling process, Ba spores were not used, but instead BG was used in its place [19].
In that study it was found that there was approximately a 2 log decay in the number of spores
found on the newly cross-contaminated envelopes compared to the seed envelope, between
generations of mail tumbling [19]. In an attempt to try to better understand and characterize
the transfer of material between envelopes during transit and processing in the USPS which
took place during the 2001 anthrax attack, the present study used Bacillus anthracis Sterne
spores. Additionally, spore preparations with and without a fluidizing agent were used to
address concerns about differences in the behavior of material prepared under different
conditions.

There was no statistically significant difference in the number of spores lost from the pay-
load letters after tumbling nor was there a difference between preparations with respect to loss
of spores from payload letters (Fig 2). However, there was a statistically significant difference
and an observed pattern in the concentration of spores transferred from payload to cross-con-
taminated letters between generations (Fig 3). The addition of fluidizer is used in dry particle
production to discourage agglomeration and make particles less likely to adhere to surfaces.
However, in our study, there was no statistical significance in the number of spores recovered
from envelopes exposed to both dry milled material and the spores prepared in the presence of
fluidizer.

The chart in Fig 2 shows how the cross-contaminated mail can be compared to the load let-
ter after tumbling in its respective generation. In the first generation of BAS tumbling, there
was a roughly 5 log difference between the post-tumbled load letter with an initial 5 x 10°
CFUs g'' loaded into the envelope, and the cross-contaminated mail. As noted, there was a sig-
nificant amount of the spore powder preparation observed at the bottom of the bucket after the
experiment was performed, suggesting that a substantial amount of material was able to escape
the original payload envelope but did not adhere to the included envelopes for cross-contami-
nation analysis. It is unclear whether or not the envelopes were saturated with spores or if
more organisms could have bound to the surface, or if spores from the payload envelope did
not come into contact with the additional letters in our experiment.

The third generation tumbling results showed less than half a log difference between the
contamination source and the cross-contaminated envelopes in the third generation of BAS
contaminated envelopes. These data have an impact on modeling and assessments of the
degree of the spread of spores through the USPS and any other fomite transmission. The previ-
ous work performed with BG indicates that as the number of tumbling generations increase,
the transfer of BG spores from contaminated mail to other envelopes will sharply decrease
(15). The same experiment with BAS with and without 5% fluidizer, indicates that the poten-
tially pathogenic material has physical characteristics which allow it to be more easily transfer-
rable between fomites resulting in a higher number of contaminated pieces of mail but at
diluted concentrations compared with the surrogate BG. The authors acknowledge that these
results contradict the findings from the reaerosolization of spores using a finger to open sealed
letters. Although the exact mechanism for the dislodging of the spores from the envelopes
through tumbling or opening of letters was not investigated in this study, it is plausible that
during the tumbling of the letters, static forces could have affected the transfer of spores from
envelope to envelope in a way that is not observed with the mechanical process of opening a
letter. The role of the extracellular proteins and surface structure of spores as it relates to adhe-
sion to surfaces is an area of research deserving further investigation.

In the previously published manuscript on this topic, the authors point out that even after a
series of three generations of tumbling, sufficient spores were present on cross-contaminated
mail to generate an aerosol upon opening in excess of human LDs, estimates for inhalational
exposure to B. anthracis spores [19]. The authors suggested that this reaerosolization of spores
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Fig 2. Log Reduction of spore concentration of payload envelopes. Arrows indicate coefficient of variation.

doi:10.1371/journal.pone.0152225.9002

from letters opened or otherwise manipulated may provide a possible explanation for the fatal
inhalation anthrax infections of the elderly woman in Connecticut and hospital supply worker
in New York City, for whom no environmental positive samples were detected in their known
surroundings [19]. The mechanical process of opening letters contaminated with BAS demon-
strated that Ba spores may adhere to substrates differently than BG spores processed similarly.
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Fig 3. Post-tumbling spore concentration of cross-contaminated envelopes compared to payload envelopes. Arrows indicate coefficient of variation.

doi:10.1371/journal.pone.0152225.9003

Despite the fact that the percentage of spores reaerosolized was nearly identical and the surface
area to which they were adhered to were identical, the initial contamination of the BG coated
letters were two logs greater than Ba. Repeating the previous experiments reported in Edmonds
et al. 2010 using a non-pathogenic strain of B. anthracis gives validity to the idea that the

PLOS ONE | DOI:10.1371/journal.pone.0152225 April 28,2016 10/13



@’PLOS ‘ ONE

Cross-Contamination of Mail

concentration of spores present in those contaminated environments could have been below
detection limits of environmental sampling technology used in the investigation of the Con-
necticut and New York City cases [8, 20-21].

There have been questions regarding the full extent of the spread of contamination during
the 2001 Amerithrax event, which has in part been due to an incomplete understanding of how
Ba spore contamination transferred during interactions between pieces of mail and with the
environment, and the extent to which human exposures occurred resulting from these interac-
tions. The two inhalation anthrax cases for which no positive environmental samples were dis-
covered within the homes or workplaces of those individuals makes it conceivable, although
speculative, that other individuals along the East Coast could have been exposed but not
infected, or infected and not accurately diagnosed. However, enhanced public health case find-
ing and surveillance activities did not identify any additional cases [6, 10], and rates and causes
of death among workers at one of the USPS facilities impacted by the Amerithrax event during
the year following the event were found to not differ significantly from rates for the previous 5
years [25]. However, it is important to include a broad scope of possible exposure locations
and scenarios in a thorough evaluation and risk assessment of any bioterrorism event involving
Ba, based on solid scientific understanding of the possible fate and transport of spores in such
an event.

Acknowledgments

The authors wish to acknowledge the contribution of Jerry Bottiger of the Aerosol Sciences
team at the Edgewood Chemical Biological Center for constructing the mail tumbler. Thanks
for technical contributions from Jonathan Sabol at the Edgewood Chemical Biological Center.
Technical guidance and consultation were obtained from a scientific steering committee com-
posed of Federal partners including CDC, EPA, DoD, and Do]. Finally, the authors would like
to thank Jason Wojcik (A Bright Idea contractor) of the Visual Information Services Center at
the Aberdeen Proving Grounds for his graphic design support.

Disclaimer: The Department of Defense, Edgewood Chemical Biological Center, Depart-
ment of Health and Human Services Centers for Disease Control and Prevention, National
Institutes for Occupational Safety and Health, Department of Justice, Federal Bureau of Inves-
tigations, and the U.S. Environmental Protection Agency through its Office of Research and
Development partially funded and collaborated in the research described here. This manu-
script has been subject to Agency review and but does not necessarily reflect the views of the
Agencies listed above. No official endorsement should be inferred. Mention or use of trade
names does not constitute endorsement of recommendation for use.

Author Contributions

Conceived and designed the experiments: JE HDAL KM PE. Performed the experiments: JE JS.
Analyzed the data: JE SS PE. Contributed reagents/materials/analysis tools: HDAL KM JE JS.
Wrote the paper: JE HDAL KM SS TC PE.

References

1. Meselson M, Guillemin J, Hughjones M, Langmuir A, Popova |, Shelokov A, et al. The Sverdlovsk
Anthrax Outbreak of 1979. Science. 1994; 266(5188):1202-8. doi: 10.1126/science.7973702 I1SI:
A1994PT13200044. PMID: 7973702

2. Justice TUSDo. AMERITHRAX INVESTIGATIVE SUMMARY. 2010 February 19, 2010. Report No.

3. Dewan PK, Fry AM, Laserson K, Tierney BC, Quinn CP, Hayslett JA, et al. Inhalational anthrax out-
break among postal workers, Washington, D.C., 2001. Emerg Infect Dis. 2002; 8(10):1066—72. Epub
2002/10/25. PMID: 12396917; PubMed Central PMCID: PMC2730301.

PLOS ONE | DOI:10.1371/journal.pone.0152225 April 28,2016 11/183


http://dx.doi.org/10.1126/science.7973702
http://www.ncbi.nlm.nih.gov/pubmed/7973702
http://www.ncbi.nlm.nih.gov/pubmed/12396917

@’PLOS ‘ ONE

Cross-Contamination of Mail

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Bush LM, Abrams BH, Beall A, Johnson CC. Index case of fatal inhalational anthrax due to bioterrorism
in the United States. N Engl J Med. 2001; 345(22):1607—-10. Epub 2001/11/13. doi: 10.1056/
NEJMoa012948 NEJMoa012948 [pii]. PMID: 11704685.

Inglesby TV, O'Toole T, Henderson DA, Bartlett JG, Ascher MS, Eitzen E, et al. Anthrax as a biological
weapon, 2002: updated recommendations for management. JAMA. 2002; 287(17):2236-52. Epub
2002/05/01. jst20007 [pii]. PMID: 11980524.

Jernigan DB, Raghunathan PL, Bell BP, Brechner R, Bresnitz EA, Butler JC, et al. Investigation of bio-
terrorism-related anthrax, United States, 2001: epidemiologic findings. Emerg Infect Dis. 2002; 8(10):
1019-28. Epub 2002/10/25. PMID: 12396909; PubMed Central PMCID: PMC2730292.

Williams AA, Parashar UD, Stoica A, Ridzon R, Kirschke DL, Meyer RF, et al. Bioterrorism-related
anthrax surveillance, Connecticut, September-December, 2001. Emerg Infect Dis. 2002; 8(10):
1078-82. Epub 2002/10/25. PMID: 12396919; PubMed Central PMCID: PMC2730303.

Cymet TC, Kerkvliet GJ. What is the true number of victims of the postal anthrax attack of 20017 J Am
Osteopath Assoc. 2004; 104(11):452. Epub 2004/12/17. 104/11/452 [pii]. PMID: 15602039.

Doolan DL, Freilich DA, Brice GT, Burgess TH, Berzins MP, Bull RL, et al. The US capitol bioterrorism
anthrax exposures: clinical epidemiological and immunological characteristics. J Infect Dis. 2007;
195(2):174-84. Epub 2006/12/28. JID36493 [pii] 1086/510312. PMID: 17191162.

Baggett HC, Rhodes JC, Fridkin SK, Quinn CP, Hageman JC, Friedman CR, et al. No evidence of a
mild form of inhalational Bacillus anthracis infection during a bioterrorism-related inhalational anthrax
outbreak in Washington, D.C., in 2001. Clin Infect Dis. 2005; 41(7):991—7. Epub 2005/09/06. CID36211
[pii] doi: 10.1086/432937 PMID: 16142664.

Medicine lo. Preparing for the Psychological Consequences of Terrorism: A Public Health Strategy. Alli-
son M. Panzer LRG, editor. Washington, DC: National Academies Press; 2003.

Cymet T. Ripple effects of terrorism. J Am Osteopath Assoc. 2005; 105(12):533—4; author reply 4.
Epub 2006/01/21. 105/12/533 [pii]. PMID: 16424461.

Medicine lo. Prepositioning Antibiotics for Anthrax. Clare Stroud KV, Powell Tia, and Bass Robert R,
editor. Washington, DC: National Academies Press; 2012.

Holtz TH, Ackelsberg J, Kool JL, Rosselli R, Marfin A, Matte T, et al. Isolated case of bioterrorism-
related inhalational anthrax, New York City, 2001. Emerging Infectious Diseases. 2003; 9(6):689-96.
1S1:000183291900012. PMID: 12781008

Barakat LA, Quentzel HL, Jernigan JA, Kirschke DL, Griffith K, Spear SM, et al. Fatal inhalational
anthrax in a 94-year-old Connecticut woman. JAMA. 2002; 287(7):863—-8. Epub 2002/02/20. joc20125
[pii]. PMID: 11851578.

Update: Investigation of bioterrorism-related anthrax—Connecticut, 2001. MMWR Morb Mortal Wkly
Rep. 2001; 50(48):1077-9. Epub 2002/01/05. PMID: 11770501.

CDC and ATSDR Activities at the Southern Connecticut Processing and Distribution Center in Walling-
for, CT: Hearing before the The Committee on Government Reform Sub-Committee on National Secu-
rity, Emerging Threats, and International Relations—United States House of Representatives, United
States House of Representatives(May 19, 2003, 2003).

Beecher DJ. Forensic application of microbiological culture analysis to identify mail intentionally con-
taminated with Bacillus anthracis spores. Appl Environ Microbiol. 2006; 72(8):5304—10. Epub 2006/08/
04. 72/8/5304 [pii] doi: 10.1128/AEM.00940-06 PMID: 16885280; PubMed Central PMCID:
PMC1538744.

Edmonds J, Clark P, Williams L, Lindquist HD, Martinez K, Gardner W, et al. Multigeneration cross con-
tamination of mail with Bacillus species spores by tumbling. Appl Environ Microbiol. 2010; 76(14):
4797-804. Epub 2010/06/01. AEM.02978-09 [pii] doi: 10.1128/AEM.02978-09 PMID: 20511424.

Herzog AB, McLennan SD, Pandey AK, Gerba CP, Haas CN, Rose JB, et al. Implications of limits of
detection of various methods for Bacillus anthracis in computing risks to human health. Appl Environ
Microbiol. 2009; 75(19):6331-9. Epub 2009/08/04. AEM.00288-09 [pii] doi: 10.1128/AEM.00288-09
PMID: 19648357; PubMed Central PMCID: PMC2753060.

Estill CF, Baron PA, Beard JK, Hein MJ, Larsen LD, Rose L, et al. Recovery efficiency and limit of
detection of aerosolized Bacillus anthracis Sterne from environmental surface samples. Appl Environ
Microbiol. 2009; 75(13):4297-306. Epub 2009/05/12. AEM.02549-08 [pii] doi: 10.1128/AEM.02549-08
PMID: 19429546; PubMed Central PMCID: PMC2704799.

Visser J. Particle adhesion and removal: A review. Particul Sci Technol. 1995; 13(3—4):169-96. doi: 10.
1080/02726359508906677 ISI:A1995TW86100002.

Bozue J, Moody KL, Cote CK, Stiles BG, Friedlander AM, Welkos SL, et al. Bacillus anthracis spores of
the bclA mutant exhibit increased adherence to epithelial cells, fibroblasts, and endothelial cells but not

PLOS ONE | DOI:10.1371/journal.pone.0152225 April 28,2016 12/183


http://dx.doi.org/10.1056/NEJMoa012948
http://dx.doi.org/10.1056/NEJMoa012948
http://www.ncbi.nlm.nih.gov/pubmed/11704685
http://www.ncbi.nlm.nih.gov/pubmed/11980524
http://www.ncbi.nlm.nih.gov/pubmed/12396909
http://www.ncbi.nlm.nih.gov/pubmed/12396919
http://www.ncbi.nlm.nih.gov/pubmed/15602039
http://www.ncbi.nlm.nih.gov/pubmed/17191162
http://dx.doi.org/10.1086/432937
http://www.ncbi.nlm.nih.gov/pubmed/16142664
http://www.ncbi.nlm.nih.gov/pubmed/16424461
http://www.ncbi.nlm.nih.gov/pubmed/12781008
http://www.ncbi.nlm.nih.gov/pubmed/11851578
http://www.ncbi.nlm.nih.gov/pubmed/11770501
http://dx.doi.org/10.1128/AEM.00940-06
http://www.ncbi.nlm.nih.gov/pubmed/16885280
http://dx.doi.org/10.1128/AEM.02978-09
http://www.ncbi.nlm.nih.gov/pubmed/20511424
http://dx.doi.org/10.1128/AEM.00288-09
http://www.ncbi.nlm.nih.gov/pubmed/19648357
http://dx.doi.org/10.1128/AEM.02549-08
http://www.ncbi.nlm.nih.gov/pubmed/19429546
http://dx.doi.org/10.1080/02726359508906677
http://dx.doi.org/10.1080/02726359508906677

@’PLOS ‘ ONE

Cross-Contamination of Mail

to macrophages. Infect Immun. 2007; 75(9):4498-505. Epub 2007/07/04. |A1.00434-07 [pii] doi: 10.
1128/1A1.00434-07 PMID: 17606596; PubMed Central PMCID: PMC1951178.

24. Ball DA, Taylor R, Todd SJ, Redmond C, Couture-Tosi E, Sylvestre P, et al. Structure of the exosporium
and sublayers of spores of the Bacillus cereus family revealed by electron crystallography. Mol Micro-
biol. 2008; 68(4):947-58. doi: 10.1111/j.1365-2958.2008.06206.x 1S1:000255265000014. PMID:
18399937

25. Follow-up of deaths among U.S. Postal Service workers potentially exposed to Bacillus anthracis—
District of Columbia, 2001-2002. MMWR Morb Mortal Wkly Rep. 2003; 52(39):937-8. Epub 2003/10/
03. mm5239a2 [pii]. PMID: 14523371.

PLOS ONE | DOI:10.1371/journal.pone.0152225 April 28,2016 13/13


http://dx.doi.org/10.1128/IAI.00434-07
http://dx.doi.org/10.1128/IAI.00434-07
http://www.ncbi.nlm.nih.gov/pubmed/17606596
http://dx.doi.org/10.1111/j.1365-2958.2008.06206.x
http://www.ncbi.nlm.nih.gov/pubmed/18399937
http://www.ncbi.nlm.nih.gov/pubmed/14523371

