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ABSTRACT

FACTORS TO CONSIDER IN THE INDOOR ENVIRONMENT WHERVALUATING THE
RISK OF HUMAN HEALTH AT THE ENVIRONMENTAL DETECTIONLIMIT

By

Amanda Blair Herzog
Quantitative analysis of the limit of detection,ngde recovery efficiency (SRE) and
characterization of the microbial community are essary parameters for accurate exposure
assessment as part of the quantitative microbigk @ssessment framework for indoor
environments. To control and remediate an indo@irenment from an outbreak, accidental or
intentional release of pathogens can be a chafignigisk. Without understanding the situation
in quantitative terms, determination of a site @® ®r “clean” especially when a sample result is
negative will be unachievable. The negative residy not establish zero risk and can be due to
variability in the sampling or detection methodBhe release oBacillus anthracis in 2001, the
numerous outbreaks from the food industry, hosidiings, and on university campuses have
highlighted the lack of quantitative information. r&view of the literature for the limits of
detection of methods detectily anthracis provided a distribution to quantify the variahjlin
the instrument limit of detection; however thereravenly a few articles on the environmental
limit of detection. An exponential dose responsmdat estimated the risk at the dose equal to
the environmental limit of detection to determihe fprobability of death as high as 0.52. The
SRE of bacteriophage P22 was evaluated at theaammgntal limit of detection and was most
affected by sampling time, fomite surface area,timgtagent and relative humidity. After
samples dried on the fomite (20 min), less thanv@86 able to be recovered even though the
bacteriophage P22 was still active on the fomit€enetically characterizing the bacterial

communities on touched and untouched fomites msutt two unique bacterial communities.



Touched fomites were more diverse and had a higisepce of fecal indicators which
demonstrated potential reservoirs for pathogenshis Tresearch will improve exposure
assessment by indicating the risk and limitationstre environmental limit of detection,
enhancement of sampling strategies and the rol@&derhave in the transmission of infectious

diseases.
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Chapter 1: Introduction

1.1 Exposure assessment

Quantitative microbial risk assessment (QMRA) ifamework and approach that is used to
address the spread of microorganisms through thieoament (disease outbreak, bioterrorism
event, etc.) and to characterize the risk to hulm@adth. There are four steps to the QMRA
framework which includes hazard identification, elagsponse, exposure assessment, and risk
characterization (5). The focus of the work préséns on obtaining quantitative date for
exposure assessments. The exposure assessmetitatjuely determines the dose of the
organism exposed to the population and the routecentration and duration of the exposure.
The exposure assessment relies on acceptable nsethddmodels for recovery, detection, and
guantification. Methods should address sensitipgcificity, virulence, viability and fate and
transport through the environment (5). To analgze/ide range of risk scenarios it is also
important to have knowledge on the ecology of nmocganisms in the environment (fomites,
water, soil, etc.), microbial sources, inactivatrates, survival in the environment, resistance to
environmental factors (temperature, relative hutyi(iRH), UV, etc.) and the movement through

the environment (5).

The limit of detection of any method is criticalrf@ssessing a negative result during
environmental monitoring. While the instrument itinof detection can give quantitative
information for ideal conditions, it is the enviraental limit of detection that can assess real
field scenarios. The environmental limit of detect also points out limitations in the

methodologies. Chapter 2 explores the currentalitee knowledge on the instrument and



environmental detection limits for methods detegtiBacillus anthracis. The risk to human
health is then calculated by using the limit ofed¢ibn (instrument and environmental) as the
dose of exposure. The results from this work @aidl in the evaluation of the preparedness for

bioterrorism events.

Sample recovery efficiency (SRE) directly affed¢ts €nvironmental limit of detection. The SRE
is especially important to know when analyzing sk®m@t concentrations close to the limit of
detection. For instance, to confirm the efficaéyth® cleaning protocols during environmental
monitoring after an outbreak or bioterrorism evenWith the use of pyrosequencing the
knowledge of the microbial community is not limitex cultural method capabilities, such as an
underestimation of organism (2). In chapter &, 8RE is evaluated at the environmental limit
of detection (large fomite area at low sample catregions). The results will indicate the

parameters that can affect variations in the SRI&is will lead to implementing appropriate

sampling and decontamination strategies.

Defining the microbial ecology of any environmerg significant for understanding the
relationship between microorganisms, humans ancetiveironment. Especially in the indoor
environment, the microbial community analysis cemdnstrate the effect human behavior and
environmental factors on the fate and transporhicfobial communities. Chapter 3 defines the
bacterial communities in the indoor environmentiidwn touched and untouched fomites. The
results will provide information for infectious @éase transmission models and improve fomite

hygiene interventions.



1.2 The indoor environment

An important environment to study the exposure tmiaroorganism(s) from a bioterrorism
event or disease outbreak is the indoor environmehhe data presented in the following
chapters evaluate the parameters affecting limatedéction, SRE, and microbial communities in
the indoor environment, specifically the role omites. However, the limit of detection was

also reviewed for the air, soil, and water enviremsts.

The indoor environment is a complex ecosystem wathvast diversity of trillions of
microorganisms (4, 6, 7). Humans spend a majoifitsheir time indoors and have designed a
closed environmental system to maintain static tmm$ (temperature and RH) to feel
comfortable during seasonal variations (4, 6). adldition, human occupancy and movement,
frequency of cleaning fomites and the use of meichamentilation systems instead of windows
have controlled the microbial community structuoéshe indoor environment (3, 7). There are
a variety of microbial sources (skin, pets, foa)yironmental factors (ventilation, shoes, body
secretions) and dispersal vectors (pH, temperaforeite material) that affect the microbial
diversity (Figure 1.1) (6). Research has suggeittat bacteria such &aphyloccus epidermis
can help protect against skin infections and bactessociated with dogs can prevent allergies in
children (3, 10). However there are pathogens ss&lmonella andEscherichia coli that have
negative effects on human health. Also, horizogale transfer of antibiotic resistant genes of
pathogenic bacteria on touched fomites may incraakef drug resistant infections (12). There
is still a great extent of knowledge to obtain &we tynamics of microbial ecology and the

effects it has on human health (positive, negativeneutral) in the indoor environment (2, 4, 6).
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Figure 1.1 Various sources and transmission routes the indoor environment that can
effect microbial diversity. Where orange boxes represent microbiome souuncplepboxes are
environmental factors and red boxes are dispeesabys (6).



1.3 Indoor infectious disease transmission

Nonporous fomites can be an important point fongmaission of bacterial and viral disease
especially for populated indoor environments (1). 1Pathogens can survive on fomites for
hours to months depending on the microorganismceramation of the microorganism and the
indoor environmental factors (1, 11). In gener@kposure to live pathogens from the
environment may be picked up by susceptible indiaid from a fomite by touching (hand to
mouth, eye or nose), direct contact from fomite nimuth or through the inhalation of
resuspended microorganisms from contaminated fen(iigure 1.2) (1, 8, 9). Then infected or
infectious individuals deposit pathogens into tnei®mnment through shedding (saliva, blood,
feces, etc.). Individuals (infected or not infetetouching fomites can transfer microorganisms
and can inoculate and re-inoculate the fomite thinoits usage (6). Over time individuals
recover, become completely immune or the infecticas fatal. In addition, pathogens are
eliminated from the environment through naturalayedecontamination processes, or removed

through other environmental processes (Figure(8)2)



. Completel
Susceptible R Infecte_d and R I p y
Individuals | & > Infectious > mmune
1 Individuals Individuals
1
1
1
1 Pathogens :Pathogens
| Picked up I Deposited
1
Pathogens || Live Pathogensin
Eliminated From

Environment € = =

Figure 1.2 Environmental infection transmission moe! (8).

thelndoor
Environment
(Fomites)




1.4 Dissertation outline and objectives
The overall objective of these chapters is to gpiantitative data for enhancement of exposure

assessments in the QMRA framework for assessikdaibuman health.

Chapter 2 — Implications of limit of detection oAnous methods foBacillus anthracis in
computing risk to human health. The instrumenitlioh detection and environmental limit of
detection for all methods detectiBganthracis are reviewed from the literature. Risk estimates
are calculated at concentration equal to the ingtnt and environmental limit of detection. The
literature review also identifies current limitat®in the knowledge of detection methodsBor

anthracis in environment matrices (air, soil, water and ftas).

Chapter 3 — Evaluation of sample recovery efficieraf bacteriophage P22 on fomites.
Bacteriophage P22 is applied onto fomites at canagons near the limit of detection to
guantify the SRE. The variability in SRE as a fumt of fomite type, fomite surface area,
sampling time, application media, relative humidcatyd wetting agent is evaluated. Survival of
bacteriophage P22 (24 hr) on fomites indicatedehleancement of the sampling method for

increased efficiency in sampling at low concentnagidried on the fomite.

Chapter 4 — Genetic characterization of microorgiasi on highly touched and untouched
fomites. To determine the microbial ecology in théoor environment samples are collected
from university dormitories from touched and untoed fomites and sequenced. Touched and
untouched fomites provided unique bacterial commmesi Dominate genera indicated

interactions with humans and reservoirs of possf¢ghogen contamination. In addition,



determined the correlation between bacterial conitypwaith fomite type, room location and

dormitory.

Chapter 5 — Conclusions. Results from the dissentaare summarized. Contributions of the

science to the field and the future direction & Work are discussed.
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Chapter 2: Implications of limits of detection afnous methods fdBacillus anthracis

in computing risk to human health

This chapter is adapted from our published worlpplied and Environmental Microbiology:
Amanda B. Herzog, S. Devin McLennan, Alok K. Pandélarles P. Gerba, Charles N. Haas,
Joan B. Rose, and Syed A. Hashsham. Implicatibihsmats of Detection of Various Methods
for Bacillus anthracis in Computing Risk to Human Health. Applied andviEonmental

Microbiology. 2009. 75(19):6331-6339. DOI:10.112BM.00288-09.

2.1 Abstract

Used for decades for biological warfaBacillus anthracis (Category A agent) has proven to be
highly stable and lethal. Quantitative risk asses® modeling requires descriptive statistics of
the limit of detection to assist in defining expasu Furthermore, sensitivities of various
detection methods in environmental matrices aral vitformation for first responders. A
literature review of peer reviewed journal articlekated to methods for detectionBfanthracis
was undertaken. Articles focused on the developnoenevaluation of various detection
approaches such as polymerase chain reaction (R€time PCR, immunoassay, etc. Real-
time PCR and PCR were the most sensitive methadthéodetection oB. anthracis with a
median instrument limit of detection of 430 and 4&Qs/ml, respectively. There were very few
peer reviewed articles on the detection method8f@nthracis in the environment. The most
sensitive limit of detection for the environmensalmples were 0.1 CFU/g for soil using PCR-
ELISA, 17 CFU/L for air using ELISA-biochip systerh,CFU/L for water using cultivation, and

1 CFU/cnf for stainless steel fomites using cultivation. @xponential dose response model for

11



the inhalation oB. anthracis, estimates of risk at concentrations equal teetheronmental limit

of detection determined the probability of deathntreated as high as 0.520. Though more data
on the environmental limit of detection would impeothe assumptions made for the risk
assessment, this study’s quantification of the peked by current limitations in the knowledge
of detection methods should be considered when @nmgl those methods in environmental

monitoring and clean up strategies.

2.2 Introduction

According to the Centers for Disease Control (CD&ategory A agent is an organism that
poses a risk to national security because it cagalsdy disseminated or transmitted from person
to person, results in high mortality rates, haspgb&ntial for major public health impact, might

cause public panic and social disruption, and reguispecial action for public health

preparedness (23). Quantitative information oregaty A agents in environmental matrices
(soil, air, fomite, water) are very limited (64)However, from the literature it has been

concluded thaB. anthracis are the most environmentally stable category Atageerall (64).

After the release ofB. anthracis through mail envelopes in 2001, assessment of the
decontamination process revealed an important igumestould the detection methods effectively
determine if the environment is clean? An evabrabf the effectiveness of sampling methods
at a U.S. postal facility in Washington D.C. contaated withB. anthracis spores concluded
that neither of the sampling methods used (HEPAIwacor wipes) were sensitive enough to

ensure that spores had been removed completelgddition, the event exposed the necessity of
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guantifying recovery and extraction efficiency dhgri sample collection and processing to

improve the method limit of detection (69, 63)

In this literature review, the limit of detectiori methods forB. anthracis is characterized as
either an instrument limit detection or environnaimit of detection. An instrument limit of
detection is generally evaluated with pure culturedn environmental limit of detection is
evaluated with cultures/cells spiked into an enwinental matrix (soil, air fomites, water), which
then undergoes various recovery and concentratiocedures (i.e. filtration and extraction, or

direct extraction) before detection (Figure Al.xhe Appendix).

Compared to instrument limit of detection, estdivhent of environmental limit of detection
poses more challenges, including dilute target eotrations, environmental impurities,
background inhibitors, organisms in a viable but ooltivable (VNBC) state, and overall
processing efficiency. There are many steps ircggsing environmental samples prior to
detection. At each process step, there can besaolothe initial target organism and thus, each
step has a recovery efficiency, which could berprted as a set number, distribution or range
(Figure Al1.1). Since recovery efficiency directiyfects the limit of detection, improving

recovery efficiency would result in a more sensitdetection method.

In determining if an environmental site is “cleaahother component that should be evaluated is
the quantification and characterization of the pb& health risk. Quantitative microbial risk
assessment (QMRA) is a method to assess the likalibf infection based on specific exposures

to hazardous pathogenic organisms. QMRA risk mongédias been used for water and food and
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could be useful for management decisions duringsaade outbreak or a bioterrorism attack
(37). Environmental monitoring is used to inforimetexposure assessment as well as the
efficiency of disinfection. The limit of detectias a critical criterion for any method, which
dictates the application and usefulness of demammsty a “zero” during environmental
monitoring. The limit of detection of a chosen lghieal method is also an input variable for the
QMRA model; a statistical distribution quantifyindpe variability in limit of detection is

preferred for realistic modeling.

The objectives of this study were to review, frdm titerature, the instrument limit of detection
and the environmental limit of detection for methdd detecB. anthracis and to compare the
estimated risk at the instrument limit of detectiand the environmental limit of detection.
Though the number of articles & anthracis was extensive there was a paucity of articles that
specifically included environmental limit of deteet. This information is essential for a QMRA
of B. anthracis in the establishment of future environmental manniig strategies and clean up

goals.

2.3 Methods and approach

Journal articles were searched on the ISI Web @&n8e database searching Branthracis and

the following keywords; method, sensitivity, linaf detection, detection limit, limit, water, air,
soil, fomite, surface, specificity, PCR sensor, ionmental, rapid, assay, diagnostic,
immunoassay, antibody, real time, real-time PCRcraofiuidic, polymerase, quantitative,
bioaerosol, aerosol, microarrays, biosensor, elebgmiluminiscence, Raman spectrometry, and

mass spectrometry. Approximately 1700 referenaesd (abstracts, when available) were
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retrieved and were saved in an EndNote file. Thotng search defaults were set for the years
1900 through 2007, the oldest article used to eaalthe limit of detection was published in
1994. Abstracts were manually screened for inféioneon the detection d@. anthracis. Some
studies used a surrogate Branthracis to determine the limit of detection. It is assuantieatB.
anthracis would behave as the surrogate and was includetthisnreview. If the abstract
pertained to a detection method then the full rticas downloaded, saved in another database,
and reviewed for quantitative data describing thetlof detection. The remaining references
and abstracts that were not used in this literatewveew either did not indicate information about
detection methods or the articles were not rethzaAt the end, 71 articles were retrieved and

analyzed to obtain instrument limit of detectiorearironmental limit of detection.

2.3.1 Instrument limit of detection

Instrument limit of detection was extracted frome #rticles describing a method that dete@&ed
anthracis in a pure culture without spikinB. anthracis into an environmental matrix (soil, air,
fomite, water). Raw data extracted were recordadhits of cells, spores, DNA, colony forming
units (CFU), protective antigen, and genomic copressolumes that ranged from liters to
microliters. Articles that used units of proteetiantigens were not used in this literature review
due to the unknown conversion factor for antigemscells. All data were converted into
standard units of cells per milliliter of reactisalution and the data by method were graphed and

compared.
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2.3.2 Environmental limit of detection

In studies reporting environmental limit of deteatiB. anthracis spores were spiked into the
matrix, extracted, and detected using various tieteenethods. The articles that reported the
environmental limit of detection dB. anthracis were categorized according to the matrix in
which B. anthracis was detected (soil, air, fomite, water). Addiabparameters extracted from
the articles varied with the matrix (Figure Al.2Jhese included the following parameters (i)
For soail, they included the amount of soil, samgacentration, extraction volume, volume of
extracted sample added to the reaction, and totame. In addition, the type of pretreatment or
extraction method and soil type or location wereeddTable 2.1). (ii) For air, they included the
sample volume, airflow rate, duration, sample cotregion, extraction volume, volume of
extracted sample added to the reaction and totaime (iii) For fomites, they included the
surface area, sample concentration, surface segtbtigpd, extraction volume, and total volume.
In some cases recovery efficiency and extractidiciefcy were available and noted. In
addition, the type of fomites, sampling method ra&stion method and culturing method were
noted (Table 2.2). (iv) For water, they includdgk tsample volume, sample concentration,
extraction volume, volume of extracted sample adttedhe reaction and total volume. In

addition the condition of the water was noted.
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Table 2.1 Parameters for the environmental limit ofdetection in soil.

Method  Soil Sample conc. Pretreatment/ Time Difficulty Extract Added Total LOD Soil type/ Ref.
(9) extraction (hr) level vol. to rxn vol. (CFU/g soil) location
method (1) (ul) (ul)
PCR- 100 1-100CFU/100g Easy DNA kit 25 2 100 60 60 0.1 Non-suspicious (10)
ELISA (Invitrogen) sites
100 1-100CFU/100g Easy DNA kit 25 2 100 60 60 1.0 Contaminated (10)
(Invitrogen) sites w/ organic
compounds and
tanning agents
Nested 1 0,1,10,1§10° FastDNASPIN 36 4 . - 25 1.0 Garden soil w/  (26)
PCR+2x CFU/g kit 3% peat
culture
Nested 1 0,1,10,1410° FastDNASPIN 18 3 -- - 25 1.0x1d  Gardensoilw/  (26)
PCR+ CFU/g kit 3% peat
culture
Nested 1 0,1,10,1410°  FastDNA SPIN 2 2 -- - 25 1.0x1®  Garden soilw/  (26)
PCR CFU/g kit 3% peat
0.1 16 CFU/100 mg Three freeze 3.5 5 30 5 25 1.0xf0 Litter, meadow, (65)
thaw cultivated,
cycles/glass swamp and lawn
beads and
glassmilk
PCR 1 2.5x192.5x10 Hot 1 3 100 10 100 2.5x20  Anthony fine (46)
CFU/g detergent/bead sandy loam from
mill New Mexico

homogenization

agriculture fields
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Table 2.1 (cont'd).

Method  Soil Sample conc. Pretreatment/ Time Difficulty Extract Added Total LOD Soil type/  Ref.
(9) extraction method (hr) level vol. to rxn vol. (CFU/g soil) location
(1)) (1) (1)
IM 1  10-10'CFU/g Aqueous polymer two- 0.75 2 100 20 40 5.6x10 Sand (2)
phase system
1 10-10'CFU/g Aqueous polymer two-  0.75 2 100 20 40 1.4x10  Garden (2)
phase system
Real-time 0.1 10>-10°CFU/g Heat treatment w/ 0.75 3 1000 5 25 1.0xi0  National (62)
PCR 1.22g/ml sucrose-0.5% Institute of
TritonX-100 Health-
Korea
Multiplex 0.1 10°-10° CFU/g Heat treatment w/ 0.75 3 1000 1 25 1.0x18  National (62)
PCR 1.22g/ml sucrose-0.5% Institute of
TritonX-100 Health-
Korea
0.1 10%-10'CFU/g Heat treated with 1.5 3 1000 1 25 1.0x{0  National (62)
sterilized water and 10% Institute of
TritonX-100-PBS Health-
Korea
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Table 2.1 (cont'd).

Method Sall Sample conc. Pretreatment/ Time Difficulty Extract Added Total LOD Soil type/ Ref.
(9) extraction (hr) level vol. to rxn vol. (CFU/g soil) location
method (1h (uh (uh
IM-ECL 0.001 0-16 IM separation 1.5 3 - - - 1.0x1®  Moist dark (18)
CFU/assay twice and brown to black
resuspend in PBS soil and dry light
yellowish sandy
soil from diverse
military and
agriculture fields
0.001 0-1¢ IM separation 1.5 3 -- -- -- 1.0x1®  Moist dark (18)
CFU/assay twice and brown to black
resuspend in PBS soil and dry light
yellowish sandy
soil from diverse
military and
agriculture fields
0.001 0-16 IM separation 1.5 3 - - . 1.0x10  Moist dark (18)
CFU/assay twice and brown to black
resuspend in PBS soil and dry light
yellowish sandy
soil from diverse
military and
agriculture fields
Biosensor 0.01  3.2x163.2x1¢ Washed with 1 ml  0.25 1 30 5 25 3.2xf0  Talc-based (71)
assay CFU/ml PBST powder,
cornstarch,

confectioners’
sugar, baking
soda, and B.
thuringiensis
based pesticide
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Table 2.2 Parameters for the environmental limit ofdetection on fomites.

Hodgeset al. 2006 Roset al. 2004 Brownet al. 2007
Surface area 10 ém 25 cnt 25 cnt
Sample conc. 0.2-3,000 CFU/Em 2x10¢ CFU/cnf 100-100,00 CFU/cm
Surface seeding Inoculated 0.5 ml spore Inoculated 0.5 ml spore Dry aerosol deposition
solution solution
Sampling method Macrofoam swab Cotton swab Polyester-rayon blend gauze wipe
Macrofoam swab
Extraction method Vortex in 5 ml PBST for 2 minVortex in 5 ml PBST for 2 min Sonication and heat treatment
at 10 s intervals at 10 s intervals
Extraction vol. 5ml 5ml 30 ml
Total vol. -- 100 pl 1ml
Recovery efficiency (%) 31.7-49.1 41.7: Cotton swab 35: Stainless steel
43.6: Macrofoam swab 29: Painted wall board
Extraction efficiency (%) 93.4 93.9: Cotton Swab 93
93.4: Macrofoam swab
Culture method Sheep blood agar Trypticase saywaf5% Brain heart infusion agar
sheep blood
Limit of detection 12 CFU/cfn 20 CFU/cm? 90 CFU/cm: Stainless steel

105 CFU/cr:Painted wallboard

@ Limit of detection not recorded in article and veadculated to be at the least 20 CFUcm
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Table 2.2 (cont'd).

Parameter Browst al. 2007 Browret al. 2007 Buttneet al. 2004
Surface area 25 ¢ém 100 cm 1nt
Sample conc. 100-100,00 CFUfcm 100-100,00 CFU/cf 10° CFU/ nf
Surface seeding Dry aerosol deposition Dry aémbsposition Inoculated spore solution

Sampling method
Extraction method
Extraction vol.

Total vol.
Recovery efficiency (%)

Extraction efficiency (%)
Culture method
Limit of detection

Rayon swab
Sonication and heat treatment
10 ml

1ml
41: Stainless steel
41: Painted wallboard

76
Brain heart infusion agar
1 CFU/ch

Stainless steel and Painted wallboard102 CFU/n: Painted wallboard

Vacuum filter sock
onication and heat treatment
30 ml

iISKit-wet and dry
Foam compression
3.3 ml: wet sampling
16.1 ml: dry sampling
1ml 1ml
29: Stainless steel 11.3: Wet sampling
25: Painted wallboard 18.4: Dry sampling
28: Carpet
19: Concrete

Trypticase soy agar
42+6 CFU/m: wet sampling
100410 CFU/rft dry sampling

Petrifderobic plate count media
105 CFU/n: Stainless steel

105 CFU/n: carpet
160 CFU/n: concrete
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2.3.3 Quantifying limits of risk estimates

Risk of mortality by inhalation ofB. anthracis spores was estimated for concentrations
corresponding to the instrument limit of detectaéomd the environmental limit of detection in air.
For each limit of detection, a distribution of mskvas calculated by the Monte Carlo method
using 100,000 replicates forystal Ball® 7.3.1 (Oracle, 2007). The number of replicates w
chosen at the point where the 90% confidence iatemas stable over a range from 1/10 to 10

times the number of replicates used.

A recent evaluation of dose response dat@fanthracis spores through the inhalation exposure
route found that the dose response relationshijfddoe modeled by the exponential equation
(),

Pd)=1-e* (2.1)
where P() is the probability of death (when untreated) @getl andk is the probability that one
organism will survive to initiate the response (4 this study, & value generated from a
pooled guinea pig and rhesus monkey data set wed ué distribution of 10,000 best-fit
values generated using bootstrap replicates ofdiduat set was provided by Timothy Bartrand of
Drexel University and fit to a gamma distributioDose was calculated as,

d=C,, -R-t (2.2)
where Cy; is the number of spores per cubic meter of aistfument limit of detection or
environmental limit of detection)R is the breathing rate @hr), andt is the duration of
exposure (hr). Whef,, was evaluated as a range of limits of detectiomas modeled as a
lognormal distribution; otherwise, it was evaluatesia point estimate. Breathing rae was
modeled as a Pareto distribution fit to the shennt breathing rates of adults (18 years of age
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and up) of both sexes from rest to moderate agt(Vi2). Exposure timd, was modeled as a

uniform distribution from 1 min to 8 hr.

Five risk scenarios were evaluated with this madehg different values ot4,. For each risk
scenario, either instrument limit of detection owieonmental limit of detection, a sensitivity
analysis was generated usi@gystal Ball® 7.3.1 (Oracle; 2007). The median real-time PCR
instrument limit of detection and the range of +&ale PCR instrument limit of detection were
two scenarios used to explore the effect of insemimimit of detection on risk. For the
instrument limit of detection scenarios, it wasumse that allB. anthracis spores in a cubic
meter of air could be collected without any lossl aoncentrated into 1 ml of solution for
analysis. Log transformed real-time PCR and PGiRument limits of detection were checked
for normality with a Lilliefors test and comparesing analysis of variance (ANOVA). Then, the
range of PCR instrument limits of detection werenbmed with the range of real-time PCR

instrument limits of detection to increase the datdne distribution.

There were three environmental limits of detecsoenariosC,; was set to the environmental
limits of detection reported fdB. anthracis detected in air. There were only two articlestios
environmental limit of detection in air. Due toethack of data on the environmental limit of
detection, the two limits of detection were refdrte as the lower and upper environmental limit
of detection. These two risk scenarios were evatlas point estimates. The last risk scenario
assumed that the environmental limit of detection &ir fit the same distributions as the
lognormal instrument limit of detection, rangingrit 17,000 to 50,000 CFU#this may not be

the true range).
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2.4 Results and discussion

2.4.1 Instrument limit of detection

Out of 56 articles on the instrument limit of detec, 17 articles were on real-time PCR (6, 7,
11, 25, 27, 29, 41, 43, 47, 51, 53, 55, 58, 60,782.74), 6 were on PCR (13, 33, 50, 59, 78), 10
were on biosensors (1, 3, 21, 22, 35, 38, 42, 847%), 5 were on microarray/PCR (5, 19, 52,
66, 77), 6 were on immunoassay (31, 32, 34, 48,/8Y,, 3 were on electrochemiluminescence
(17, 36, 79), 2 were on ELISA (12, 28), 3 were @anfan spectroscopy (39, 57, 80), and 4 were
on mass spectrometry (8, 9, 30, 45) (Figure 2Lijnits of detection ranged from 10 cells/ml
(for real-time PCR) to cells/ml (for mass spectrometry). Consideringrtredian instrument
limit of detection, real-time PCR and PCR were thest sensitive methods with the median
instrument limits of detection of 430 and 440 detls respectively. It should be noted that there
was one instrument limit of detection (4.29%H@lls/ml) that was not added to the distribution
for real-time PCR because it was a multiplex assa/the other instrument limits of detection in
the distribution were of a singleplex assay (44he least sensitive methods were Raman
spectroscopy and mass spectrometry, with mediatrumsnt limits of detection of

approximately 1.0x10and 8.0x10cells/ml, respectively.

The number of journal articles for real-time PCRI &nosensor allowed limits of detection to be
fit to a statistical distribution. When fewer aléis were published, as was true for the other eight
methods, assigning distributions were not possibleCL, ELISA, Raman spectroscopy, and
mass spectrometry (having less than 4 articles)ewbe methods with the least sensitive
instrument limits of detection. With limited infoation on these methods, the median

instrument limit of detection may not properly repent these detection methods’ capabilities for
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detectingB. anthracis. For example, the instrument limit of detectiamn ECL had only three
published articles with limits of detection rangifrgm 1G cells/ml to 18 cells/ml. For some
emerging techniques, such as immuonmagnetic-ECL-HBIL) and aptamer-magnetic bead-
ECL (AM-ECL), limits of detection differed by 4 oeds of magnitude. While the instrument
limit of detection gives insight to the instrumenggabilities, when evaluating cleanup goals and
assessing risk, the environmental limits of detectire needed to understand the challenges and

capabilities for addressing the contamination.
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Figure 2.1 Distribution of the instrument limit of detection for various methods. On the box
plot, the solid line represents the median result] the dashed line represents the mean result.
The box plot whiskers above and below the box micthe 98 and 18' percentiles,
respectively. The solid circles represent theyagl limits of detection, and n represents the
number of journal articles available on each dataanethod foBacillus anthracis.
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2.4.2 Environmental limit of detection

Out of 15 articles on the environmental limit otefgtion, 8 articles were on detection in soil (2,
10, 18, 26, 46, 62, 65, 71), 2 were on detectioniin49, 68), 4 were on detection on fomites
(15, 20, 40, 61), and 1 was on detection in wdi6}).( The results for the environmental limit of
detection could not be reported as distributions thuthe limited number of articles for each
matrix. The two most predominant methods usedHerenvironmental limit of detection were

cultivation and PCR based methods.

2.4.2.1 Soll

The environmental limit of detection Bf anthracis spiked into soil ranged from 0.1 (reported as
10 CFU/100g of soil) to 3.2x20CFU/g of soil, with a median limit of detection @&f2x1d
CFUl/g soil (Table 2.1). The median environmeltitalt of detection for soil should be used
with caution, since there is a 9 orders of magmeittahge due to the many approaches used to
evaluate the environmental limit of detection. Tdpproximate time for the extraction method
(Table 2.1) was the time for one sample to be @m®®# based on the information reported. If it
was not an automated extraction procedure, them tivé increase in samples there would be an
increase in extraction process time. The difficudétvel for the extraction process (1 easy to 5
difficult) was based on the number of steps in pnecedure, the preparation time and the
approximated time for the extraction (Table 2.7he biosensor assay, the easiest extraction
method, resulted in the poorest limit of detecti@®2x1F CFU/g of soil). The detection
methods with the most sensitive limits of detecti®fCR-ELISA, Nested PCR, and PCR) had

extraction methods with difficulty levels rangingm 2 to 5 (Table 2.1).
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The environmental limit of detection depended hyght the pretreatment/extraction process; for
instance Ryuet al. 2003 (62) used multiplex PCR, and reported a wiffee of 3 orders of

magnitude between heat treatment with 1.22 g/miosec0.5% TritonX-100 and heat treatment
with sterilized water and 10% TritonX-100-phosphatéfered saline (PBS) (Table 2.1). Similar

results were found for Bruno and Yu 1996 (18) whsimg IM-ECL as the detection method.

Differences in the environmental limit of detectiere also based on the location or the type of
soil. Beyeret al. 1999 (10) reported that the PCR-ELISA method wasensensitive when
using soils from non-suspicious locations compacetbrmer tannery sites. While Agarwetl

al. 2002 (2) reported that the immunofluorescenceyass&s more sensitive when spores were
spiked into sand (£prather than into garden soil ¢}0 For the IM-ECL method, Bruno and Yu
1996 (18), reported differences due to differerdiss, Sterne () being more sensitive in the

assay than Ames (30and Vollum B1 (1.

2.4.2.2 Air

There were only two studies on the evaluation obsaizedB. anthracis spores collected by an
air sampler and extracted for detection. The ELI#dchip system coupled with a portable
bioaerosol collection system collected aerosolgmares at an air sampling rate of 150 L/min for
2 min into 5 ml of phosphate buffered saline (PBShe ELISA-biochip system consisted of an
ELISA for antibody-based identification in combirmat with the biochip detection instrument.
The environmental limit of detection of the ELISAsbhip system was 17 CFU/L. For the
ELISA-biochip system, the efficiency of the air gdar was reported as approximately 50% but

the distribution was not fully described (68). Tdr@hrax smoke detector collected aerosolized

28



spores using a bioaerosol collection system ateaaghl15 L/min for 1 min onto a glass fiber
filter tape. The detection of the spores using lifegime-gated fluorimeter occurred after a
thermal lysis and addition of Tbh£I The environmental limit of detection of the amath smoke

detector was 50 CFU/L (49).

2.4.2.3 Fomites

Spores were seeded on fomites (stainless steskigpléaminar, wood, glass, etc.), recovered,
extracted, and detected by cultivation. The envirental limit of detection was evaluated from
stainless steel fomites ranging in surface arem ft® cnf to 1 nf (Table 2.2). Browret al.
2007 (14-16) also evaluated the environmental liafitdetection on painted wallboard. In

addition, the vacuum filter sock study tested perfmumites, carpet and concrete (14).

The sampling methods evaluated in the articles wesierofoam swab, cotton swab, polyster-
rayon blend gauze wipe, rayon swab, vacuum fikeksand a biological sampling kit (BiSKit)
(Table 2.2). Sampling methods such as cotton, oi@@m, polyester, and rayon swabs were all
tested by Roset al. 2004 (61). It was concluded that the cotton aadnofoam swabs produced
the highest recovery when the swabs were premeidtas opposed to dry. Similarly, Buttrer

al. 2004 (20) tested the BiSKit, cotton swab, and faamab. The BiSKit was designed to do
wet and dry sampling of large surfaces for bactefiises, and toxins. BiSKit resulted in the
highest recovery of the three methods. Using dingeaigent to recover spores from the surfaces
enhanced the recovery and environmental limit adécteon. Brownet al. 2007 (15, 16) used
sterilized deionized water (except when using theuum filter sock), Buttner et al. 2004 (20)

used potassium phosphate buffer with 0.05% Twee(PBT), and the other two articles used
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phosphate buffered saline with 0.04% Tween-80 (PBSTAccording to the CDC the
recommended wetting agents were sterile waterrdessaline solution, or a sterile phosphate-

buffered solution (24).

The detection method for all fomite studies wagication; however, a different agar was used
in each study. The focus of Rasteal. 2004 (61) article was on achieving the best recgvand
did not determine an environmental limit of detesti From the information given in the article,
the environmental limit of detection was calculabgdusing the initial suspension concentration,
the surface area and the lowest recovery repoffée. calculated environmental limit of

detection was approximately 20 CFU/cm

The recovery efficiencies for all the fomite stidimnged from 10 to 50%, and the extraction
efficiency ranged from 75 to 99%. RecoveryBofanthracis spores from fomites depends on
many parameters such as fomite type, sampling guweeand sampling processing for detection.
The recovery efficiency from the sampling methodswaimarily the controlling factor in

determining the limit of detection and secondaditily efficiency from the extraction method.

Interestingly, in survival studies using cultivatias the detection method on fomites, surface
characteristics, relative humidity, and temperatwere the most important contributors to
viability (64). It was not clear whether recovenyd limit of detection changed with time in the
environment, as this was difficult to differentiateom survival/degradation of the target.
However, this distinction could be made by addingaker along with the biological agent that

does not degrade. For environmental monitoring,siparate time dependence of survival and
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recovery will be critical to define in future stedi Only the articles from Browst al. 2007 (14-
16), reported and maintained the relative humiditg temperature in the fomite studies at 30
10% and 25 + 2C, respectively. Determining and maintaining tieative humidity and
temperature that are most optimal for viability magrease recovery efficiency. In addition,
this information could be used at a contaminatéel tei inform first responders of the possible

viability of remaining levels of the biological ageof concern.

2.4.2.4 Water

The spores were spiked into a volume of wateergd through a 0.2 to 0.45 um pore size filter,
extracted from the filter and then detected byoussimethods. The main challenge for detection
of B. anthracis in water was the ability to concentrate the samplehe sample was too dilute,
then the number d. anthracis cells per liter of water could fall below the eronmental limit

of detection. When the sample is concentratedgedoss of the initial cells is likely.

There was only one article that evaluated the lohidetection oB. anthracis in water; the lack
of articles could be due to this matrix being I#ssly a vehicle for transmission (64). Pewtz
al. 2005 (56), spiked. anthracis spores into tap and source water in volumes rgnigom 0.1
to 10 L. Sample concentrations were detected usiegp red blood cell agar plaBe anthracis

chromogenic agar plate (R&F Laboratories), PCRested PCR.

Cultivation was used to determine the viabilitytbé organisms in the sample, and PCR was
used to confirm the identity of any suspect coleni&/hen using the cultivation approach for the

source water samples (Chesapeake Bay and Paturanr),Rvergrowth of non-targeted flora
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occurred in all studies. PCR was only succesgsiultésting source water when the sample
concentrations were at least 26 CFU/ml. The enwrental limit detection for tap water was

reported as 10 CFU/10L using the cultivations meéshovhile for PCR based methods, the
environmental limit of detection decreased to 53UJQ.. Though the PCR based methods have
a rapid detection time compared to the cultivatieethods (more than 24 hr), in this case, PCR
was less sensitive. Challenges, such as losstial icells, could occur when concentrating large

sample volumes (i.e., 10 L) into 5 to ibfor the PCR reactions.

2.4.3 Quantifying limits of risk estimates

Five risk scenarios using instrument limits of déten and environmental limits of detection for
Cair Wwere evaluated. Log transformed PCR and real-B@& instrument limits of detection
were normally distributed (Lilliefors test, p = 6.€°CR, p = 0.78 real-time PCR) and were not
significantly different (ANOVA, p = 0.94). Thereaf®, the PCR and real-time PCR instrument
limit of detection distributions were combined twiease the data set for the real-time PCR
instrument limit of detection. With the assumptmil00% recovery, the median risk wheg:
equaled the median real-time PCR instrument linhidetection was 0.006. Whe@,, was
modeled with a lognormal distribution of real-tinRCR instrument limits of detection, the
estimated risk was 0.0062. The median risk offdé&aim the inhalation of the entire doseBof
anthracis at the environmental limit of detection in air w@s22 at the lower reported
environmental limit of detection and 0.52 at thepewp environmental limit of detection.
Assuming that the environmental limit of detectimould have a similar distribution as the
instrument limit of detection (lognormal) and radgffom 17,000 to 50,000 spores/mhe

median risk of death was 0.32 (Table 2.3). Thsuagption should be further evaluated with
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environmental studies to confirm that the environtaklimit of detection would have the same
distribution as the instrumental limit of detectiohhese risk estimates assumed that 100% of the
spore sample was inhalable. Risk estimates weie rajported for the percentages of 66.5%,
10%, and 1% of spores in the sample that were abkal or respirable (Table 2.3).
Approximately 70% of inhaled air volume actuallyntacts alveoli in the lungs, allowing spores
to enter the body (68). In addition, tH& &nd 98" percentiles of each risk distribution were used

to define a 90% confidence interval for each riskneate (Table 2.3).
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Table 2.3 Risk estimates using instrument limit ofletection and environmental limit of detection scearios.

Risk scenario Analyzed limit of detection Percente Estimates of risk for percent of sample inhaled
100 % 66.5 % 10 % 1%
Real-time PCR, median 429 cells/ml g 0.007 0.0047 0.0007 0.00007
instrument limit of detection Median 0.006 0.0042 0.00063 0.000063
95" 0.037 0.025 0.0038 0.00038
Real-time PCR, instrument 10-34,300 cells/ml % 0.0001 0.000067 0.00001 0.000001
limits of detection Median 0.0062 0.0041 0.00062 0.000062
g5h 0.28 0.19 0.032 0.0032
Lower environmental limit of 17,000 CFU/m 5 0.026 0.017 0.0026 0.00026
detection in air Median 0.22 0.15 0.025 0.0025
g5h 0.78 0.63 0.14 0.015
Upper environmental limit of 50,000 CFU/m 5 0.075 0.051 0.0078 0.00078
detection in air Median 0.52 0.39 0.071 0.0073
95" 0.998 0.98 0.46 0.06
Assumed environmental limits 17,000-50,000 CFU/fn 5th 0.03 0.02 0.003 0.00031
of detection in air Median 0.32 0.23 0.038 0.0038
95th 0.94 0.85 0.25 0.028
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A sensitivity analysis of the risk model was getedayCrystal Ball® 7.3.1 (Oracle; 2007) for
each of the five risk scenarios. For the real-tid@@R instrument limit of detection lognormal
distribution, the limit of detection (79.4%) wasetimost sensitive factor in determining risk,
followed by the exposure time (11.7%) and breathmatgs (8.4%). The dose response function
parameterk (0.5%) had the least impact on the risk estimat&milarly, for the assumed
environmental limit of detection lognormal distrttman, the analysis resulted in the exposure
time (45%) being the most significant factor, felked by the limit of detection (27.5%),
breathing rates (26.1%) and theparameter (0.9%). The median real-time PCR ingntriimit

of detection and the two environmental limits ofed#ion (lower and upper) scenarios resulted
with the exposure time as the dominant factor itemheining risk, followed by breathing rates,
and thek parameter.C,, valuesn these scenarios are point estimates ratherardistribution;

therefore, the limit of detection was not a meadyg@ameter in the sensitivity analysis.

Even assuming perfect sample collection and pratggso loss in initial concentration), the
estimated risk at the instrument limit of detectiwas far above the commonly used 1:10,000
level. Environmental limits of detection increadee to the imperfect efficiency of sample
collection and processing, increasing the riskhasé higher detectable concentrations. These
risk estimates show that, using current technigeperted in the literature, even allowing for all
possible improvements in collection technology, aletectableB. anthracis constitutes an
unacceptable risk. Moreover, these estimates elehir lowest risk that could be determined

from measurement, quantifying the risk that casteawen when nB. anthracis was detected.
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Finding significant risk aB. anthracis limits of detection suggests that direct measuremall
rarely be adequate for declaring a contaminatesl “siean” and alternative approaches (e.g.,
extrapolating from demonstrated log reductions)reeded. For fomites, soil, and water, further
work is needed regarding the probability of infentiby ingestion and contact before one can
adequately address limits of detection and riskmeges. Direct measurement could, at best,
reveal a catastrophic failure of decontaminatid¥iith respect to preventative monitoring, these
estimates showed that significant risk was posedruetectable concentrationsEfanthracis
spores. This means that a low concentraBomanthracis release would be more likely to be
detected by the symptoms in exposed humans raliaer by current sampling technology.
Where there was danger or suspicion 8f anthracis release, close monitoring of human health
would be needed in addition to environmental samgpiin order to ensure timely medical

treatment. Health monitoring alone may be pretewbere resources are limited.

The risk assessment approach presented here ceufdriher improved if an experimental
probability distribution of the estimated dose wasmilable. However, such a probability
distribution was not available even for the mostmowmn matrix (soil). To obtain such a
distribution, a large number (e.g., 30) of diffareme doses must be spiked in the environmental
matrix of interest, and the sample processed tlir@rgentire protocol. This time-consuming

process has not yet been reported.

2.5 Conclusion
Instrument and environmental limits of detectioe aecessary for QMRA when evaluating

exposure to human pathogens in a contaminatedoemuent. Due to the lack of pertinent data
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on the detection dB. anthracis, the environmental limit of detection could notrepresented as

a distribution. These distributions were necessargstimating the risk at the environmental
limit of detection. Even so, it was clear that ieonmental samples may be expected to have
broad distributions due to the many challengesamme processing that affect the limit of
detection. More environmental limit of detectiotudies need to be conducted in order to
produce distributions similar to those of the instent limit of detection. This would improve
the risk assessment and improve the applicabifitthe information in regard to survival and

clean up goals, providing valuable information ficst responders.
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Figure Al.1 General schematic of the efficiency of sample prossing and the effect on th
environmental limit of detection. °n is an example of the average recovery efficieropg
with the potential normal distributior
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Soil Type
*Anthony fine sandy loam

«Cultivated soil
(a) «Garden soil (b)
7~ | “Garden soil w/ 3% peat|
. *Lawn
Number of. Amount of Soil « Litter Number of Air Sampler
Spores Spikeq (100g-1mg) Meadow Spores Spiked *Flow rate: 15-150 L/min
*Sand l
*Swamp
r— - - Extraction Method
Pretreatment/Extraction Method Soil Location «PBS wash
*Aqueous polymer 2-phase system *Agriculture fields *Themal lysis
*Easy DNA Kit «Contaminated sites w/ organic
*FastDNA SPIN Kit compounds and tanning agents
«Cultivation in TSB \_ | *National Institute of Health-Korea Detection Method
«2x cultivation in TSB *Non-suspicious sites *ELISA-biochip system
<Hot Detergent/beadmill Homogenization Military fields «Lifetime-gated fluorimeter (ASD)

*Heat Treatment w/ 1.22g/mL sucrose/
0.5% TritonX-100

*Heat Treatment w/ sterilized water and
10% TritonX-100/PBS

3 Freeze thaw cycles/ Glass beads and Glassmilk

*IM separation twice and resuspend in PBS

!

Detection Method
*Biosensor Assay
IM-Electrochemiluminiscence
sImmunofluorescence Assay|
*PCR

*PCR-ELISA (d)

*Multiplex PCR

*Nested PCR - .
«Real-Time PCR Number of Surface Seeding Fomite Area Fomite Type
. > * Dry aerosol > « Stainless steel
Spores Spiked « Inoculated spore solutiop (10cn-1rrf) « Painted wallboard

l

Sampling Method

(C) Water Type : gglt%%csa\l,:;bamplmg Kit (BiSKit)
*Tap » Macrofoam swab
« Source
* Polyester swab
Number of Volume of Water « Polyester-rayon blend gauze wipe
Spores Spiked_’ (0.1-10L) ) * Rayon swab
Water Location
1 « Patuxent River, MD
* Chesapeake Bay, MD Extraction Method
Extraction Method * Beltsvile, MD - Sonication and heat treatment
+1,2,3 RAPID DNA extraction kit + Phoenix, AZ * Compressed foam
« Qiagen DNeasy Tissue kit « Vortex in 5mL PBST for 2mins at 10s intervials
« No extraction-filter placed on SRBC plate l
Detection Method
i « Cultivation
Detection Method — Brain Heart Infusion Agar
« Cultivation Assay — Sheep Blood Agar
*PCR — Trypticase Soy Agar
* Nested PCR — Trypticase Soy Agar w/ 5% Sheep Blopd

Figure Al1.2 Flow diagrams to illustrate the sampleprocessing. Flow diagrams similar to
these were used as tools to assist in the calonlati the environmental limit of detection (a)
soil, (b) air, (c) water, (d) fomite.
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Chapter 3: Evaluation of sample recovery efficieatpacteriophage P22 on fomites

This chapter is adapted from our published worldpplied and Environmental Microbiology:
Amanda B. Herzog, Alok K. Pandey, David Reyes-Qasig Charles P. Gerba, Joan B. Rose,
and Syed A. Hashsham. Evaluation of Sample Regd¥#iciency of Bacteriophage P22 on
Fomites. Applied and Environmental Microbiology. 012. 78(22):7915-7922.

DOI:10.1128/AEM.01370-12.

3.1 Abstract

Fomites are known to play a role in the transmissibpathogens. Quantitative analysis of the
parameters that affect sample recovery efficielsfyK) at the limit of detection of viruses on
fomites will aid in improving quantitative microbiask assessment (QMRA) and infection
control. The variability in SRE as a function ofifite type, fomite surface area, sampling time,
application media, relative humidity (RH), and wejtagent was evaluated. To quantify the
SRE, bacteriophage P22 was applied onto the foraitaserage surface densities of 0.4 £ 0.2
and 4 + 2 PFU/cf Surface areas 100 and 1000°@hnonporous fomites found in indoor
environments (acrylic, galvanized steel, and lateinevere evaluated with pre-moistened
antistatic wipes. The parameters with the mostceffa the SRE were sampling time, fomite
surface area, wetting agent, and RAt.time zero (initial application of bacteriophagg2), the
SRE for 1000 crhfomite surface area was, on average, 40% lowertthet for the 100 cfm
fomite surface area. For both fomite surface ar@aglication media trypticase soy broth (TSB)
and/or the laminate fomite predominantly resulted higher SRE. After the applied samples

dried on the fomites (20 min), the average SRElessthan 3%. A TSB wetting agent applied
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on the fomite improved the SRE for all samplestatrizn. In addition, RH greater than 28%
generally resulted in a higher SRE than RH less #8%. Parameters impacting SRE at the
limit of detection have the potential to enhanamsiéng strategies and data collection for

QMRA models.

3.2 Introduction

Nonporous fomites (inanimate or nonliving objectgn be an important vehicle in the
transmission of viral disease, especially for pamd indoor environments, such as schools,
daycare centers, nursing homes, hospitals, fooplapaéon settings, or any civil infrastructure
(4-6, 25, 32). Human exposure can be through togcand transfer of pathogens present on the
fomite to the hands and then to the mouth, nasgpkaand eyes (5, 24). Exposure can also be
from the inhalation of re-aerosolized organismsrfrcontaminated fomites (5, 25). Controlling
and remediating an indoor environment from an @akrresulting from an accidental or

intentional release of viruses can be challengasgg (1, 25).

To declare an indoor environment “clean” after dgaminating it, quantification of the loss due
to sample recovery that is specific to the methodéed is essential for verifying the efficacy of
the decontamination (16). Quantitative analysethefparameters that affect SRE from fomites
are vital for implementing efficient sampling anetekction methods (16). Infection transmission
models that include the environmental dynamics ifenmental conditions, human behavior,
survival characteristics of the agent in the envinent, etc.) can be used to make decisions on
interventions for preventing viral outbreaks (19)Without a quantitative assessment of the

abundance of such agents in the environment, gemggarvention recommendations could be
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ineffective (4, 35).

Survival and SRE studies with viruses have genefadlen conducted on fomites at surface
densities of 1OPFU/cnf or higher by applying virus stocks in volumes fiaggrom5 to 500 pl

on fomite areas ranging from 0.38 to 32°dffable 3.1). The use of higher initial titerskigown

to extend the viral survival rate on fomites (3)nder these optimal conditions, results may
represent the upper limits of SRE. The surface idessnay also be lower than what has been
studied so far and pose significant risk (Table).3.However, parameters affecting survival at
very low surface densities are less well studi€d.our knowledge, only two survival studies (3,
7) and two SRE studies (17, 36) have been condwattedrface densities ranging from 0.02 to
50 PFU or at the 50% tissue culture infective d@@IDsg)/cn’ (Table 3.1 and Table A2.1 in
the Appendix). These factors may have a signifiedfect on quantifying the risk to human

health after decontamination.

The objective of this study was to evaluate thepeaters that affect SRE of bacteriophage P22,
a surrogate for DNA viruses (20, 30), at conceitngt close to the limit of detection.
Bacteriophage P22 was chosen because it is a atertuy DNA viruses such as adenovirus (13,
30), it meets many of the desired characteristics surrogate (20, 30, 33), and it has been used
successfully by our group in environmental release recovery studies (20, 30). We evaluated
the variability of SRE from the parameters, sucHaasite type, fomite surface area, sampling
time, application media, wetting agent, and RH.e Tésults presented here have implications for

sampling strategies and subsequent microbial gskssment at low concentrations.
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Table 3.1 Parameters from survival and SRE studiesvaluating viruses applied to fomites.

Organism Sample Fomite  App. Surface Application RH Temp.  Survival Ref.
conc. area vol. density medium (%) (°C) SRE
(cm?) ()
Survival studies
Alphaviruses 1.5x10- 0.25 NE  6.4x16 PFU/cr, NR 30-40 20,25 6-14d (25)
Ebola virus 4.5x10° 7.6x10 PFU/cm,
Lassa virus PFU/mI 5.6x10 PFU/cnt
Astrovirus 1x10°-5x1C 1,3 20,50 3.3x1B1.6x1GPFU/cnf PBSor20% 9045 4,20 10-90 d (2)
PFU FS
Avian 3.1x10- 1 10 3.4x16-6.3x10 NR NR NR 1-6 d (38)
metapneumovirus 6.3x10 TCIDs/cn?
Avian influenza TCIDs/ml°
Bacteriophage 1x10 PFU/ml 10 10 10PFU/cnt NR 50 25 859 hr (20)
P22
Calicivirus 10’ TCIDsgml 1 20 2.0x10 TCIDsy/cn? NR NR NR 4-72 hr (10)
Coronavirus 10-10°MPN° 1 10 10-10° MPN/cnt Cell culture  20+3, 4,20,40 0.25-28d (8)
medium 50 +3,
80 %3
Coronavirus 10’ PFU/m 0.79 10 1.3xFPFU/cnd PBS 55,70 21 3-6 hr (34)
Feline calicivirus 10° PFU/ml, 25 NR 4x16PFU/cnt, 4x10 20% FSin 75-88  22+2 7d (11)
Norwalk virus 10°RT- RT-PCRU/crA PBS
PCRU/mI
Hepatitis A virus 10-fold 0.79 10 N/A 10% FSin  25#5, 5,20,35 4-96hr (21)
Polio virus dilution saline 5545, 4-12 hr
8045,
9545

a. NR-not reported

b. TCID50-median tissue culture infective dose

c. MPN-most probable number

d. N/A-not applicable, not able to calculate suefdensity from information reported
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Table 3.1 (cont'd).

Organism Sample Fomite  App. Surface Application RH Temp. Survival Ref.
conc. area vol. density medium (%) (°C) SRE
(cm’) (nl)
Hepatitis A virus NR 1 20,50, N/A PBS or FS 5045, 4,20 30-60 d, D
Human rotavirus 100 8545, 30-60 d,
Enteric adenovirus 90+5 5-60 d,
Poliovirus 5-60d
Rotavirus 10-1CPFU/ml 250 Misted N/A Distilled NR NR 0.75-1.5hr  (18)
Poliovirus water, distilled
Bacteriophage f2 water with
10% FS
Influenza A virus 2x10° PFU/m NR 20 N/A NR 50-60  22+2 6-24 hr (22)
Influenza A virus 10° TCIDsy/ml 1 10 10TCIDsf/cn?  Eagle minimal 30-50  21-28 2 hr-17 d (37)
essential
medium with
25mM
HEPES and
Earle’s salts
Influenza A virus 1.5x10 2 10 7.5x10 1% BSA 23-24 17-21 4-9 hr (14)
TCIDs/ml TCIDs¢/cnt
Influenza A and B 10°-10° 7.07- 100 50-1.4x1d NR 35-40, 27.8-28.3, 24-48hr (3)
virus TCIDs/0.1 ml 19.63 TCIDs/cn’ 55-56  26.7-28.9
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Table 3.1 (cont'd).

Organism Sample Fomite  App. Surface Application Temp. Survival Ref.
conc. area vol. density medium (°C) SRE
(cm?) (n)
Parainfluenza 1.5x10, 32 500 0.02—2.0xf0rCIDsg/cn?  Minimal 22 6-10 hr (7)
1.5x10, essential
1.5x1d medium with
TCIDs¢/ml Earle’s salts
Rhinovirus 10’ PFU/m 0.79 10 1.3xfPFU/cnd Tryptose 20£1  2-25hr (27)
phosphate
broth, bovine 8015
mucin, human
nasal
discharge
Zaire Ebola virus 1x1¢ 0.38 20 5.2x10 TCIDsy/cn? Guinea pig 4,22  14-50d (23)
Lake Victoria TCIDsy/ml sera, tissue

Marburg virus

culture media
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Table 3.1 (cont'd).

Organism Sample Fomite  App. Surface Application RH Temp. Survival Ref.
conc. area vol. density medium (%) (°C) SRE
(cm?) (nh)
SRE studies
Bacteriophage MS2 1x1C° PFU/ml 25 5 3.7 PFU/cm 50% solution 45-60 20-22  7-40% (17)
of TSB and
dilution buffer
(5 mM
NaH2PO4 and
10 mM NacCl)
Feline calicivirus 7.0x16-1.3x10 25.8, 20 26-16 TCIDsycn?  10% FS in NR NR 3-71% (36)
TCIDsy/100 pl 929, PBS
5,290
Rotavirus 10>-10° PFU/ml 250 Misted N/A Distilled NR NR 16.8+6%,  (18)
Poliovirus water, distilled 42.3+1.9%,
Bacteriophage f2 water with 10.6£5.7%
10% FS
Norovirus 2.0x10 RT- 10 100 2.0x1Y) 2.0x1GRT- 10% PBS NR NR 10.3+13.0- (28)
Rotavirus PCRU/m PCRU/cmM 51.9+38.5%
2.0x10 RT- 2.0x10, 2.0x16 RT- 5.4+1.5-
PCRU/mI PCRU/cnd 57.7+25.9%
Rhinovirus 10’ PFU/m 0.79 10 1.3xFPFU/cnd Tryptose 50+5 22 40.3-98.4%  (27)
phosphate

broth, bovine
mucin, human
nasal
discharge
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3.3 Materials and methods

3.3.1 Bacteriophage P22: preparation, applicatr@mhsample recovery

Bacteriophage P22, which infects the bacterial ISakhonella enterica serovarTyphimurium
LT2 (ATCC 19585), was provided by Charles P. Gdbaiversity of Arizona). Bacteriophage
P22 is a double stranded DNA (dsDNA) icosahedrapshd virus with a short tail (52 to 60 nm
in size) and belongs to the famiBodoviridae (30). To prepare bacteriophage P22, 1 ml of
bacteriophage P22 stock was added to 25 ml of alsebal hostS. Typhimurium, at log phase
in TSB (Difco, Becton Dickinson and Company, SpalM®). After a 24 hr incubation at 3T,

0.1 ml of lysozyme and 0.75 ml of EDTA were addedhe solution and centrifuged at 2390 x g
for 10 min. The supernatant was filtered throug.46 pum filter (Millipore) to remove the
bacterial cells and debris (30). Bacteriophage Wag then diluted in suspensions of phosphate

buffered saline Tween-80 (Fisher Scientific, NB&T), TSB or sterile distilled water.

The fomites, simulating an indoor environment, uddd acrylic (Optix; Plaskolite Inc.,
Columbus, OH), galvanized steel (type 28 GA galxedj MD Building Products, Oklahoma
City, OK) and laminate (type 350, no. 60 mate fni§Vilsonart International Inc., Temple,
Texas) with surface areas of 100 and 1008, cfthe fomites and testing area were disinfected
with 70% ethanol, rinsed with sterile distilled wgtand dried. Bacteriophage P22 was applied
in PBST, TSB or water on the fomite in a grid fotroa comprising of fifty 1 ul droplets. The
average amount of bacteriophage P22 applied to fohete was 433.1 + 194.5 PFU,
approximately 8.66 PFU/droplet, with average swefaensities of 4.3 + 1.9 PFU/étor the 100
cny’ fomite and 0.4 + 0.2 PFU/cnfor 1000 cm fomite. The recovery materials, pre-moistened

Fellowes screen cleaning wipes (no. 99703; Fellpwasca, IL), are generally used to remove
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dirt, dust and finger prints from office equipmemtd are antistatic, non-toxic and alcohol free.
The pre-moistened wipes are made of crepe fabrepécmaterial is treated as a trade secret by
Fellowes) and wetted by the manufacture with watedt detergent (propylene glycol ethers).
The pre-moistened wipes were cut into 48° geces using sterilized scissors and stored in
sterile Whirl-Pak bags at room temperature durimg éxperiment, lasting no more than 12 hr.
Fresh pieces were cut and used each day. Theisgmyas done by moving the pre-moistened
wipes over the entire fomite twice (in perpendiculaections to each other). Two samples were
taken, one immediately after the initial applicati@eferred to as 0 min) and another after the
samples were visibly dry (which was 20 min). Thentcol experiments conducted with
bacteriophage P22 suspensions to determine if tisteming agent had an effect on the viability
of the virus indicated that, on average, 95% (raBfeto 125%) of bacteriophage P22 could be
recovered with inoculation directly onto the wipadadissolution with PBST. Very high

recovery rates were also seen at time zero on ésmith no drying.

After sampling, the recovery material was placed an50 ml tube containing 5 ml of PBST and
vortexed for 30 s. Bacteriophage P22 was assasied @ double agar layer method (39). The
sample containing bacteriophage P22 (1 ml) wasdtiw@.5 ml of melted 1% agar overlay (1 g
bacto agar/100 ml TSB) (Bacto agar; Difco, Becitkinson and Company, Sparks, MD) with
0.3 ml of S Typhimurium in the log phase. The solution wadesblby hand for mixing and
immediately dispensed evenly onto 1.5% Trypticaseagar (TSA) (Difco, Becton, Dickinson
and Company, Sparks, MD) plates. After the ovedggr solidified, the plates were incubated
at 37°C for 24 hr; the number of PFU was then countedtotal of 324 plates were used in the

conduction of the SRE experiments. These expetsn@cluded 3 fomite types, 2 sampling
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times, 3 application media, and 2 fomite surfacsasr Each SRE measurement was made in
triplicate and repeated on three different dayscdise the PFUs recovered were already very
low, dilution of samples was not necessary. Fahesample recovery experiment, positive
control experiments were conducted in triplicatBifty 1 pl droplets of bacteriophage P22
inoculated in 950ul of PBST (same as extraction solution) were dispdninto a 1.5 ml

microcentrifuge tube. The 1 ml bacteriophage R#frol was dispensed as described above.

3.3.2 Single agar layer method to separate bapteaimpe P22 survival from recovery

When evaluating the survival of bacteriophage P22omites, fifty Sul droplets containing an
estimated 3.96 PFU/droplet suspended either in diSBater were applied on polystyrene Petri
dish surface (100 by 15 mm) in a grid formatiom @erage of 198 + 65 PFU was applied to
each plate, with an average surface density o ® PFU/cri. For this experiment, the time
of first sampling (other than the initial at timera) was changed to 1 hr instead of 20 min,
because the %l droplets took longer to visibly dry on the pettish. The samples were
evaluated at 0, 1, 2, 4, 8, 12, and 24 hr by impleing a single agar layer method. This method
allowed us to evaluate the PFU remaining but elated the need to recover them from a
surface, because bacteriophage P22 was directhedppn the petri dish surface. The assay
consisted of dispensing 3 ml of melted 1% agarlay€d g Bacto agar/100 ml TSB) with 0.5 ml
of S Typhimurium in the log phase and 2 ml of TSB onke tpetri dish surface where
bacteriophage P22 was applied. After the overtgy aolidified, the plates were incubated at 37
°C for 24 hr, at which point the number of PFU whsnt counted. The experiment was
conducted twice using six replicates per time pa@panning 7 sampling time points and 2

application media (thus using a total of 168 plateBor each survival experiment, a positive
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control experiment, which consisted of fiftyubdroplets of bacteriophage P22 inoculated in 750
ul of PBST in 1.5 ml microcentrifuge tubes, was aflsduded in triplicate. One millilter of this

positive control was plated as described above.

3.3.3 Relative humidity and TSB wetting agent

The RH and temperature in the laboratory were nreddoefore each experiment with a digital
RH and temperature meter (VWR Scientific Productsjhe average temperature of the
laboratory during these experiments was 20.8 + 8C2@nean * standard deviation). The RH
ranges of 9 to 23% and 28 to 32% were the naturs & the laboratory during the winter and
summer months, respectively (Figure 3). For RHjeaof 55 to 58%, a small laboratory space

(14 ft by 7 ft by 9 ft) was equipped with a humieif(Bionaire, Milford, MA).

Previous studies support that use of a wetting tagpplied to the recovery material (wipe or
swab) to enhance the SRE (9, 17, 18, 28). In bnprary experiment, PBST and TSB were
compared as wetting agents applied on the fomitéasel to evaluate their effects on SRE
enhancement at 20 min. There was no statisti¢freinces between the SREs when PBST or
TSB as wetting agent was applied on the fomite @88 n=27, Student’s t-test, data not
shown). Hence, in further SRE experiments, a T®Bimg agent was used (this step is referred
to as TSB wetting). Using a disposable sprea2é®d,ul of TSB was applied and uniformly
distributed over 100 ctfomite surface area.  The recovery material sachfdoth the
disposable spreader and the fomite. The recoveatgnmals were processed as described above.
This experiment used a total of 162 plates comgjstif 2 wetting conditions, 1 fomite surface

area, 1 sampling time, 3 fomites, 3 application im@d, and 3 RHs. Each measurement was
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made in triplicate. A positive control was alsamdacted in triplicate as described previously for

the SRE experiments.

3.3.4 Percent sample recovery efficiency computatend statistical analysis

Percent sample recovery efficiency was calculased a

(D)

0 — Nmy
YoSRE = X

control

100 (3.1)

where %&RE s the sample recovery efficiency from the fomNBsy is the number of PFU
counted on the agar plate from sampling the foniites the dilution factor (the total extraction
volume divided by the volume of sample assayed), Mo IS the number of units on the agar

plate from the control experiment.

The data (%SRE) had considerable differences iranves, especially between 0 min and 20
min. Due to this, the data were transformed byiragld (to account for the zero values) and
converted to a log scale. After analyzing thedesis, it was determined that the normality
assumption of the residual did not fit the equatiberefore, the residuals were fitted under the
assumption of a gamma distribution. Two equatimnghe transformed outcome were used to

study the relationships between fomite type, apfiber media, RH, and wetting condition.

Log (YSRE +1) Bg + P1X1+ BoX2+ P3X X2+ € (3.2)

61



For equation 3.2, log (%SRE +1) is the log transked SRE, X is an independent variable that
denotes the fomite type so, ¥ a nominal variable with no numerical value {icr laminate,

and galvanized steel as categories) for which lateimwas taken as the reference category in the
analyses, Xis an independent variable that denotes the aipit media so Xis a hominal
variable (PBST, TSB, and water as categories) fbichv water was taken as the reference
category in the analyses X is the interaction between fomite type and appbcamedia, and

e is the error term. The intercdht represents the average value of the referencepgnouhis
case, is the average value of the log of the reterecategories laminate fomite and water
medium. The term$;, B2, andps are the regression coefficients known as the efi@cthe

corresponding independent variablg X,, and XX, respectively.

LOg (%SRE +1) :Bo + lel+ BzX2+ B3X3 + [34)(4 + B5X1X2+ B6X2X3 + B7X1X3+ e (33)

In equation 3.3, log(%SRE +1) is the log transfalr®RE, X and X are defined as in equation
(3.2), X3 is an independent variable that denotes RH rang& & a nominal variable (9 to 23%,
28 to 32%, and 55 to 58% as categories) for whishtd 58% was taken as the reference
category in the analyses, ¥ an independent variable that denotes the u3e&Bfwetting for
the sample collection sosX¥s a nominal variable (no wetting and TSB wettasgcategories) for
which TSB wetting was taken as the reference cayeigothe analyses, and e is the error term.
As previously explained, the intercdptrepresents the average value of the log of trexeate
categories laminate fomite, water medium, 55 to F8PhL and TSB wetting. The interaction

terms are XX, (fomite type and application medium)%s (application medium and RH), and
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X1X3 (fomite type and RH). The regression coefficigffiis;) are known as the effect for the

corresponding independent variablesXX1X,, X2X3, and X X3, respectively.

Because the independent variables used were nqrdum@my variables were used to compare
the different categories to the corresponding exfee categories. The dummy variable described
the set of experimental conditions consisting ahite type, application media, surface area,
sampling time, RH, and wetting condition as singhtity and evaluate the SRE for each set to
the next by treating two such sets as referenceirfiete and water). A regression was run using
SAS 9.2 with the GLIMMIX procedure to evaluate tbguations. The data was analyzed to
evaluate the type Il test of fixed effects (emamatfrom the factors being investigated) to
determine the significance of each of the paramespecified in the model statement (26).
Analyses of the model were performed on wettingditosn, fomite surface area and sampling
time groups. The patterns in the experimental dadiéicated differences to explore certain

effects. This limited the error rates and avoidadcellation of significant effects.

3.4 Results

3.4.1 SRE of bacteriophage P22 from various fomites

For 100 crf fomite surface area and the three application méeBST, TSB, or water), the
average SRE for the experimental data at 0 min wére 6.9% (SRE + standard deviation) for
acrylic, 70 = 7.7% for galvanized steel, and 92.49% for laminate (Figure 3.1a). The type Il
test of fixed effects (equation 3.2) for 100cfomite surface area at 0 min was significant for
fomite type (p<0.0001), application medium (p<0.DpAnd the interaction between fomite type

and application medium (p=0.0128) (Table A2.2).s&hon equation 3.2, laminate yielded the
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highest SRE, while acrylic gave the lowest SRE mdigas of which application media was used.
However, use of TSB did result in a higher SRE tdhahthe other media. PBST and TSB
performed similarly on acrylic, while PBST and wagerformed similarly on laminate (Table
A2.3). At 20 min, the average SRE for acrylic,ygalized steel and laminate were all less than 1
+ 0.9% for all application media (Figure 3.1a). heTtype IlI test of fixed effects for 100 ém
fomite surface area at 20 min was significant fumite type (p=0.0047) and application media
(p<0.0001) but not significant (p=0.3589) for tikeraction between fomite type and application
media (Table A2.4). For these conditions, the ippbn media significantly affected the SRE,
and a higher SRE was observed from application ai€8B. Similar to O min, laminate resulted
with a higher SRE, while acrylic resulted in a low8RE. Similar results were observed on

acrylic and galvanized steel when applied in PB&Hioim (Table A2.3).

Considering all application media for 1000 Tfomite surface area, the average SRE for the
experimental data at 0 min were 21 * 6.9% for lagrg26 + 3.1% for galvanized steel, and 42 +
19.2% for laminate (Figure 3.1b). The type llittekfixed effects for 1000 cfrfomite surface
area at 0 min was significant for fomite type (B@0D1), application medium (p=0.0037) and the
interaction between fomite type and application mmed(p=0.0998) (Table A2.5). The laminate
fomite yielded the highest SRE, while acrylic foengave the lowest SRE irrespective of the
application medium. The use of TSB resulted inhBigSRE, while PBST and water had
statistically equivalent SREs (Table A2.6). Atr@h, the average SRE for the 1000°domite
surface area were 2 + 1.4% or less for all surfacesapplication media (Figure 3.1b). The type
11l test of fixed effects for 1000 chiomite surface area at 20 min was significantéonite type

(p<0.0001) and application medium (p=0.0053) but significant for the interaction between
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fomite type and application medium (p=0.3720) (€aB2.7). The laminate fomite had the
highest SRE, while acrylic and galvanized steel loacer and comparable SREs. The use of

TSB and water as application media resulted irghdri SRE than the use of PBST (Table A2.6).
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Figure 3.1 Experimental SRE of bacteriophage P22 &m fomites acrylic, galvanized steel,
and laminate. Bacteriophage P22 was applied in media PBST, 888 water to fomites
surface areas of (a) 100 tand (b) 1000 cfq A pre-moistened wipe recovered bacteriophage
P22 at the initial application time (0 min) andeaftrying (20 min). Each bar represents the
average of nine plates, and the error bars représein standard deviation.
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Figure 3.2 Loss of bacteriophage P22 due to decagrsus the loss due to sample recovery
and decay. The survival of bacteriophage P22 are signifigdciocles @, applied in TSBio,
applied in water), and each point represents thennaed standard deviation of 12 plates. SREs
from 100 crd fomite surface area are signified with triang|®s, @pplied in TSBA applied in
water), and the SREs from 1000 Tfomite surface area are signified by squasesapplied in

TSB; o, applied in water). Each point of the SRE dataresents the mean and standard
deviation of 9 plates.
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3.4.2 SRE versus decay for bacteriophage P22

The method employed to determine SREs includedod®edue to decay. To separate this loss
from the SRE, bacteriophage P22 was directly apmiao a petri dish (using TSB and water),
and decay was quantified as described in the naamnd methods section using the single agar
layer method. The decay rates for bacteriophageviRze 7.97x18 hr' when applied in TSB
and 6.81x18 hr'when applied in water. After 1 hr, when th@lXroplets were visibly dry on
the petri dish, the majority of the applied badphage P22 was still infective (89.4 =+ 6.7% in
TSB and 87 = 7.9% in water). These SREs were anbally higher than the SREs detectable at
20 min by employing the double agar layer methoddictv was 0% in water and 0.62 + 1.3% in
TSB for the 100 cfacrylic fomite and 0.76 + 1.6% in water and 0.69.5% in TSB for the
1000 cnf acrylic fomite. Even at 24 hr, 2 to 5% of bactphiage P22 was detectable using the
single agar method (Figure 3.2). These resultcatdithat low or zero SRE may not always

indicate an absence of the target, because SR&salade loss due to sample recovery.

3.4.3 Impact of wetting agent at varying relativarhdity

From the described experiment, it was clear tlgatitant portion of the bacteriophage P22 was
still active on the fomite at 20 min and the reagvmaterial was unable to recover the dried
sample. To enhance recovery, TSB was applied tdothée as a wetting agent for SREs at 20
min (Figure 3.3). Each point on the distributi@presents the experimental data for each fomite
type, application medium, RH and TSB wetting comabion. The type Il test of fixed effects
using equation 3.3 was significant for applicatioredium (p<0.0001), RH (p<0.0001), the
interaction between fomite type and application mmed(p=0.0001), the interaction between

fomite type and RH (p=0.0048) and the interacti@iwieen application medium and RH
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(p<0.0001). It was not significant for fomite tye=0.7634). The results of using the TSB
wetting step were significantly different from tlosvhen it was not used (p<0.0001) (Table
A2.8). The TSB wetting step improved the mean 3$&Eall cases. For both TSB wetting and
no TSB wetting, bacteriophage P22 applied in TSBlioma resulted in a higher SRE than when
applied in the PBST and water. The exceptioni®wlas the acrylic and galvanized steel, where

water gave higher SRE at 55 to 58% RH range (TABIB).

Overall, regardless of wetting agent, higher aver@8REs were primarily observed at RH of 28
to 32% and 55 to 58%. The SRE values for both tlmeseidity ranges were not statistically
different from each other. The mean predicted SRE predominantly lower for RH range of 9
to 23% than for those at the other two ranges. Winter was used as the application medium,
the highest average SRE was always obtained foo 58% RH range and the lowest in the 9 to
23% RH range (Table A2.9). The effects of RH orESRvith the other application media (TSB

and PBST) were less obvious than those with water.
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Figure 3.3 The experimental impact of RH and TSB witing agent on the SREs of bacteriophage P22 afteirying (20min) on
100 cnf fomite surface area. Bacteriophage P22 was sampled with pre-moistevipds at RH ranges of (a) 9 to 23%, (b) 28 to
32%, and (c) 55 to 58%. Each dot on the distrdsutepresents the SRE from a single fomite (acrgiidvanized steel, and laminate)
and application medium (PBST, TSB, and water) coipon. Those with the highest SREs are labelBde solid line in the box
plot represents the median SREs, and the dashesl iapresent the mean SREs. The box plot whisk®ree and below the box
indicate the 99 and 18" percentiles, respectively.

70



3.5 Discussion

Once decontamination has been conducted on an rinsit® due to a viral outbreak or
bioterrorism event, environmental monitoring andamfitative microbial risk assessment
modeling will help determine the risk to human tealnd if the indoor site can be declared
“clean” (15, 16). When monitoring fomites for vées near the limit of detection, the results
from the linear regression equation suggest thatsémpling priority should be for 100 tm
laminate fomite. At both sampling times (0 min &@ min) and both fomite surface areas
evaluated (100 cfrand 1000 crf), laminate resulted in a higher SRE than thoselting from

the other fomites under the same conditions. Ane@se in the fomite surface area from 100 to
1000 cnf decreased the average SRE at 0 min by approxina&fh for acrylic, 40% for
galvanized steel, and 50% for laminate (Figure.3A)ower SRE for the larger surface area was
expected, because the surface density was alse.ldirevious studies suggest that one method
may not fit all scenarios, and in sampling for Erdomite surface areas the use of alternative
recovery material may be more appropriate (12).pé\methods are generally used for fomite
surface areas of 10 to 25 Grbut it is unknown what influence fomite surfaceaamay have on
the SRE (12). Low surface densities will requiaenpling of larger surface areas. Given that
the SRE at 1000 cfrarea was lower than the SRE at 100 @rea and SRE includes decay,

sampling at low surface densities must be carrigdvth caution.

In general, the application medium TSB producedh@SRES than PBST and water. TSB is an
organic medium used for the growth of bacteria amay have properties that were more
stabilizing for the bacteriophage P22 on the forthi#n on other media. It has been suggested

that suspension in more complex media may affessstance to desiccation (29). Most of the
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SRE studies reported earlier used organic medsaigpend viral particles before applying to the
fomites (Table 3.1). The higher SREs in the TSBliappon medium suggest that the application

medium may also influence the SRE, especially\atdorface densities.

The most dramatic reduction in the average SREaofdviophage P22 from the fomite was with
time (0 min vs. 20 min). Initially, inactivatiorf bacteriophage P22 could be the main reason for
this loss in SRE when the sample was dry on thetéo(B0 min). Most of the rapid inactivation
occurs during the period of desiccation when bampeage P22 becomes less stable on the
fomites than in a liquid medium (20). In additicdhe concentration that was applied to the
fomite was rather low and close to the limit ofedzion of the plaque assay. Viral survival rates
increase with increases in concentration, which si@bilize the virus against environmental
stressors (5). On average, less than 3% of bapteage P22 was recoverable after 20 min on
the fomite. The SREs reported at 20 min variedelyidfom 3 to 98.4% (Table 3.1). Each of the
studies had a different experimental approach éertining the SREs from fomites which may
account for the broad range of SREs reported. Ké&set al. 1983 (19), using cotton swabs,
recovered rotavirus, poliovirus and bacterioph&y@rfmediately after applying the samples to
the fomite. Similarly, cotton swabs were useddoower norovirus and rotavirus dried for 15
min on the fomite by Scheret al. 2009(28). Takuet al. 2002 (36) evaluated three methods,
moistened cotton swabs or nylon filter, fomite @mttwith elution buffer and aspiration, and
scraping with aspiration, to recover feline caliarg dried for 15 min on the fomite. The
recovery materials antistatic cloth, cotton swall palyester swab were evaluated by sampling
bacteriophage MS2 dried for 45 min on the fomité)(1Sattaret al. 1987 (27), analyzed the

SREs of human rhinovirus 14 dried on 1 cm diameisks for 1 hr and then eluted the virus by
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submerging the disk in 1 ml of tryptose phosphat#hband sonicating. It is evident that the
number of parameters influencing the SREs is ratasge, posing a challenge for simple

comparison.

A positive sample result indicates surface contation and potential risk of exposure.
However, a negative result does not entirely enslieeabsence of infectious agents and the
absence of the potential risk of exposure (28)llolaing the same protocol, Masagbal. 2008
(20) found bacteriophage P22 to survive for 366 cnf fomites (aluminum, ceramic, glass,
plastic, stainless steel, and laminate) when appdiea surface density of approximately’ 10
PFU/cnf (Table 3.1). The decay rate of bacteriophage Rgfyrted in Masaget al. 2008 (20),
for the plastic fomite was 5.2xEthr'. When eliminating the recovery method by applyiing
bacteriophage P22 (surface density 2.5 + 0.9 PFf)/clinectly onto the petri dish (plastic
fomite), 2 to 5% of bacteriophage P22 could be dett at 24 hr. The decay rates for
bacteriophage P22 on petri dish were estimatecetd.87x1F hr* when applied in TSB and
6.81x10° hr* when applied in water. The differences betweendécay rates in Masagbal
2008 (20) and this study were most likely due ® smple concentrations, since higher initial
titers have shown to extend survival on fomites (8 seen in Figure 3.2, at 1 hrybdroplets
were visibly dry) an average of 88.2 £ 7.3% of #pplied bacteriophage P22 was still active.
The majority of the loss (40 to 60%) occurred betwdours 1 and 2. Compared to this, the
average SRE from the 100 tand 1000 crhacrylic surfaces at 20 min (d droplets visibly
dry) was less than 1% (Figure 3.2). The survidarganisms on fomites is known to be agent
specific and ranges from 0.75 hr for rotavirus @d@ys for astrovirus (Table 3.1). Temperature,

RH, fomite surface area, and sample concentratierath known to affect survival (5, 32, 40).
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Knowledge of the organisms’ response to environalesiress on the fomite is important in

determining the appropriate detection methods amgl@ying clean up strategies.

The results of the experiment designed to sep#nateecay from sample recovery (Figure 3.2)
revealed that for surface densities of 0.4 to 4 leff) SREs were low due to poor efficiency of
the recovery method rather than decay. The TSHmnwettep improved the SREs for all cases at
20 min (Table A2.9). The SRE results doubled mrtigjority of the cases, especially when the
application medium was TSB. However, this TSB mgtstep, the combination of the scraping
from the disposable spreader and the applicatiohefTSB wetting solution applied onto the
fomite, may have physically dislodged the viral tides, resulting with a higher SRE than
without the TSB wetting step (36). It can alsodpeculated that the bacteriophage P22 may
adhere strongly to the fomite surface after dryongnay attach to an imperfection on the fomite
so that the sampling material cannot desorb thes\off the fomite. Surface roughness has been
shown to influence adhesion and cell retentiorotoifes, which can affect recovery (31, 38). In
this study, surface roughness was not measured. addtion of the TSB wetting step

demonstrates the potential to further desorb vetisen the fomite and improve SRE.

The RH and temperature are crucial parametersifal survival on fomites (Table 3.1) (4, 5,
32). Higher SREs were observed for bacteriophd&f & RH ranges of 28 to 32% and 55 to
58% regardless of the use of a wetting agent (Eigu8). At RH range of 9 to 23%, the lowest
SREs were obtained (Table A2.9). The combinatibapplication medium and RH may also
play a significant role in SRE. Bacteriophage Rpplied in water consistently had the highest

SREs at 55 to 58% and the lowest SREs at 9 to 238tvever, for the RH ranges evaluated, its

74



effect was not as obvious for the other applicatioedia. The interaction between RH and

application media may be a useful parameter inemginting sampling strategies.

3.6 Conclusions

In summary, efficient sample recovery and detectimthods are essential in determining the
exposure of humans to viruses and the resultikgmis contaminated indoor environment. The
SREs of bacteriophage P22 from fomites at concemtia near the limit of detection were

influenced most by time of sampling, fomite surfagea, the use of a wetting agent and RH.
The observations made here using bacteriophag@a$azurrogate highlight some of the factors
that must be considered when sampling for very kwface densities of threat agents.
Understanding the contributions of decay and regowe the overall measured SREs under
various conditions and the parameters affectingntigll assist in implementing appropriate

sampling methods and decontamination strategies.
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Table A2.1 Comparison of Julianet al. 2011 to this manuscript.

Parameter

Julianet al. 2011

This manuscript

Organism
Surface density

Fomites

Fomite area
Application vol.

Application medium
Fomite seeding

Sampling time
Relative humidity

Sampling
material/implements

Eluents (applied to
sampling material)

Fomite wetting agent

(applied to fomite)
Extraction medium

Detection method

Bacteriophage MS2
3.7 £+ 0.13 PFUfcm

PVC, Type 304 Stainless Steel

25 ch
5ul

50% solution of TSB and ditutibuffer
(5 MM NaH2PO4 and 10 mM NacCl)

In the center of the fomite

45 min (dry)
45 to 60%

Cotton swab, polyester swab, pre-

moistened antistatic wipe

Ringer’s solution, saline solution, viral
transport media, and 1mM sodium

hydroxide solution
N/A

Ringer’s solution, saline sautiviral
transport media, and 1 mM sodium

hydroxide solution
Culture and gPCR

Bacteriophage P22
4.3 + 1.9 PFU/crnfor 100 crj,
0.4 + 0.2 PFU/cifor 1000 cri
Acrylicygaized steel,
laminate
100 cnd, 1000 cri
Fifty 1 pl droplets

PBST, TSB and sterile distilled
water
Fifgyl droplets places in grid

formation on the fomite

0 min (initial) and 20mgdry)

9 to 23%, 28 to 3280 &5 to
58%
Pre-moistened antistatic wipe

N/A

TSB (PBST evaluated in
preliminary experiments)
PBST

Culture
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Table A2.2 Fit statistic, type Il test of fixed efects and parameter estimates for 100 cfrat

0 min.
100 cntfat O min

Fit statistics

-2 Log likelihood 627.83
AlIC 647.83
BIC 671.77
Type Il test of fixed effects

Effect Num DF? DenDF’° F-value p-value
Fomite 2 72 106.56 <0.0001
Media 2 72 19.67 <0.0001
Fomite*Media 4 72 3.42 0.0128

Parameter estimates

Effect Estimate SE° DF t-value p-value
Intercept 4.4785 0.05883 72 76.12 <0.0001
Fomite (Laminaté)

Acrylic -0.9253 0.0832 72 -11.12 <0.0001

G. Steel -0.3935 0.0832 72 -4.73 <0.0001
Media (Water)

PBST -0.0041 0.0832 72 -0.05 0.9608

TSB 0.1271 0.0832 72 1.53 0.1309
Acrylic*PBST 0.4053 0.1177 72 3.44 0.0010
Acrylic*TSB 0.2884 0.1177 72 2.45 0.0167
G. Steel*PBST 0.1775 0.1177 72 1.51 0.1359
G. Steel*TSB 0.2227 0.1177 72 1.89 0.0624

a. Num DF-numerator degrees of freedom
b. Den DF-denominator degrees of freedom
c. SE-standard error

d. (Laminate or Water)-reference category
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Table A2.3 %SRE for fomites 100 crh at 0 and 20 min. Estimates reported from log
transformed data. Mean and 95% confidence inté@Rlreported in %SRE.

100 cnf at 0 min

Media Fomite Mean 95% ClI

PBST Acrylic 51.16 45.39 57.66
PBST G. Steel 69.69 61.87 78.49
PBST  Laminate 86.74 77.03 97.66
TSB Acrylic 51.92 46.06 58.50
TSB G. Steel 83.33 74.00 93.83
TSB Laminate 99.04 87.97 100.00
Water Acrylic 33.93 30.06 38.27
Water G. Steel 58.44 51.86 65.83
Water  Laminate 87.10 77.35 98.06

100 cnf at 20 min

PBST Acrylic 0.22 0.00 0.77
PBST G. Steel 0.26 0.00 0.83
PBST  Laminate 0.35 0.00 0.96
TSB Acrylic 0.62 0.11 1.35
TSB G. Steel 1.79 0.92 3.06
TSB Laminate 2.86 1.66 4.62
Water Acrylic 0.00 0.00 0.45
Water G. Steel 0.40 0.00 1.04
Water  Laminate 0.80 0.23 1.61
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Table A2.4 Fit statistic, type Il test of fixed efects and parameter estimates for 100 cfrat
20 min.
100 cnfat 20 min

Fit statistics

-2 Log likelihood 199.63
AIC 219.63
BIC 243.58
Type Il test of fixed effects

Effect Num DF? DenDF’° F-value p-value
Fomite 2 72 5.77 0.0047
Media 2 72 13.08 <0.0001
Fomite*Media 4 72 1.11 0.3589
Parameter estimates

Effect Estimate SE° DF t-value p-value
Intercept 0.5853 0.1880 72 3.11 0.0027
Fomite (Laminaté)

Acrylic -0.5853 0.2658 72 -2.20 0.0309

G. Steel -0.2488 0.2658 72 -0.94 0.3524
Media (Water)

PBST -0.2852 0.2658 72 -1.07 0.2869

TSB 0.7662 0.2658 72 2.88 0.0052

Acrylic*PBST 0.4841 0.3760 72 1.29 0.2020
Acrylic*TSB -0.2852 0.3760 72 -0.76 0.4506
G. Steel*PBST 0.1781 0.3760 72 0.47 0.6371
G. Steel*TSB -0.07744 0.3760 72 -0.21 0.8374

a. Num DF-numerator degrees of freedom
b. Den DF-denominator degrees of freedom
c. SE-standard error

d. (Laminate or Water)-reference category
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Table A2.5 Fit statistic, type Il test of fixed efects and parameter estimates for 1000 ¢m
at 0 min.

1000 cniat 0 min

Fit statistics

-2 Log likelihood 593.08
AIC 613.08
BIC 637.03
Type Il test of fixed effects

Effect Num DF? DenDF’° F-value p-value
Fomite 2 72 25.57 <0.0001
Media 2 72 6.07 0.0037
Fomite*Media 4 72 2.03 0.0998
Parameter estimates

Effect Estimate SE° DF t-value p-value
Intercept 3.5090 0.1106 72 31.72 <0.0001
Fomite (Laminaté)

Acrylic -0.5045 0.1564 72 -3.22 0.0019

G. Steel -0.1526 0.1564 72 -0.98 0.3327
Media (Water)

PBST 0.06866 0.1564 72 0.44 0.6621

TSB 0.5963 0.1564 72 3.81 0.0003

Acrylic*PBST 0.0129 0.2212 72 0.06 0.9537
Acrylic*TSB -0.4139 0.2212 72 -1.87 0.0654
G. Steel*PBST -0.2064 0.2212 72 -0.93 0.3541
G. Steel*TSB -0.5511 0.2212 72 -2.49 0.0150

a. Num DF-numerator degrees of freedom
b. Den DF-denominator degrees of freedom
c. SE-standard error

d. (Laminate or Water)-reference category
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Table A2.6 %SRE for fomites 100 crh at 0 and 20 min. Estimates reported from log
transformed data. Mean and 95% confidence inté@Rlreported in %SRE.

1000 cns at 0 min

Media Fomite Mean 95% CI
PBST Acrylic 20.89 16.56 26.29
PBST G. Steel 24.00 19.05 30.16
PBST Laminate 34.79 27.71 43.62
TSB Acrylic 23.21 18.42 29.19
TSB G. Steel 29.01 23.07 36.42
TSB Laminate 59.66 47.66 74.62
Water Acrylic 19.18 15.18 24.15
Water G. Steel 27.69 22.01 34.76
Water Laminate 3241 25.80 40.66
1000 cnd at 20 min
PBST Acrylic 0.00 0.00 0.49
PBST G. Steel 0.00 0.00 0.49
PBST Laminate 1.52 0.70 2.75
TSB Acrylic 0.76 0.18 1.61
TSB G. Steel 0.53 0.03 1.27
TSB Laminate 3.79 2.22 6.11
Water Acrylic 0.69 0.14 151
Water G. Steel 0.55 0.05 1.31
Water Laminate 1.42 0.63 2.60
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Table A2.7 Fit statistic, type Ill test of fixed efects and parameter estimates for 1000 ¢m
at 20 min.
1000 cniat 20 min

Fit statistics

-2 Log likelihood 220.86
AIC 240.86
BIC 264.81
Type Il test of fixed effects

Effect Num DF? DenDF’° F-value p-value
Fomite 2 72 16.36 <0.0001
Media 2 72 5.64 0.0053
Fomite*Media 4 72 1.08 0.3720
Parameter estimates

Effect Estimate SE° DF t-value p-value
Intercept 0.8847 0.1984 72 4.46 <0.0001
Fomite (Laminaté)

Acrylic -0.3606 0.2806 72 -1.29 0.2028

G. Steel -0.4436 0.2806 72 -1.58 0.1183
Media (Water)

PBST 0.04088 0.2806 72 0.15 0.8846

TSB 0.6814 0.2806 72 2.43 0.0177

Acrylic*PBST -0.5649 0.3968 72 -1.42 0.1589
Acrylic*TSB -0.6426 0.3968 72 -1.62 0.1097
G. Steel*PBST -0.4820 0.3968 72 -1.21 0.2285
G. Steel*TSB -0.6980 0.3968 72 -1.76 0.0829

a. Num DF-numerator degrees of freedom
b. Den DF-denominator degrees of freedom
c. SE-standard error

d. (Laminate or Water)-reference category
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Table A2.8 Fit statistic, type Il test of fixed efects and parameter estimates for the impact
of TSB wetting at varying relative humidity.
100 cnfat 20 min — Impact of TSB wetting at varying relaé humidity

Fit statistics

-2 Log likelihood 750.05
AlIC 792.05
BIC 856.89
Type Il test of fixed effects
Effect Num DF? Den DF°  F-value  p-value
Fomite 2 142 0.27 0.7634
Media 2 142 64.58 <0.0001
RH 2 142 11.19 <0.0001
Wetting 1 142 69.43 <0.0001
Fomite*Media 4 142 6.14 0.0001
Fomite*RH 4 142 3.91 0.0048
Media*RH 4 142 7.33 <0.0001
Parameter estimates
Effect Estimate SE° DF t-value p-value
Intercept 2.3953 0.2441 142 9.81 <0.0001
Fomite (Laminaté)
Acrylic 0.6651 0.2960 142 2.25 0.0262
G. Steel 0.3896 0.3071 142 1.27 0.2067
Media (Water)
PBST -1.2233 0.2972 142 -4.12 <0.0001
TSB 0.3315 0.3062 142 1.08 0.2807
RH (55-58%)
9-23% -1.7154 0.3009 142 -5.70 <0.0001
28-32% -0.3712 0.3006 142 -1.23 0.2190
Wetting (TSB wetting)

No TSB wetting -0.9655 0.1159 142 -8.33 <0.0001
Acrylic*PBST -1.2437 0.3303 142 -3.77 0.0002
Acrylic*TSB -0.9918 0.3302 142 -3.00 0.0032
G. Steel*PBST -0.03479 0.3300 142 -0.11 0.9162
G. Steel*TSB -0.7465 0.3318 142 -2.25 0.0260
Acrylic*9 — 23% 0.6897 0.3319 142 2.08 0.0395
Acrylic*28 — 32% -0.3686 0.3308 142 -1.11 0.2670
G. Steel*9 — 23% -0.2752 0.3320 142 -0.83 0.4085
G. Steel*28 — 32% -0.3207 0.3311 142 -0.97 0.3344
PBST*9 — 23% 1.3659 0.3305 142 4.13 <0.0001
PBST*28 — 32% 0.8506 0.3298 142 2.58 0.0109
TSB*9 — 23% 1.6817 0.3333 142 5.05 <0.0001
TSB*28 — 32% 0.9008 0.3316 142 2.72 0.0074

a. Num DF-numerator degrees of freedom

b. Den DF-denominator degrees of freedom

c. SE-standard error

d. (Laminate, Water, 55 to 58%, TSB wetting)-referecategory
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Table A2.9 %SRE for no wetting vs. wetting at varyng RH. Estimates reported from log
transformed data. Mean and 95% confidence intgi@§l reported in %SRE. Bacteriophage
P22 was sampled at RH ranges of 9 to 23%, 28 tq aa#h55 to 58%.

100 cnf at 20 min No Wetting Wetting

Fomite Media RH Mean 95% CI Mean 95% CI

Acrylic  PBST 9-23% 0.00 0.00 0.54 1.54 0.57 331
Acrylic ~ PBST 28 — 32% 0.00 0.00 0.27 1.02 0.22 523
Acrylic  PBST 55 — 58% 0.00 0.00 0.11 0.81 0.09 02.0
G. Steel PBST 9-23% 0.00 0.00 0.52 1.46 051 230
G. Steel PBST 28 — 32% 1.05 0.26 2.35 4.40 239 875
G. Steel PBST 55 — 58% 0.75 0.05 1.94 3.60 1.81 55 6.
Laminate PBST 9-23% 0.00 0.00 0.43 1.28 0.37 2.78
Laminate PBST 28 — 32% 0.99 0.21 2.25 4.21 2.23 7.41
Laminate PBST 55 — 58% 0.23 0.00 0.99 2.23 1.03 4.14
Acrylic TSB 9-23% 7.09 3.93 12.28 20.25 12.25 .033
Acrylic TSB 28 — 32% 3.93 2.07 6.92 11.95 7.12  689.
Acrylic TSB 55 — 58% 3.20 1.53 5.95 10.03 5.54 577.
G. Steel TSB 9-23% 1.99 0.79 4.00 6.85 3.71 12.11
G. Steel TSB 28 — 32% 4.02 2.01 7.38 12.18 6.96 8%0.
G. Steel TSB 55 — 58% 3.07 1.60 5.39 9.70 5.85 715.
Laminate TSB 9-23% 4.63 2.46 8.15 13.78 8.35 22.37
Laminate TSB 28 — 32% 8.88 5.03 15.20 24.96 15.12  40.81
Laminate TSB 55 — 58% 4.82 2.46 8.79 14.28 8.24 24.27
Acrylic  Water 9-23% 1.91 0.76 3.82 6.65 3.57 791.
Acrylic  Water 28 — 32% 2.88 1.37 5.33 9.18 5.25 .585
Acrylic  Water 55 - 58% 7.13 416 11.80 20.34 12.1533.62

G. Steel  Water 9-23% 0.00 0.00 0.33 1.21 036 126
G. Steel  Water 28 — 32% 2.09 0.91 3.99 7.11 4.02 .0912
G. Steel  Water 55 — 58% 5.16 2.68 9.33 15.20 8.526.35
Laminate Water 9-23% 0.00 0.00 0.22 0.97 0.20 2.25
Laminate Water 28 — 32% 1.88 0.76 3.71 6.57 3.64 11.36
Laminate Water 55 - 58% 3.18 1.59 5.74 9.97 5.77 16.77
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Chapter 4: Genetic characterization of microorgasisn highly touched and untouched fomites

4.1 Abstract

In the indoor environment, an important route a@n@mission of bacterial and viral disease is
through the interaction with fomites. Touched famitare mostly influenced by the interactions
with individuals while untouched fomites are infhoed by air movement. Understanding the
bacterial communities on the fomites in an indoovi®nment may affect disease transmission
models and quantitative microbial risk assessment$ierefore, in this study, the bacterial
communities on highly touched and untouched fomitea university setting were analyzed.
Samples from touched and untouched fomites weréeated from the common lounge,
computer room, and cafeteria of six dormitoriesha University of Michigan. Non-porous
fomites of plastic, metal, and wood (e.g., computesuse, door knob, and window sill,
respectively) with surface areas ranging approxgatO to 100 crhwere sampled using pre-
moistened wipes. DNA was exacted from the samgbesanalyzed using 454 GS FLX Roche
sequencing of the 16S rRNA genes. Results frons&8ples shows that the majority of the
sequences found on both touched and untouched demitere from three core phyla.
Proteobacteria, Actinobacteria and Firmicutes regmeed an average of 81.4% and 83.8% of the
bacteria community on touched and untouched fomigspectively. The bacterial communities
on touched and untouched fomites were statistiddifierent. The bacterial communities on
touched fomites were more diverse and had mord fetated bacteria present compared to
untouched fomites. There were no correlations esebetween sample date/time, locations,

dormitory rooms, fomite materials or fomite typethe knowledge of the bacterial communities
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on touched and untouched fomites can further exglee exposure pathway for fomites in the

indoor environment.

4.2 Introduction

In 2010, the United States had 20.3 million peaggieolled in higher education and of these
approximately 2.5 million people lived in collegesidence halls (6, 43). In addition to personal
living quarters, many of these residence hallsra$feared amenities such as common lounges,
computer rooms, study/meeting rooms, gyms, catserclassrooms and offices. College
students are generally at a higher risk of infedtidiseases due to a shared living space, closer
contact with other residents, variable hygiene tsadind likeliness to engage in risk behavior (8,
30). Interactions with bacterial contaminated fawiin a setting where the population is
working, eating and sleeping could lead to an addgkl especially when there is variable
cleaning or infection control practices (3, 31).cBa& outbreaks on university campuses have
included meningitis, seasonal influenza, gastrogiste measles, mumpsSreptococcus,

pertussis and Methicillin-resistaBtaphylococcus aureus (MRSA) (8, 20, 30, 31).

Fomites can be a vehicle in the transmission fdh lemteric and respiratory pathogens in the
indoor environment (2, 16, 26). Pathogens caniseiron fomites for hours to months
depending on the environmental conditions, such tg®e and concentration of the
microorganism, temperature, relative humidity, &hdexposure (14, 16, 26, 41). The microbial
diversity in the indoor environment is comprisedn@troorganisms from outdoor habitats (i.e.,
soil, water, and air) being transported indoorshbynans, pets, animals or ventilation systems;

microorganisms originating on indoor sources (ifemites or water); and humans or pets
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shedding of body secretions (i.e., blood, fecasgeysaliva and nasal fluid) (2, 21, 23). Touched
fomites (e.g., study table, door knob, or compueuse) are mostly influenced by the direct
interactions with humans. Untouched fomites (elgp, of a cabinet or bookshelf) are more
influenced by air movement and less direct intévactvith humans. Differences between the
bacterial communities from touched and untoucheahitts may be due to the cleaning
frequencies, ventilation rates, and the continmatulation and re-inoculation of fomites that are
frequently touched (9, 21, 26). There are manglistuthat have shown pathogen contamination
on fomites and the opportunity for transmissiondeycare centers, schools, nursing homes,
office buildings, residential homes, public ardasspitals, and food preparation settings (16, 26).
There have also been a few studies that sampledef®om the university setting. These studies
focused on detecting one organism (i.e., MRSAaureus or Senotrophomonas maltophilia)
and the total coliforms or total heterotrophic lesiet on fomites in bathrooms, kitchens and

computer rooms (3, 8, 31, 38).

When trying to better understand the diversityhef bacteria on fomites there are limitations to
those methods, which include diluted target comegiohs, environmental impurities,
background inhibitors, and organisms in a viablermt cultivable state (15). High-throughput
sequencing of the 16S rRNA gene allows us to exarfia microbial communities on fomites to
begin understanding the interactions between migaosms, humans, and the indoor
environment (13). When evaluating bacterial comitneBion hospital fomites, Oberauretral.
2013 (34), was only able to detect 2.5% of thel fodaterial diversity using standard cultivation

when in comparison to the 16S rRNA pyrosequenaegrique.
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The pyrosequencing approach has provided insigbtire diversity of bacterial communities on
fomites in offices (17), hospitals (18, 34, 35)daesidential households (9, 12, 19). In all of
these studies, there was a core set of phyla pgresethe indoor fomites, which consisted of
Proteobacteria, Firmicutes, Actinobacteria and osthtases Bacteroidetes. Distinct differences
in the bacterial community structure were obsenwmecdomparison of different locations, rooms,
and types of fomites (Table 4.1) (9, 12, 17-19,38), To our knowledge, only two studies have
evaluated the bacterial communities on indoor usitae fomites (13, 23). Floreat al. 2011
(13) sampled public restroom surfaces and wastabteuster the fomite communities into three
general groups: fomites associated with toiletsiroem floors, and routinely touched fomites
(i.e., door handle, faucet knobs, and soap dispeng&&mbelet al.2014 (23) sampled fomites in
restrooms, offices, and classrooms. The bactewmhmunities were most influenced by
architectural design characteristics, building rgement, human use and movement, and

ventilation sources (Table 4.1) (23).
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Table 4.1 Summary of studies analyzing the bactedi@ommunities on fomites in the indoor environmenusing

pyrosequencing.

Jeonet al (19) Floreset al(12) Dunnet al.(9) Hewitt et al(17) Hewitt et al(18)
Location N/A Boulder, CO Raleigh-Durham, NC New York, NY;  San Diego, CA
San Francisco, CA;
Tucson, AZ
Category Household Household Household Office Hospital
Room Kitchen, bathroom Kitchen Kitchen, bathroom, Neonatal intensive care
bedroom, living room, units (NICU)
outside
Fomite Refrigerator, toilet Counter top, faucet,Cutting board, kitchen  Chair, phone, Baby bedside, door button,
sink, cabinet, counter, refrigerator, computer mouse, incubator, pyxus, sink,
microwave, toilet seat, pillowcase,  keyboard, desktop weigh cart
refrigerator, freezer, door handle, tv screen,
oven, stove, wall, door trim (interior,
garbage can, floor exterior)
Date N/A September 2011 Autumn 2011 N/A January 2002 (M),
February 2009 (NICU2)
Sampling Easy swab kit Sterile cotton swab  Dual-tippedilst&@BL  Dual-tipped sterile  Dual-tipped sterile BBL
method culture swabs BBL culture swabs culture swabs
Sequencing 454 GS Junior System  Illlumina HiSeq2000 Illlumin&eélj or MiSeq 454 GS FLX System 454 GS FLX System
method
Area 25cnt N/A N/A 13 cnf 12 cnf
No. sample 2/10 houses 82/4 houses 9/40 houses 5/90 offices (3 13/NICUL, 17/NICU2 (2
buildings) hospitals)
Occupancy 4-5 ppl./house N/A Ppl., children, cats, dogs  Hdfices N/A
inhabited by men or
women
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Table 4.1 (cont'd).

Jeonet al (19) Floreset al(12) Dunnet al.(9) Hewitt et al(17) Hewitt et al(18)
Exposure Untouched, touched Untouched, touched Untoucleadhed Touched Untouched, touched
Core phyla  Proteobacteria, Proteobacteria, Proteobacteria, Firmicutes,Proteobacteria, N/A
Firmicutes, Firmicutes, Actinobacteria Firmicutes,
Bacteroidetes, Bacteroidetes, Actinobacteria
Actinobacteria Actinobacteria
Source Skin, gut Skin, food, water Skin, oral cavity, gut Skin, nasal cavity, Gut, oral cavity, skin,
leaves, soll oral cavity, gut, soil urine, vagina, outdoor air,
soil
Influence N/A Communities were  Communities were Communities were  Communities were
community different between grouped into depositional correlated with significantly different
kitchens. Sample areaenvironments, kitchen location, especially between buildings.
had different associated, and frequently NY and CA
communities (ie touched surfaces. compared to AZ
moist vs dry). Communities were suggesting an effect

different between kitchens.to climate.
Presence of dogs attributed

mostly to variation in

communities. Significant

distinction between

exterior and interior

microbial communities.

No Communities from  Communities on Occupants, presence of  Offices inhabited by NICU samples clustered
influence refrigerator and toilet fomite in the same  cats, presence of children, men or women. with other fomites in
community  were similar. kitchen were similar. use of pesticides, presenceDifferent fomites. offices, healthcare centers
of carpet, and the presence and restrooms.
of allergies.
Fomite Assumption: more  Assumption: higher ~ Assumption: surfaces that N/A N/A
hygiene DNA was present in diversity was found are regularly cleaned have
refrigerator vegetable on floors, exhaust lower levels of diversity
drawer than toilets  fans, and freezer than surfaces that are
probably due to doors probably due tocleaned infrequently.

cleaning frequency. infrequent cleaning.
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Table 4.1 (cont'd).

Pozaet al(35) Oberauneret al(34) Kembelet al(23) Floreset al(13)
Location Coruna, Spain Graz, Austria Eugene, OR Boulder, CO
Category Hospital Hospital University University
Room ICU and entrance hall ICU Lillis Hall: classroom, Restroom
office, restroom
Fomite Computer screen, Floor, medical device, Fomites above head level Door handle, faucet haadép
monitor, drawer, workspace, bandage trolley, dispenser, toilet seat, toilet flush
medical device, keyboard handle, floor
keyboard, door handle,
refrigerator, microwave
Date June 2009 N/A June 22-24, 2012 November 2010
(3 consecutive days)
Sampling Sterile lint BiSKit, nylon flocked swab Shop-Vael@ Hang Up  Sterile cotton swab
method vacuum.
Sequencing 454 GS FLX System 454 GS FLX System lllumina MiSeq 454 GS Junior System
method
Area N/A 1 nt, 25 cni 2 nf N/A
No. sample N/A 24/ICU (5 floor, 11 devices, 8 155 fomites (4 floors in  10/12 bathrooms (6 male, 6 female
workplace) Lillis Hall) in 2 buildings)
Occupancy N/A N/A Low and high occupancy N/A
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Table 4.1 (cont'd).

Pozaet al(35) Oberauneret al(34) Kembelet al(23) Floreset al(13)
Exposure Touched Touched Untouched Touched
Core phyla Proteobacteria, Firmicutes,Proteobacteria, Firmicutes, Proteobacteria, Firmicutes Proteobacteria, Firmicutes,
Bacteroidetes, Bacteroidetes, Actinobacteria, Deinococci Bacteroidetes, Actinobacteria
Actinobacteria Acidobacteria, Cyanobacteria,
Nitrospira
Source Skin, oral, gut, water Skin, gut, water, soil Humeswil, plants Skin, gut, urine, vagina, oral,
water, soll
Influence ICU and entrance hall Floor bacterial communities  Architectural design Communities were grouped into
community  bacterial communities formed clusters distinct from characteristics, building those found on toilet surfaces,
were different. Entrance  medical devices. arrangement, human use restroom floors, and surfaces
hall was more diverse than and movement, and routinely touched with hands.
ICU. ventilation caused largest Toilet flush handle had similar
influence on communities. communities as the floor.
High occupant space
(classrooms) and restrooms
were associated with
human microbiome. Low
occupant space (offices)
was associated with
outdoor environments.
No N/A Communities from medical  N/A Male and female restrooms were
influence devices were similar to not statistically significant
community workplaces.
Fomite Sampling was done at N/A N/A N/A
hygiene 8AM before routine

cleaning.
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The microbial community structure for indoor enwvinoents and their impact on human health
remains relatively unknown (7, 13, 17, 23, 37). r @ypothesis is that touched fomites, which
have direct human interaction, will have a moreedde bacterial community and will have more
genera associated with the human microbiome tharutitouched fomites. Understanding the
indoor environment, especially since humans spemioximately 90% of their lives indoors,

will assist in determining the affect (good, bacheutral) microorganisms have on human health
(21, 22). Defining the bacterial community on toed and untouched fomites may indicate
patterns and insight on the exposure routes inntieor environment (25). This will lead to

effective cleaning and infection control practi¢2s, 25).

4.3 Materials and methods

4.3.1 Fomite sample collection

Non-porous fomites (plastic, metal, and wood) wsampled in the common lounge, computer
room and cafeteria from 6 dormitories at the Ursitgrof Michigan. Samples were collected in
the afternoon from the dormitories; East Quadraiig) on February 19, 2007, Bursley (BU)
on February 20, 2007, Stockwell (ST) on FebruaryZlD7, Couzen (CO) on March 6, 2007,
Betsy Barbour-Helen Newberry (BN) on March 7, 208rid Alice Lloyd (AL) on March 8,
2007. Fomite surface areas ranging from 10 to d®® were sampled with pre-moistened
Fellowes screen cleaning wipes (no. 99715; Fellpwasca, IL), as described in Herzegal.
2012 (16). Five touched and five untouched fomitese randomly collected in each location
for a total of 180 samples. After sampling the itegthe pre-moistened wipe was placed into a
50 ml tube containing 10 ml of phosphate bufferalthe Tween-80 (PBST). The samples were

extracted from the wipe by vortexing the tube fomih. The sample solution and wipe were
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poured into a 60 ml syringe. The sample solutioms vpressed into the Amicon ultra-15
centrifugal filters (UFC910024, Millipore, Billersg MA) for concentration. The original 50 ml
tube was rinsed with 5 ml PBST and vortexed fors30rhe rinsate was then added to the
Amicon tube and centrifuged for 1 min at 3,000 x@pncentrated samples were pipetted into a

1.5 ml eppendorf tube and stored in a “8dreezer.

4.3.2 DNA extraction, PCR and 454 sequencing.

DNA was extracted from all of the samples using@idampDNA mini kit (Qiagen, Valencia,
CA). DNA was quantified using a Qubit fluorome{&vitrogen, Grand Island, NY). Extracted
DNA concentrations ranged from 0.066 to 3.74ugg/ PCR amplification was performed in
triplicate on all samples. Samples were amplifisthg the Fast Start High Fidelity PCR system
(Roche, Indianapolis, IN). PCR reactions wereiedrout in a total volume of 20l which
included 1ul of sample DNA (approximately 10 nd), 0.4 ul of 10 mM dNTP, 3ul of MgCly,

2 ul of 10x buffer, 0.3ul of BSA, 0.3ul of Tag DNA polymerase, gl of Fusion Tag primer, 2
ul of 10mM reverse primer and @l of dH,O. Thirty cycles of PCR amplification were
performed and included an initial denaturing ste@5C for 45 s, an annealing step at®&7for

45 s, and an extension step at°@2for 1 min. Prior to the first amplification cycthere was a
denaturing step at $& for 3 min. At the end of the 30 amplificationctss there was a final 72
°C extension for 4 min. PCR amplicon sizes weremened with 1% agarose gel (1XTAE) in
three separate wells per samples. Gel bands wahihto 300 bps were excised and DNA
extraction was done using Qiagen gel extractiorfQiagen, Valencia, CA). For samples with a
negative PCR results, a total of three separatengtls were made for amplification. Final eluted

samples were purified using Qiagen PCR purificatkin(Qiagen, Valencia, CA). Purified
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samples were combined to final concentration of ighl in a volume of 10ul (per plate).
Sixty-nine samples were given to the Research T@obggy Support Facility (RTSF) at Michigan
State University for sequencing on the 454 GSFLadium Sequencer. In addition, the Robert
Britton Lab at Michigan State University ran 24 sd@s on the 454 GS Junior System. Detailed
lists of the sequenced samples are found with dpelsmental material in the appendix (Tables

A3.1-A3.3).

4.3.3 Data analysis

Analysis of the sequences was through QIIME, sofwfor a wide range of 16S rRNA
microbial community analyses (5). Quality controdere maintained by using default
parameters for high quality sequences (>200 bpngth, quality score >25, and exact match to
barcode and primer) and clustered into OTUs at $&¢uence identity (13, 17). UCLUST
generated the high quality clusters (10). Reptesigr sequences for each OTU was aligned
against Greengenes core dataset using PyNAST tosdficiently align thousands of 16S rRNA
genes (4). Taxonomy was assigned with the RDR5iflxs(42). UniFrac analysis was used for
the principal coordinated analysis (PCoA) to detaawifferences of the microbial communities
(28). Phylogenetic diversity (PD) was calculatgdie sum of the branches of the phylogenetic
tree leading to sequences in a sample (11, 22).PBgoa cutoff of 400 sequences was made for
an equal comparison of samples. Samples CO.CL.ZA®, EA.CF.4, EA.CP.7, and BU.CL.1
only had 10 sequences and were not included iRPEheomparison. For the samples sequenced
on the 454 GS Junior System, the cutoff was 96essrps; therefore, EA.CP.2 was not included
in this analysis. The Student’s t-test was usedietermine the statistical difference between the

diversity on touched and untouched fomites.
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4.4 Results

Touched and untouched fomites had a core set ofapiich included Proteobacteria,
Actinobacteria and Firmicutes. The relative abuntgaof the core set of phyla represented an
average of 81.4% and 83.8% of the bacterial comiywon touched and untouched fomites,
respectively (Figure 4.1). However, the composgiof the community structure were different
between touched and untouched fomites. The averlggve abundance of Proteobacteria,
Actinobacteria, Thermi, and Cynobacteria were higbe untouched fomites. For touched
fomites Firmicutes, Bacteroidetes, Deferribacterasd Tenericutes had a higher relative
abundance compared to untouched fomites. It shoeilldoted that the phylum Deferribacteres
represents only one genubiucispirillum) and the average relative abundance on touched
fomites was 3%. From this analysis there seen® too patterns with the bacterial community

and the fomite material (Figure 4.1).

The PCoA of the un-weighted and weighted UniFrastagices between sample exposures
resulted in a clear clustering of touched and wtied fomites (Figure 4.2). When three of the
fomites were sampled, it was assumed that theyesepted untouched fomites but the
community structure fit with the touched fomitespttted as green squares in figure 4.2. There
were also fomites that were assumed to be touch#tedime of sampling but the community
analysis appeared to be untouched (Figure 4.2pARfots were also analyzed to distinguish if
there were any correlations between sample daw/tiocations, dormitory rooms, fomite
materials, and fomite types. There were no cadicgla with any of those parameters (Figures

A3.1-A3.5). The PD of the bacterial communitiesnfrboth fomite exposures were significantly
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different (Student’s t-test p=0.0005) (Figure 4.3Y.ouched fomites had a higher bacterial

diversity than untouched fomites.

A general examination of the compositions of thaega (or lowest classification available) on
touched and untouched fomites were compared, witht@tf at an average relative abundance of
0.5% or higher. The total relative abundance efdbnera were 79.6% and 74.9% for touched
and untouched fomites, respectively (Figure 4.2he main sources of the genera found on
touched fomites were from the animal gut (50.6%in &ind oral (18.8%), plants (3.4%), water
and soil (3.1%), and extremophiles (3.0%) (Figu#a}t On untouched fomites the sources of
the genera were from skin and oral (39.8%), watet soil (14.4%), extremophiles (12.3%),
plants (7.16%), and the animal gut (2.6%) (Figu#b} Similar relative abundance, PCoA and
PD results were observed from samples sequencdigeofb4 GS Junior System and presented

in the appendix (Figures A3.6-A3.14).
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Figure 4.1 Relative abundance of bacterial commurngs for each sample on (a) touched
fomites and (b) untouched fomites at the phylum cksification level. The fomite material for
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Figure 4.3 Phylogenetic diversity (PD whole tree pe400 sequences) of fomite exposures
touched and untouched. The solid and dotted lines represent the mediaunlrand mean result,
respectively. The solid circles represent théymg samples. The box plot whiskers above and
below the box indicate the 90and 18' percentiles, respectively. Touched and untouched
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samples are significantly different (p=0.0005)
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Figure 4.4 Characterization of organisms on (a) toched and (b) untouched fomites at the lowest clafisation available.
illustrated is 79.6% and 74.9% for touched and uctied fomites, respectively.
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4.5 Discussion

Similar to the literature, the touched and untodcfamites had a common core set of phyla
which included Proteobacteria, Actinobacteria andnieutes (9, 12, 17-19, 34, 35). The
touched fomites had an additional dominate phyl8adteroidetes and Deferribacteres with an
average relative abundances of 6.3% and 3.0%,ctsply. Bacteroidetes was also observed as
a dominate phylum in studies that analyzed toudbedtes (Table 4.1). Additional dominate
phyla for untouched fomites were Thermi (6.8%) &hobacteria (6.2%). By observing the
bacterial community structure at the phylum lebelre seems to be a distinct difference between
the two fomite exposures (Figure 4.1). Kemdtedl. 2014 (23) discovered that human use and
movement can influence the bacterial communitycstme. Each of the rooms in the dormitories
that were sampled would have had a high occupamcynbre than 14 hr per d. Most of the
bacterial exposure of touched fomites comes froendinect interaction between humans and
fomites while untouched fomite exposures are maimflyyenced by air movement. Therefore,

touched fomites would have a different communitycure than untouched fomites.

The PCoA showed a distinct clustering of bactecamnmunities on touched and untouched
fomites (Figure 4.2). While the majority of thengales were collected and identified as either
touched or untouched, there were some samplesviitat assumed to have a certain exposure
but the community analysis proved to be the opposior instance, a wood sofa hand rest-
EA.CL.4, was assumed to be a touched fomite bub#wterial community appeared to be from
an untouched fomite. All of the samples were otdld at random and there were no observation
in human behavior prior to sampling. Thereforegsth samples could either be untouched

fomites or it may be possible that these fomitesewwuched more frequently and the
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microorganisms were transferred to human handsateanot equal to the microorganisms being
deposited onto the fomites. Transfer efficienciesm non-porous fomites to fingers for
Escherichia coli, S aureus, Bacillus thuringiensis, MS2 coliphage, and poliovirus ranged from
<0.04 to 57% at low relative humidity and 12.8 &@5B6 at high relative humidity (26). In a
real-world scenario, the transfer efficiencies nisy even higher than the reported ranges
because unwashed hands have resulted in greatée ftmfinger microbial transfer efficiency
than washed hands (26). In addition, informatiegarding the fomite hygiene, such as how
often the fomites were cleaned and which fomitesevelosen, were not available. The use of
disinfectant cleaning wipes can physically removeraorganism as well as chemically degrade
the remaining microorganisms left on the fomitdne Tse of disinfectant cleaning wipes resulted
in a range of 2.5 to 5 lggreductions forE. coli, S aureus, B. thuringiensis and poliovirus on
nonporous fomites (27). Both limitations could kp why some fomites did not fit within the

initial labeling.

The PCoA analysis between dormitory halls, roomsjife material and fomite type did not
have any clear correlations on the bacterial comiregn(Figure A3.2-A3.5). Other studies have
varied results on the correlation between diffedemitdings, rooms, and fomites (Table 4.1).
Many of the variations in the results could be doethe indoor environmental conditions.
Natural environmental conditions such as seasoaahtions and climate, relative humidity,
temperature, and UV exposure are known to effectabial community structure and survival
(24, 16, 17, 21, 37). In addition, mechanical ¢bods can have an effect on bacterial
communities. Frankedt al. 2012 (14) observed indoor bacterial concentratienalne more

diluted with an increase in the air exchange r&enilarly, Kembelet al. 2012 (22) found that
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human pathogens were higher in rooms with lowew ftates and that mechanically ventilated
rooms were less diverse than those ventilated witldows. Other important factors influencing
bacterial communities were fomite hygiene, archuted design, building arrangements, and
human use and movement (12, 23). Though all cfethgarameters effect the survival of
bacterial communities, many of these parameters vaely reported. Further investigation will
be needed to better understand the interactiondaetthe bacterial community structure and the

influences of natural environmental conditions, hatdcal conditions and human behavior.

The bacterial communities were more diverse onfhedcfomites than on untouched fomites
(Figure 4.3). Frequently touched fomites are a&mesdr for the transmission on pathogens,
bacteria are picked up and/or deposit through hane@st contact with the fomites (25, 26).
Higher bacterial diversity on touched fomites suppthe idea that touched fomites have direct
interactions with humans in comparison to untouctoedites. With the high occupancy of the
university dormitories and the students’ variabigyibne habits this could be a potential for

disease outbreaks.

On touched fomites the majority of the communitysveé bacteria found in the human gut while
the majority on untouched fomites was from bactéwiand on skin and the oral cavity (Figure
4.4). ThelLachnospiraceae family are a dominate group found in the gut comityuof humans
and animals (29, 33, 36).achnospiraceae, especially concurrently witBacteroidales, has been
studied as an indicator for human fecal contamomaitn water (29, 32, 33). On touched fomites,
the average relative abundanceLeaichnospiraceae was 25.8% andBacteroidales was 4.2%

(Figure 4.4a). Lachnospiraceae was also present on untouched fomites but at ehnmwer
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average relative abundance, 0.65%. To our knoweleDgferribactereMucispirillum has only
one specied. schaedleri studied in the literature (1, 24, 39, 4M1. schaedleri is found in the
mammalian gastrointestinal tract (3Mlucispirillum was present on touched fomites at average
relative abundance of 3%Propionibacterium and Streptococcus were skin related genera and
possible pathogens that were dominate on both &mbahd untouched fomites (Figure 4.4b) (18,
34). Propionibacterium had an average relative abundance of 6.4% anddf6touched and
untouched fomites, respectivel@reptococcus had an average relative abundance of 3.2% and
8.7% for touched and untouched fomites, respegtivéill of these possible pathogen genera
were found in every dormitory and room (common geincomputer room and cafeteria). The
limitation of the data collected on touched untaafiomites is the ability for quantification of
the pathogens present at the species classificiiat to be able to determine the exposure
concentration and potential risks. However, thegadis able to identify possible exposure
pathways and hazards. It was evident that forindeor environment, exposure to potential

pathogens occurs on touched fomites more commonly.

4.6 Conclusions

By characterizing the bacterial communities orctmd an untouched fomites in dormitory halls
helped to further understand the interactions betweumans, bacteria and fomites. Humans
clearly impacted touched fomites more than untoddbeites, which was evident by the higher
diversity on touched fomites. Touch fomites alsdicated an abundance of fecal indicators and
genera associated with the human microbiome whpgeared in every dormitory and room.
Additional studies analyzing the various parameferg., relative humidity, temperature, air

flow rate, etc.) that effect microbial communityustture would improve the understanding of
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the indoor environment. The defined bacterial camities on touched and untouched fomites
presented will give insight on probable exposuraites for effective fomite hygiene

interventions to improve risks to human health.
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Table A3.1 Summary of all samples sequenced.

Housing Students Number of
positive samples
(JR samples)
Dormitory
Alice Lloyd (AL) Co-ed 500 7 (2)
Couzen (CO) Co-ed 525 8 (7)
Stockwell (ST) Female 400 15 (2)
Betsy Barbour & Helen Newberry (BN) Female 230 P (2
Bursley (BU) Co-ed 1270 14 (3)
East Quadrangle (EA) Co-ed 860 16 (7)
Room
Common lounge (CL) 30 (6)
Computer lab (CP) 21 (7)
Cafeteria (CF) 18 (11)
Exposure
Touched 32(9)
Untouched 37 (15)
Fomite Material
Plastic 30 (10)
Metal 17 (7)
Wood 15 (5)
Tile 2(1)
Glass 2 (0)
Cement 1(0)
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Table A3.2 Sample description for those sequenced the 454 GS FLX System.

Sample ID Fomite Fomite Exposure Dormitory Room Final  Primer
material conc. no.
(ng/ul)
EA-CL-4 Sofa hand rest Wood €2 EastQuad Common 25.80 65
lounge
EA-CL-5 Chair hand rest Wood U2 East Quad Commoré4.14 66
lounge
EA-CL-8 Cabinet top Glass U East Quad Common 1.87 67
lounge
EA-CL-10 Bookshelf Wood T East Quad Common 2.48 68
lounge
EA-CF-2 Chair Wood T East Quad Cafeteria 1.87 70
BU-CL-4 Study table Tile T Bursley Common 3.11 71
lounge
EA-CP-4 Computer Plastic T East Quad Computer 9.30 72
Mouse lab
ST-CL-9 Top fire alarm Plastic 12 Stockwell Common 2.14 73
lounge
CO-CF-1 Microwave Plastic T Couzen Cafeteria 4.17 74
button
BN-CL-2 Faucet Metal T BetSy Common 25.50 75
lounge
BN-CL-5 Lock Metal T Betsy Common 22.60 77
lounge
AL-CF-1 Microwave Plastic u2 Alice Cafeteria 7.17 79
Lloyd
BU-CP-3 Doorknob Metal uz2 Bursley Computer 33.50 80
lab
EA-CP-7 Computer stand  Plastic U East Quad Computer.00 81
lab
BN-CL-6 TV control Plastic T Betsy Common 2.38 82
lounge
CO-CL-9 Bin top Metal U Couzen Common 4.40 83
lounge
ST-CF-2 Salad bar Metal u2 Stockwell  Cafeteria 6.10 84
utensil
BU-CL-6 Doorknob Metal uz2 Bursley Common 8.10 85

lounge

a. U2-are samples that were assumed to be from toudoha@tes but the community
appears to be from untouched fomites.
b. U-untouched fomites
c. T-touched fomites
d. T2-are samples that were assumed to be from unéduidmites but the community
appears to be from touched fomites.
e. East Quad-East Quadrangle
f. Betsy-Betsy Barbour/Helen Newberry
g. N/R-not recorded
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Table A3.2 (cont'd).

Sample ID Fomite Fomite Exposure Dormitory Room Final  Primer
material conc. no.
(ng/pl)
BU-CL-10 M card reader  Plastic T2 Bursley Common  30.10 86
lounge
BU-CP-7  Top of Plastic T Bursley = Computer 7.90 87
computer lab
ST-CL-4 Windowsill Wood T Stockwell Common  3.09 88
lounge
EA-CL-2 Study table Wood T East Quad Common 11.00 89
lounge
EA-CP-2 Keyboard- Plastic T East Quad Computer 16.80 90
space key lab
ST-CP-9 Top of Plastic T Stockwell  Computer 1.52 92
telephone lab
EA-CP-8 Computer hard Plastic T East Quad Computer 4.50 93
drive lab
EA-CF-8 Tissue box Plastic U East Quad Cafeteria 9.0@ 95
AL-CL-1 Vending Plastic T Alice Common  7.70 96
machine Button Lloyd lounge
AL-CL-5 Microwave Plastic U2 Alice Common  18.50 97
buttons Lloyd lounge
AL-CF-5 Ice cream Metal uz2 Alice Cafeteria 19.60 99
dispenser Lloyd
AL-CL-4 Study table Wood u2 Alice  Common  3.95 100
Lloyd lounge
AL-CF-8 Salad bar Glass T Alice Cafeteria 3.18 101
sheeze guard Lloyd
BN-CL-4 Doorknob Metal u2 Betsy Common 12.30 102
lounge
BU-CP-9 Switch knob Plastic U Bursley Computer 1.64 103
top lab
CO-CL-5 Water fountain  Metal uz2 Couzen Common 12.90 104
button lounge
BU-CF-4 Dining table Plastic uz2 Bursley Cafeteria 18.80 105
CO-CP-3 Study table Plastic T Couzen Computet0.90 65
lab
CO-CP-8 Top of scanner Metal T Couzen Computer.10 66
lab
CO-CF-9 Top of fire Plastic U Couzen Cafeteria 6.82 67
alarm
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Table A3.2 (cont'd).

Sample ID Fomite Fomite Exposure Dormitory Room Final  Primer
material conc. no.
(ng/ul)
ST-CL-8 Top of waste Metal U Stockwell Common 9.82 68
bin lounge
ST-CF-1 Dining table Wood T Stockwell  Cafeteria 2.5 70
EA-CL-9 Windowsill Cement U East Quad Common 10.61 71
lounge
ST-CL-6 Study table Wood T Stockwell ~ Common 3.45 72
lounge
EA-CF-10 Food cover Plastic U East Quad Cafeteria9.04 73
ST-CF-6 Top of ice Metal U Stockwell  Cafeteria 2.81 74
container
ST-CL-7 Top of fire Wood U Stockwell  Common 2.09 75
place lounge
ST-CP-10  Top of air Plastic U Stockwell  Computer 2.47 77
conditioner lab
BU-CF-10 Cover forice Plastic U Bursley Cafeteria  11.40 79
container
BU-CL-3 ATM machine  Plastic uz2 Bursley Common 1.93 80
button lounge
CO-CL-1 TV remote Plastic T Couzen Common 6.20 81
control lounge
BN-CP-8 Computer table Wood U Betsy Computer 4.84 83
(backside) lab
BN-CP-9 Wall close to Wood T2 Betsy Computer 1.77 84
door lab
BN-CF-3 Milk dispenser Metal uz2 Betsy Cafeteria 43. 85
ST-CL-1 Water fountain Plastic U2 Stockwell  Common 5.45 86
lounge
ST-CP-3 Study table Wood T Stockwell  Computer3.60 89
lab
EA-CL-3 Front desk Wood T East Quad Commonl3.70 90
lounge
ST-CP-6 Keyboard-enter Plastic T Stockwell  Computer 7.91 91
and space bar lab
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Table A3.2 (cont'd).

Sample ID Fomite Fomite Exposure Dormitory Room Final  Primer
material conc. no.
(ng/pl)
EA-CP-10 Doorknob Metal T East Quad Computer5.80 92
lab
ST-CF-3 Salad bar deck Metal T Stockwell  Cafeterial.52 93
ST-CF-5 N/R Plastic T Stockwell  Cafeteria 5.76 94
BU-CL-1 Public phone Plastic T East Quad Computer6.67 95
lab
EA-CF-4 Handle of rice  Plastic U2 East Quad Cafeteria  20.80 96
cooker
CO-CL-2 Study table Wood u2 Couzen Common 1.36 97
lounge
BU-CL-9 Top of heater Metal U Bursley Common 3.05 99
board lounge
BU-CL-7 Top of shelf Tile U Bursley Common 10.70 100
lounge
BU-CP-5 Stapler Metal & uz2 Bursley Computer 8.66 101
plastic lab
BN-CP-5 Study table Wood u2 Betsy Computer 3.70 102
lab
BN-CP-7 Top of printer Plastic T Betsy Computer 5.20 103
lab
BU-CF-3 Salad bar Plastic uz2 Bursley Cafeteria 2.60 104
spoon
AL-CP-7 Top of printer Plastic uz2 Alice  Computer 2.40 105

Lloyd lab

118



Table A3.3 Sample description for those sequenced the 454 GS Junior System.

Sample ID Fomite Fomite Exposure Dormitory Room Final  Primer
material conc. No.
(ng/ul)
BN-CL-8 Water fountain  Plastic uz2 Betsy Common 1.31 65
handle lounge
BU-CF-7 Doorknob Metal T Bursley Cafeteria 4.77 67
AL-CL-2 Soda fountain Plastic U2 Alice Common  0.97 70
button Lloyd lounge
AL-CP-3 Counter Plastic uz2 Alice Computer  1.80 71
workshop Lloyd lab
CO-CP-9 Top of shelf Wood U Couzen Computer3.60 73
lab
CO-CF-2 Dining table Wood uz2 Couzen Cafeteria 430 75
BN-CF-5 Salad dressing Plastic uz2 Betsy Cafeteria 3.40 77
utensil
CO-CF-8 Windowsill Wood U Couzen Cafeteria 7.60 79
CO-CF-10  Floor Tile U Couzen Cafeteria 7.30 81
ST-CF-7 Top of Metal U Stockwell  Cafeteria 4.15 86
microwave
EA-CL-6 TV top Plastic T2 East Quad Common 9.15 91
lounge
EA-CP-5 Study table Plastic T East Quad Compute27.50 92
lab
EA-CF-9 Fire alarm Plastic T2 East Quad Cafeteria .551 94
CO-CF-5 Doorknob Metal U2 Couzen Cafeteria 8.71 95
EA-CF-5 Dining table Wood T East Quad Cafeteria 09.4 96
BN-CP-6 Computer Metal U2 Betsy Computer 3.60 102
screen lab
CO-CF-1*  Microwave Plastic u2 Couzen Cafeteria 417 74
CO-CL-9* Bintop Metal U Couzen Common 4.40 83
lounge
ST-CF-2* Salad bar Metal T Stockwell  Cafeteria 6.10 84
utensil
BU-CL-6* Doorknob Metal uz2 Bursley Common 8.10 85
lounge
BU-CP-7*  Top of Plastic uz2 Bursley Computer 7.90 87
computer lab
EA-CL-2*  Study table Wood T East Quad Common11.00 89
lounge
EA-CP-2*  Keyboard- Plastic T East Quad Computer 16.80 90
space key lab
EA-CP-8* Computer hard Plastic T East Quad Computer 4.50 93

drive

lab

*Samples that were also run on the 454 GS FLX @yste
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Figure A3.1 PCoA of the weighted UniFrac distances between samepdate and time.
Where the dates and sample time are represent ¥ for 2/21/07 at 1:05 to 2:45I« for 3/8/07
at 1:45 to 3:10Ps for 3/7/07 at 12:30 to 2:151A for 2/19/07 at 1:30 to 4:00F, for 2/20/07 at
3:50 to 5:18P, ana! for 3/6/07 at 1:20 to 3:05F
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Figure A3.2 PCoAof the weighted UniFrac distances between sampleclations Where the
dormitories are represented ¥ for Stockwell, » for Alice Lloyd, = for Betsy Barbour an
Helen Newberry A for East Quadrangl< for Bursley, anc:» for Couzen.
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Figure A3.3 PCoAof the weighted UniFrac distances between dormitoryooms  Wheree
are the common lounges,are the computer labs, a A are the cafeterias where samples
collected.
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Figure A3.6 Relative abundance of bacterial commuties for each sample on touched
fomites (A) and untouched fomites (B) at the phyluntlassification level (sample sequenced
on the 454 GS Junior System).The fomite material for each sample is labeledvpiastic,
metal, wood, or tile.
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Figure A3.8 PCoA of the weighted UniFrac distances between sample ®@aand time
(sample sequenced on the 454 GS Junior Syster Where the dates and sample time
represented by’ for 2/21/07 at 1:05 to 2:45f« for 3/8/07 at 1:45 to 3:10 e for 3/7/07 at
12:30 to 2:15P A for 2/19/07 at 1:30 to 4:00 » for 2/20/07 at 3:50 to 5:18P, ¢ m for 3/6/07
at 1:20 to 3:05P.
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Figure A3.9 PCoA of the weighted UniFrac distances between sampleciations (sample
sequenced on the 454 GS Junior Systelr Where the dormitories are representedV for
Stockwell, » for Alice Lloyd, for Betsy Barbour and Helen NewberrA for East
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Figure A3.13 Phylogenetic diversity (PD whole tre@er 96 sequences) of fomite exposures
touched and untouched (sample sequenced on the 46& Junior System). The solid and
dotted lines represent the median and mean, resglgct The solid circles represent the
outlying samples. The box plot whiskers above hatbw the box indicate the 8cand 16
percentiles, respectively. Touched and untouclaatptes are significantly different (p=0.005),
using the student t-test
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Figure A3.14 Characterization of organisms on (a)duched and (b) untouched fomites at the lowest clsification available

(sample sequenced on the 454 GS Junior System)/here the taxonomic rank is represented by class, o for order, f for family,

and g for genus.

The total relative abundancestiited is 87.8% and 78.9% for touched and untaldbmites, respectively.
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Chapter 5: Conclusions

The QMRA framework is a widely accepted formal mse for estimating human health risks.
QMRA has been a useful approach to a variety afaoes in, but not limited to, public health,
emergency response, environmental control measares decontamination efficacy. QMRA
addresses probabilities of disease using mathemhatiodels and integrated data sets that
characterize microbial pathogen exposures throagletvironment. This framework has proven
to be more sensitive than conventional epidemicligapproaches for estimating human health

risks (5, 2).

One of the critical steps to a QMRA is the exposassessment. The exposure assessment
identifies and determines the exposed populatlomekposure pathway, environmental fate and
transport, concentration, frequency, length of tiofeexposure and estimates the dose (or
distribution) for an exposure (5, 2). The exposassessment presents the most variability and
uncertainty in the risk assessment due to thearastdynamic nature of this data. Variability in
the measured exposure data can be caused by ddésén location, activity, human behavior,
environmental conditions and the environmental atimhis variation in the data will result in
differences in exposure to a microbial pathogen2(5, Complete data sets and quantitative
information for the exposure assessment are ofbémavailable, either lacking in information or
non-existent. By simplifying assumptions to congare for the lack of data may result in
uncertainty about the exposure estimates. Avdigland quality of data and information can
reduce the amount of uncertainty. For better nsknagement decisions the variability and

uncertainty in the exposure assessment shoulddraatkrized or limited (5, 2).
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The overall objective of the presented work wasatlress knowledge gaps and concerns
regarding microbial pathogens (bioterrorism andctibus disease) associated with public health
risks at concentrations at the limit of detectiorthe indoor environment. The results collected
in these three chapters can be applied for theneein@ent of the exposure assessments for the
indoor environment by addressing the data varigbéind uncertainty. The objectives of this
work were addressed by reviewing the instrument andironmental limits of detection,
calculating the risk estimates at the instrumeit @mvironmental limits of detection, evaluating
the SRE variability to environmental factors at thmit of detection, and characterizing the

bacterial communities on touched and untouchedtésmi

In the exposure assessment, the limit of detectibrany method plays a critical role in

determining the method capabilities and assistdefining the exposure concentration. The
environmental limit of detection is important besadt takes into consideration the many steps
to processing samples in an environmental matrier go detection. Whereas, the instrument
limit of detection is evaluated with pure culturemd represents ideal conditions. A
decontamination efficacy risk scenario for the mdcenvironment may have substantial
variability and uncertainty due to working with mobial concentrations at or near the limit of

detection.

Data assessment issues (i.e., quantitatively ualgldhe methods and sampling procedures)
were revealed during the decontamination process the releaseB. anthracis spores in 2011

(3). Therefore, in chapter 2, a literature reviewas conducted on the instrument and
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environmental limit of detection for methods detegtB. anthracis. The instrument limit of
detection from 9 different methods ranged from &fsml to 16 cells/ml. Instrument limits of
detection for real-time PCR and PCR were the messifive with median instrument limits of
detection of 430 and 440 cells/ml, respectivelyhef® were only 15 studies (out of the 71
articles on method limits of detection fBr anthracis) that reported the environmental limit of
detection. Of those, there were only 4 articlestlmn detection oB. anthracis from fomites,
even though; fomites are a critical exposure matrithe transmission of pathogens in the indoor
environment (1, 4). The most sensitive environmlkelntits of detection were 0.1 CFU/g saill,

17 CFU/L air, 1 CFU/L water, and 1 CFU/¢fomite.

The potential risk to human health was then catedlaising the limits of detection as the
exposure concentration and assumptions based anhalation route in an indoor environment.
There were enough articles published on the inggnirfimit of detection for PCR and real-time
PCR for there to be a distribution of values far #xposure concentration parameter. However,
the environmental limit of detection could not haleated as a distribution due to the lack of
information. More environmental limit of detecti@tudies should be conducted in order to
further define the environmental exposure. Orlitam this distribution experimentally evaluate
the pathogen in an environmental matrix and prazksisrough to detection. The median risk
estimate at the instrument limit of detection amel énvironmental limit of detection were 0.0062

and 0.52, respectively.

The sensitivity analysis of the risk models indechthat the limit of detection model parameter

had the most influence in determining the risknc8iSRE directly affects the limit of detection,
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characterizing the SRE would result in a more s$mesiand less variable detection method.
Therefore, in chapter 3, the focus was to quantébt evaluate the parameters that affect SRE
from fomites (a relevant environmental matrix i thdoor environment) at the environmental
limit of detection (fomite surface areas 100 and®0@nf at low concentrations 0.4 and 4

PFU/cnf).

Similarly to B. anthracis, viral pathogens pose a potential risks to humeaith in the indoor
environment but may have more persistence issuésnaites. In chapter 3 bacteriophage P22, a
virus surrogate, was chosen over the robustneBs afthracis spores to evaluate the variability
in SRE as a function of fomite type, fomite surfanea, sampling time, application media,
relative humidity and wetting agent. Experimentathe parameters that had the most effect on
the SRE were sampling time, fomite surface areattimge agent, and relative humidity.
Sampling time affected the SRE the most, withimi0 less than 3% of bacteriophage P22 was
recoverable. Fomite surface area of 10¢ cesulted in a higher SRE than 1000°diomite

surface area.

The low (<3%) recovery of bacteriophage P22 fromifes at 20 min prompted the comparison
of the loss due to recovery versus inactivatiorhese results indicated that bacteriophage P22
was active (approximately 90% of sample concemnaton the fomite at 20 min and remained
detectable (2 to 5%) 24 hr later. To enhance taedard recovery method for dry samples, a
TSB wetting agent was applied with a disposableeager to the fomite. This added step
improved the SRE for all samples at 20 min. Redatiumidity and temperature are critical

parameters for virus survival on fomites. The éffef relative humidity on SRE was
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investigated and it was observed that the SRE wgi'ehwhen relative humidity was greater

than 28%.

Chapter 3 highlighted some of the parameters thet toe considered when recovering viruses
on fomites near the environmental limit of detectidn addition, it revealed that there was still
substantial risk to human health after samplesdiad onto the fomite. The survival and SRE
are known to be organism-specific. Future workusthdocus on to quantitatively evaluating the
parameters that affect SRE from fomites of selecdeh organisms for pathogenic gram-

negative, gram-positive and spore-forming bacteria.

To further define the indoor exposure pathway, dampere collected in university dormitories
to determine the bacterial communities on fomit@s dnin situ case scenario. The use of
cultivation method was necessary in chapter 3 t@alide to evaluate recovery and survival of
active bacteriophage P22 on fomites. However, hapter 4, the use of high-throughput
sequencing of the 16s rRNA gene provided the ghititexamine bacterial communities at a
greater depth than culture-dependent methods, wimclerestimates the bacterial community
structure. The bacterial community structure arched and untouched fomites were defined, as
well, as any effect from the dormitory halls, rogrfenite material, and fomite type had on the

community.

Three core phyla (Proteobacteria, Actinobactema, Birmicutes) were present on touched and
untouched fomites at different relative abundanceBouched fomites had a more diverse

bacterial community compared to untouched fomitesecal related bacteria (such as
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Lachnospiraceae and Mucispirillum) were at a higher relative abundance on touchtésrthan
untouched fomites. There were no correlations aétdrial community structure and the

parameters of dormitory halls, rooms, fomite maleand fomite type.

The work presented in chapter 4 did not quantify amount of bacteria present or employ the
improved recovery method, but instead examined pbential hazards on touched fomites
(where exposure interaction between fomite, pathoged human take place) compared to
untouched fomites. The knowledge of bacterial camitres on touched and untouched fomites
is further evidence of the role fomites have on tfamsmission of infectious diseases in the
indoor environment. Additional studies should f®@n the possible effects of the parameters
such as human behavior, fomite hygiene protocalspiing time and environmental conditions
(temperature, relative humidity, etc.) on the baatecommunity. While the use of high-
throughput sequencing of the 16s rRNA gene proviaedtiple indicators, a limitation to this
technique was the inability to identify the micrganism at the species level. The next step of
this research would be to develop and use moletetainiques based these results from fomites
samples in the indoor environment to identify spegbathogen that are responsible for the

potential risk to human health.

The results from these chapters aimed to definanpeter for the exposure assessment of
microbial hazards at the environmental limit of ed¢iton for the indoor environment. The
impact of these results is the establishment ofrenmental monitoring strategies and clean up

goals. As well as, reliably assist in identifymgh certainty the risk to human health.
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