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Microorganisms found in the indoor environment of retail stores are not well 

studied, despite potentially serious human exposure implications.  In this study, filters 

from central heating, ventilation, and air-conditioning (HVAC) units were used to collect 

a time-integrated sample of the airborne indoor microbiome in 14 U.S. retail stores. The 

microbial communities recovered from the filter dust samples were analyzed with 

pyrosequencing to characterize the fungal and bacterial microbiome present.  The 

objectives of this work were to: (1) characterize the microbial communities present in 

retail stores, (2) delineate relationships between the indoor microbiome and building or 

environmental parameters, and (3) evaluate the use of HVAC filter dust as a sample 

location for indoor microbial investigations.  The microbiome in retail stores was 

observed to be diverse with 4,771 and 1,577 unique operational taxonomic units for 

bacteria and fungi, respectively.  The diverse microbial community detected over time in 

the same store could not be fully explained by seasonal trends.  That indicates that even 

when utilizing a long-term sampling approach like HVAC filter samples, the indoor 

microbiome cannot be completely characterized by a single sampling event.  The 

bacterial community in retail stores was influenced by the outdoor microbiome and 

microbiota commonly associated with human skin.  Physical location of the retail stores 

had some influence on the bacterial microbial community present and strongly impacted 
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the fungal community recovered.  Air exchange rate did not influence the observed 

bacterial or fungal communities. In a comparison to five other indoor air samplers, 

passive samplers including HVAC filter dust and settled dust captured a higher diversity 

of the microbial community.  The collection of a more diverse sample may allow 

detection of potentially pathogenic microorganisms.  However, there was significant 

difference in the microbial community structures recovered between samplers in the same 

sampling event which suggests sampling methodology has an impact on the inferred 

microbiome recovered.  The overall results from this study indicate that retail stores 

harbor a diverse microbial community that varies over time. 
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1. INTRODUCTION 

1.1 PROBLEM STATEMENT 

Microorganisms are ubiquitous in the indoor environment, potentially exposing 

building occupants to a wide range of bacteria, fungi and cellular debris (Jones 1999).  

Indoor microorganisms can be associated with sick building syndrome symptoms (Burge 

et al. 1987; Harrison et al. 1992), asthma (Gent et al. 2009; Mendell et al. 2011), allergies 

(Horner et al. 1995; Ross et al. 2000), and infectious disease transmission (Chang and 

Chou 2011; Rudnick and Milton 2003).  Researchers have explored microorganisms in a 

wide variety of indoor environments, including residences, classrooms, and hospitals.  

However, retail stores represent one indoor microbial environment that has not been 

investigated.  In the United States, exposure of individuals to retail environments is 

substantial;  retail salespeople and cashiers represent the two largest occupations in the 

U.S. accounting for nearly 6% of the workforce (BLS 2012) and 39% of Americans 

purchase consumer goods daily (BLS 2011).  The microorganisms may be influenced by 

store stock carried from geographically diverse origins, produce and meat, cooking 

activities, and diverse occupant loads.  Indeed, a variety of individuals visit retail stores 

throughout the day, each carrying a unique microbiota (Lui 2011) and depositing 

microorganism through desquamation (Hospodsky et al. 2012) and other means.  These 

factors may create a subset of microbes in the indoor retail environment that are different 

from other indoor environments. 

A potential location for sampling the microbes in the indoor environment is the 

filters from the central heating, ventilation, and air conditions (HVAC) units.  In the U.S., 

retail facilities primarily control the comfort level and indoor air quality by HVAC units 

that contain air filters.  The primary design function of the filters is to remove large dust 
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particles, but a secondary benefit is the removal of airborne microorganisms.  HVAC 

filters have been successfully applied to sample bacteria, fungi, and viruses in the air 

(Goyal et al. 2011; Möritz et al. 2001; Noris et al. 2011; Stanley et al. 2008).  The 

microbial-laden filter dust also provides a long-term representative sample of the air 

(Farnsworth et al. 2006; Kemp et al. 2001).  In contrast, indoor air sampling approaches 

typically employed in microbial studies have several limitations.  For example, settled 

dust is widely used for long-term sampling of the indoor microbial environment but these 

samples can be influenced by the aerodynamic diameter of particles (Nazaroff 2004; 

Noris et al. 2009) and a considerable amount of soil transported from outdoors by the 

occupants (Rintala et al. 2012).  Pump operated active-samplers typically capture a small 

fraction of the air volume in an indoor environment which may not be adequate for 

characterizing the microbial community present and may over or understate temporal 

changes.  Although HVAC filter dust sampling also has limitations, including viability 

and inhibitory effects, it represents a potentially improved method of sampling 

microorganisms in the indoor air and is particularly suitable for application to the large-

volume retail stores in the present study. 

1.2 OBJECTIVES 

The primary objective of this study was to investigate the indoor bacterial and 

fungal microbiome found in retail stores in the United States.  To accomplish this 

objective, airborne bacterial and fungal cells captured on HVAC filters were recovered 

from 14 retail stores in Texas (TX) and Pennsylvania (PA) and analyzed with 

pyrosequencing.  This research lays the foundation for indoor microbial studies in retail 

stores and other environments with HVAC filters. Specific research objectives for the 

study included the following: 
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Objective 1.  Characterize the bacterial and fungal microbiome present in U.S. 

retail stores through molecular (i.e. rRNA marker gene) methods and analyze the 

sequences recovered with taxonomic classification, diversity measurements, and 

phylogenetic tools to: 

 Explore the influence of human occupants and outdoor microbiota on the 

indoor bacterial microbiome found in retail stores; 

 Examine how the microbial community inferred from pyrosequencing 

differs from that obtained with Sanger sequencing, quantitative 

polymerase chain reaction (qPCR) or culture-based methods; 

 Explore the effect that sequencing two different DNA targets (ITS and 

D1/D2) has on the fungal community observed in retail stores;  

Objective 2.  Delineate potential relationships between the observed microbial 

communities and building and environmental parameters through statistical 

analysis and phylogenetic metrics; 

 Assess if the two DNA amplification regions lead to different 

interpretations on effects of parameters on fungal communities; 

Objective 3.  Investigate the fundamental results of recovery of microorganisms 

from the HVAC filter dust; 

 Compare microbial communities recovered on HVAC filter dust to other 

indoor air samplers. 

This dissertation addresses the specific objectives above to fill existing gaps 

including the microbes in retail stores, influence of building and environmental 
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parameters on indoor microbial communities, and advancement of HVAC filter dust 

knowledge. 

1.3 SCOPE 

To characterize the indoor bacterial and fungal communities present in retail 

stores, 14 different stores were investigated, several over different seasons for a total of 

24 sampling events.  The primary location for retrieving the indoor microorganisms was 

the dust removed from HVAC filters installed at each retail site.  Analysis of the dust 

samples was conducted using pyrosequencing supplemented with qPCR and culturing.  

At one site, HVAC filter dust and five other indoor air samplers were deployed to assess 

the impact of sampling method on the microbial communities detected.  The scope of the 

dissertation research has been divided into the following series of three investigations to 

address the study objectives: 

1. Survey of the indoor bacterial and fungal microbiome in selected U.S. 

retail stores; 

2. Analyze the influence of building and environmental parameters on the 

microbial community observed; and 

3. Evaluate HVAC filter dust as an indoor microbial sampler 

The first investigation focused on characterizing the indoor bacterial and fungal 

microbiome recovered from dust on HVAC filters of fourteen retail stores and analyzed 

by pyrosequencing, qPCR of 36 selected fungal species, and total culture counts of 

bacteria, fungi, and salt-tolerant fungi.  The influence of human occupancy and outdoor 

air microbiota on the indoor microbiome was explored through comparison with 
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published studies and pyrosequencing datasets.  In addition, the HVAC filter dust 

samples recovered from four retail sites were examined in detail using four different 

analytical methods (i.e., pyrosequencing, Sanger sequencing, qPCR, and total culture 

counts) to assess how the method used to analyze the microbial community affects the 

results.  Finally, the effect of using two different fungal DNA target loci in the 

pyrosequencing method to characterize the fungal microbiome was assessed. 

The second investigation focused on potential associations between the bacterial 

and fungal microbial communities recovered from retail stores and building and 

environmental parameters such as season, location, store type, air exchange rate, 

occupant density, and building volume.  The retail buildings visited were located in 

central TX and PA.  The field study portion of this investigation occurred over a period 

of approximately one year and covered multiple seasons for a portion of the sample.  The 

study included the following types of retail stores: electronics, furniture, general 

merchandise, home improvement, medium grocery, office supply, and small grocery.  

This is the first study of its kind to examine the relationship of microbial communities 

through DNA-based methods in a variety of different retail categories and with a 

thorough classification of building and environmental parameters. 

The third investigation addressed the merits of using HVAC filters as indoor air 

samplers.  This investigation informed indoor microbial research because it provided 

fundamental results comparing microbial samplers, recovery of microorganisms from 

filters, and other methods.  Six microbial samplers were deployed at one retail site, 

visited for two consecutive weeks.  The resulting samples were subsequently interrogated 
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with pyrosequencing and compared using taxonomic identification, alpha-diversity, and 

beta-diversity metrics.  This investigation also included a lab-based study to examine the 

recovery of bacterial and fungal cells loaded onto dust-laden HVAC filters under 

conditions that mimic typical HVAC operations.  Other laboratory-based experiments 

were also conducted to investigate the impact of sonication time microbial recovery and 

to test the initial contamination of HVAC filters. 

1.4 ORGANIZATION 

This dissertation is divided into two parts.  The first part is an executive summary 

containing a literature review, overview of methods, summary of the results, and overall 

conclusions.  The second part consists of appendices containing draft journal articles and 

other information.  The four draft articles are as follows: 

 Appendix A: Hoisington, A., Maestre, J.P., Kinney, K.A., Siegel, J.A., 

“Characterizing the Bacterial Microbiome in Select U.S. Retail Stores” 

(in-preparation) 

 Appendix B: Hoisington, A., Maestre, J.P., Szaniszlo, P.J., Siegel, J.A., 

Kinney, K.A., “Comparison of the ITS and D1/D2 Fungal Barcodes in 

Select U.S. Retail Stores” (in-preparation) 

 Appendix C: Hoisington, A., Maestre, J.P., Siegel, J.A., Kinney, K.A., 

“Exploring the Microbiome of the Built Environment: A Primer on Four 

Biological Methods Available to Building Professionals” (in-preparation) 

 Appendix D: Hoisington, A., Maestre, J.P., King, M., Siegel, J.A., Kinney, 

K.A., “Characterizing the Indoor Microbiome with Pyrosequencing: 

Impact of Sampler Selection” (in-preparation) 
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Additional appendices include microbial sections from the ASHRAE RP-1596 

report (Appendix E), quality control (Appendix F), detailed methods (Appendix G), and 

data storage structure (Appendix H). 
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2. BACKGROUND 

This chapter presents a brief review of literature relevant to investigating the 

indoor microbial communities in retail stores.  Specifically, this chapter focuses on three 

primary topics; (1) indoor microbial sampling, (2) microorganisms observed in the built 

environment, and (3) the relationship between the indoor microbiome and building and 

environmental parameters. 

2.1 INDOOR MICROBIAL SAMPLING 

Indoor microbial sampling has evolved from a visual inspection by high priests 

(Leviticus 14:33, NIV) to a complex, multidisciplinary scientific field.  The physical act 

of collecting bacterial and fungal microorganisms in the indoor environment can be 

broadly classified based on if the sampler uses a dedicated pump (active) or not (passive).  

Active samplers commonly include designs based on impaction, impingement, filtering, 

or cyclones.  Passive samples include dust-based samples such as HVAC filter dust and 

settled dust.  The second major aspect of indoor microbial investigations is the method 

selected to analyze the samples.  Bioanalytical methods to analyze the results include 

culture-based and molecular-based techniques.  The use of molecular (i.e. DNA-based) 

analyses such as qPCR, Sanger sequencing, and pyrosequencing have become more 

prevalent as of late in indoor microbial investigations. 

Active samplers, historically the most common, are short-term bioaerosol 

samplers that draw an air sample through a capture device for a selected period of time. 

These samplers are often limited to relatively short sampling periods (e.g., 5-30 minutes) 

and generally sample only a small fraction of the total air volume present in an indoor 

environment.  In contrast, passive samplers capture microbial-rich laden dust and provide 

a time-integrated sample of the microbial community collected over experimental periods 
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ranging from days to months or even longer.  Settled dust samples are the most common 

indoor passive sampler used in many exposure studies (Gent et al. 2009; Mendell et al. 

2011; Normand et al. 2011).  Comparisons between samplers in the indoor environment 

have been investigated principally with culture-based analytical techniques (Frankel et al. 

2012; Henningson and Ahlberg 1994; Jensen et al. 1992; Nevalainen et al. 1992).  The 

present study is the first known investigation of multiple samplers using next-generation 

sequencing technology. 

Although HVAC filters sample the indoor environment by flowing air across a 

filter, the long-term nature of this sampling approach aligns most closely to passive 

sampling rather than active sampling.  HVAC filter dust was the primary sample location 

utilized in the present study and, although this is a relatively new sampling approach, 

HVAC filter dust has been used successfully in a few previous studies to identify 

bacteria, fungi, and viruses in built environments (Berhane et al. 2006; Farnsworth et al. 

2006; Goyal et al. 2011; Noris et al. 2011).  By closing the outdoor air dampers, the 

filters are predominantly exposed to air from the indoor environment.  Several concerns 

regarding the use of HVAC filter dust as a sampling location include microbial viability 

(if culture-based), potential cell growth, and potential inhibition of the DNA 

amplification step needed in many of the molecular methods.  Viable bacteria and fungi 

on clean HVAC filters have been shown to survive in culturing studies for 2-3 days under 

a constant flow rate (Moritz et al. 1998), 8-9 days for gram-positive spores, and 2.5 hours 

for gram-negative bacteria (Kim et al. 2008).  The results suggest that a culture-based 

analysis of bacteria and fungi from HVAC filter dust will not capture the full range of 

microbial diversity; which in part is why culturing techniques were used sparingly in the 

present study.  No known tests on DNA recoverability on HVAC filters have been 

performed to date although DNA is known to be stable outside of cells for many years 



 10 

(Lindahl 1993).  Tringe et al. (2008) found that the most common functional genes in 

HVAC dust are related to cell motility and secretion, not metabolically active genes, 

which suggests that microorganisms are not actively growing on the HVAC filter.  This 

was further supported by using 3H-thymidine and 3H-leucine incorporation assays which 

confirmed this hypothesis (Tringe et al. 2008).  Inhibition of DNA amplification from 

HVAC filter dust has not been investigated systematically.  However, inhibition in soil 

matrices is documented and several of the same chemical and biological agents may be 

present in HVAC filter dust (Feinstein et al. 2009; Gomes et al. 2010; Sandaa et al. 1999; 

Wilson 1997).  For instance, Despres et al. (2007) observed that particulate matter 

captured on filters (2.5 µm) increased amplification inhibition of DNA when spiked with 

an artificial vector. 

Independent of the sampling approach, bioanalytical techniques for investigating 

the indoor microbiome include culture and molecular-based methods.  Culturing is the 

traditional method for analyzing samples from the built environment and provides a semi-

quantitative enumeration of viable microorganisms.  Culturing is limited to viable cells 

which may be as low as 0.3% of the actual community present (Rintala et al. 2008).  

Additional limitations of culture-based methods include preferential selection of 

microorganisms that grow rapidly (Toivola et al. 2002) and preferential selection of cells 

based on the culture medium (Amann et al. 1995).  To overcome the inherent limitations 

in culturing, molecular techniques target the DNA in a sample.  The 16S rRNA has been 

established as the primary target region (i.e. locus) for bacterial investigations (Liu et al. 

2008; Schloss 2010) but the optimal barcode for fungal studies has not yet been 

established.  Two potential target loci for fungi include the ITS and D1/D2 regions.  One 

molecular technique available is qPCR which provides rapid quantification of a species 

of interest (Nadkarni et al. 2002) but can be influenced by amplification efficiency 
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(Suzuki and Giovannoni 1996) and extraction efficiency (Feinstein et al. 2009; 

Hospodsky et al. 2010).  A priori knowledge of the desired target species is required 

before testing.  In contrast, Sanger sequencing identifies base pairs in DNA which can be 

classified based on taxonomy and further interpreted by phylogenetics.  Sanger 

sequencing is labor intensive which often limits the number of sequences per sample and 

underestimates the true diversity of the microbial community (Tedersoo et al. 2010; 

Tringe and Hugenholtz 2008).  Another sequence-based technology, pyrosequencing, 

enables a vast number of sequences to be processed simultaneously for each sample 

(approx. 3,000 sequences/sample in the present study).  Similar to Sanger sequencing, 

analysis can be conducted to examine the sequence datasets from both a taxonomic and a 

phylogenetic perspective.  However, one drawback of pyrosequencing is that analysis of 

pyrosequencing datasets is computationally challenging and requires specialized 

programs and procedures that are not fully developed to date.  Unlike other molecular-

based methods such as qPCR and Sanger sequencing, processing of pyrosequencing data 

is conducted mainly through UNIX command lines with frequent program updates that 

must be incorporated into the analytical process.  Nevertheless, the advancement of 

software algorithms, increase in average sequence lengths, and reduction in sequencing 

cost per base pair should make pyrosequencing and other next-generation sequencers 

utilized even more in future investigations. 

2.2 MICROORGANISMS IN THE BUILT ENVIRONMENT 

 Microorganisms in the built environment have been studied in residences (e.g., 

Fisk et al. 2007, Noris et al. 2011), office buildings (e.g., Bouilard et al. 2005, Fisk et al. 

2009, Hewitt et al. 2012), classrooms (e.g. Bartlett et al. 2004, Hospodsky et al. 2012), 

and other buildings.  This section includes a brief review of relevant indoor microbial 
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studies with a focus on studies that include at least one of the following aspects: (1) retail 

store investigations, (2) sampling of HVAC filter dust, and (3) analysis with molecular 

techniques. 

 The microbial investigation most relevant to the present study and the only study 

known to meet all three aspects listed above was conducted by Tringe et al. (2008).  In 

that study, researchers used Sanger sequencing of DNA extracted from HVAC filter dust 

to investigate the bacterial microbiome in two Singapore malls.  The highest percentage 

of bacterial sequences detected at both sites was in the gram-negative Proteobacteria 

phylum, a finding consistent with other studies of the indoor built environment 

(Hospodsky et al. 2012; Korves et al. 2013; Noris et al. 2011).  Tringe et al. (2008) also 

found that the indoor bacterial community observed in the retail malls was not the same 

as in adjacent soil or water samples indicating that outdoor sources are not the only 

influence, or possibly even the most relevant, to the indoor microbiome. 

In a separate study Noris et al. (2011) analyzed HVAC filter dust recovered from 

residential buildings and an unoccupied test house.  They detected a higher percentage of 

gram-positive bacteria in occupied versus unoccupied residences, suggesting that gram-

negative bacteria like Proteobacteria may be attributable to outdoor sources.  That 

hypothesis is supported by other studies of indoor settled dust (Pakarinen et al. 2008; 

Rintala et al. 2008; Täubel et al. 2009).  In contrast, Tringe et al. (2008) observed higher 

Proteobacteria abundance in HVAC filter dust compared to adjacent water and soil 

samples.  The diversity of the water and soil samples was considerably higher compared 

to the HVAC filter dust which may have influenced the abundances observed.  Also, the 

relative abundance of Proteobacteria in the outdoor air was not reported and thus a direct 

comparison could not be made from the Tringe et al. (2008) data.  Culture-based analyses 

of bacteria indoors have found gram-positive species to be dominant (Andersson et al. 
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1999; Bouillard et al. 2005) which is contrary to the DNA-based results discussed above 

and suggests that culture-based studies can considerably alter the inferred microbial 

communities. 

 The fungal study most relevant to this dissertation was conducted by Noris et al. 

(2011) in which DNA was extracted from HVAC filter dust in residences.  They found 

that the primary taxonomic classes were Dothideomycetes, followed by Sordariomycetes, 

and Agaricomycetes. Cladosporium and Alternaria were the most frequently encountered 

genera.  These results are in agreement with settled dust samples collected in 72 locations 

across six continents (Amend et al. 2010).  Similar to what was observed for bacteria, 

fungal microorganisms identified in culture-based studies are different than those 

reported for studies that rely on DNA-based methods.  For example, fast growing and 

therefore culture-dominating Penicillium spp. were the most frequently detected in indoor 

culture-based studies (Ren et al. 1999; Takahashi 1997). 

2.3 RELATIONSHIP BETWEEN INDOOR MICROBIOME AND BUILDING OR 

ENVIRONMENTAL PARAMETERS 

The diversity of building types and two geographic locations investigated in the 

present study enabled an analysis of the relationships between the indoor microbiome and 

building and environmental parameters.  A better understanding on the relevant factors 

that influence the indoor microbiome can impact future buildings construction and 

current operational processes to minimize potentially negative microbial health effects on 

occupants.  This section briefly reviews the current literature related to correlations 

between indoor microbial communities and building and environmental parameters. 

Building factors considered in the present study included air exchange rate, 

occupant density, store type, and building volume.  The influence of air exchange rate on 

the indoor microbial community is the building factor that has been investigated the most, 
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although with culture-based analysis.  Air exchange rate and viable bacterial 

concentrations have been shown to be both negatively correlated (Bartlett et al. 2004; 

Frankel et al. 2012) and uncorrelated (Kruppa and Rüden 1996; Wu et al. 2005).  One 

explanation for these contradictory results is that the concentration of bacteria in outdoor 

air has been shown to vary diurnally (Fang et al. 2007) and compositional changes over 

several days (Fierer et al. 2008) have been observed.  In another study of 12 large office 

buildings by Wu et al. (2005), an increase in the air exchange rate was observed to 

increase the viable fungal concentrations.  This increase was to be expected because the 

outdoor fungal concentration was 80% higher than the  indoor concentration in this study  

(Wu et al. 2005).  Occupant density and viable bacterial concentrations have been 

reported to not be correlated in one study (Kruppa and Rüden 1996) and positively 

correlated in a different study (Li et al. 2001).  The lack of a consistent relationship 

between air exchange rate and occupant density may also be influenced by the fact that 

culture-based analyses were utilized.  Recent molecular studies of kitchens, restrooms, 

and a classroom have shown that bacteria related to human sources, particularly those on 

the skin, influence the indoor microbiome (Flores et al. 2013; Flores et al. 2011; 

Hospodsky et al. 2012; Qian et al. 2012).  However these studies have not directly 

characterized the results as a function of air exchange rate or occupant density.  The 

present study is the first known study using molecular methods to investigate the 

relationship between microbial communities and air exchange rate and occupant density. 

The environmental parameters considered in the present study that may influence 

the indoor microbiome are location and season.  In the molecular-based analysis of 

indoor settled dust sampled in buildings across six continents, Amend et al. (2010) 

determined that distance from the equator had the most significant influence on the type 

of fungi identified indoors.  The same type of broad geographical study of indoor 
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bacterial microbiome has not been conducted to date.  In studies that used molecular 

methods to delineate the bacteria community, seasons did not correlate with the indoor 

bacterial community in two nursing homes in a study by Rintala et al. (2008) but did 

contribute to differences observed in outdoor sampling in four Midwest cities in a study 

by Bowers et al. (2011). 

Overall, considerable progress in the field has been made as outlined above but 

several research gaps exist, which will be addressed by the present study.  Specifically, 

this investigation proposes a novel combination of sampling approach and bioanalytical 

technique that combines long-term sampling and broad microbial investigations.  Indeed, 

the present microbial investigation is the largest effort in a retail environment and is 

relatively unique for indoor air studies in that it investigates both bacterial and fungal 

microorganisms.  A comparison between four bioanalytical methods and two fungal 

target loci has also not been previously attempted.  Finally, this dissertation expands the 

existing understanding on using HVAC filters as indoor air samplers and analyzed with 

molecular methods. 
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3. METHODS 

A brief summary of the methods are included in this chapter.  The full methods 

are presented in Appendix G.  Section 3.1 outlines the experimental approach for this 

study.  Sections 3.2, 3.3, and 3.4 are the methods used in the three investigations 

previously described. 

3.1 EXPERIMENTAL APPROACH 

 Fourteen retail stores of convenience, inclusive of eight store types in central 

Pennsylvania (PA) and central Texas (TX), were visited from May 2011 to August 2012.  

Select stores were sampled repeated times to assess seasonal variation for a total of 24 

sampling events.  Brand consistency across the two locations was maintained whenever 

possible (approximately 91 % of the samples).  The samples are identified with store type 

as the first character (e.g. H = home improvement), the second character is a unique 

brand identifier, the third letter denotes location (P=PA or T=TX), and the last character 

is numerical if that store had multiple sampling events over time.  Table 1 shows the site 

identifications for this study.  Additional details on the sites can be found in Appendix G 

and Seigel et al. (2013). 

Table 1.  Site Identifications 

 

Store Site ID (PA) Site ID (TX)

General Merchandise MbP1, MbP2, MbP3,MbP4, MiP MbT1, MbT2, MbT3,MbT4, MiT

Medium Grocery GeP GeT1,GeT2

Small Grocery ScP  SdT

Furniture FfP FfT1, FfT2

Home Improvement HaP1, HaP2 HaT

Office Supply - OhT

Electronics EgP1, EgP2 -



 17 

At each site, new medium efficiency HVAC filters were placed in an air handling 

unit of the retail store for approximately 30 days.  At one site, MiT, the HVAC filters 

were installed for seven days for the sampler comparison investigation as described in 

Section 3.4.  All of the stores had roof-top air handling units that were mainly unducted.  

The air handling units contained, at a minimum, HVAC filters, heating and cooling 

elements, and a blower.  The selected air handling unit for filter placement was generally 

located in the rear of the store, away from loading docks and exterior doors.  The outdoor 

dampers were closed when feasible to maximize the percentage of indoor air flowing 

across the filters.  Filters sampled in Pennsylvania were shipped to Texas chilled with ice 

packs and the filters retrieved in Texas were stored for one night in a 4°C room to mimic 

the shipping conditions.  The cool conditions limit the ability of the microorganisms to 

reproduce after removal from the HVAC system (Lauber et al. 2010; Li and Lin 2001).  

DNA extraction was conducted in a University of Texas laboratory after the one-day of 

shipping or storage.  Procedures were developed and implemented to minimize external 

contamination when handling the filters in the field (see Appendix G for details). 

3.2 CHARACTERIZATION OF MICROBIAL COMMUNITIES 

 Characterization of the bacterial and fungal microbial communities in the HVAC 

filter dust was conducted at all sites by culturing, pyrosequencing, and qPCR of 36 select 

fungal species.  For each HVAC filter sample, nine evenly spaced 2.5-cm
2
 filter pieces 

were removed and placed in a phosphate buffer solution in the same vial.  The immersed 

filter pieces were subject to sonication and vortexing.  An aliquot of the liquid at this 

point was retained for bacterial and fungal enumeration on culture plates.  The remaining 

liquid was passed through a 20 µm pore size filter (Whatman Ltd., Maidstone United 

Kingdom) as a prefiltration step.  The filtered solution was vacuum filtered through a 0.2 
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µm hydrophobic filter (Millipore, Billerica MA) to retain the microorganisms in the 

sample.  The filter, lysozyme and Phenol-Chloroform-Isoamyl Alcohol (24:24:1) were 

placed into a bead tube (lysing beads and lysing solution) provided in the PowerSoil 

DNA Isolation Kit (Mo-Bio Laboratories Inc., Carlsbad CA).  Cell lyses was 

accomplished by a bench top homogenizer (MP Biomedicals LLC, Solon OH) and the 

remainder of the DNA extraction protocol followed the PowerSoil protocol.  All DNA 

recovered was quantified using a NanoDrop spectrophotometer (Thermo Fisher Scientific 

Inc., Waltham MA) and stored at -20°C for the duration of the project. 

 An aliquot of extracted bacterial DNA and an aliquot of extracted fungal DNA 

were processed with barcoded, multiplexed pyrosequencing by an external lab (Research 

and Testing Laboratories Inc., Lubbock TX) on the 454 FLX+ Titanium Genome 

Sequencer (454 Life Sciences, Branford CT).  Bacterial primers amplified the first three 

variable regions of the 16S rRNA marker gene (V1-V3).  Fungal primers amplified both 

the ITS and D1/D2 region separately.  Full details on the primers can be found in 

Appendix G.  Additional details on pyrosequencing process including PCR conditions, 

barcoding method, and bead descriptions are included in other studies (Acosta-Martinez 

et al. 2008; Dowd et al. 2008; Dowd et al. 2008). 

 Analysis of the sequences obtained from pyrosequencing was conducted with the 

QIIME open-source software pipeline (Caporaso et al. 2010).  Initial quality filtering 

included deleting reads under 250 bp, removal of sequences likely to contain 

homopolymer sequencing errors (i.e. noise) (Quince et al. 2011), and deletion of chimeric 

reads (Edgar et al. 2011).  Taxonomic identification was determined using the basic local 

alignment search tool (BLAST) algorithm (Altschul et al. 1997) from a National Center 

for Biotechnology Information (NCBI) curated nucleotide database (unclassified 

sequences removed).  Operational taxonomic units (OTUs) were clustered based on a 
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97% similarity criteria as recommended by Kunin et al. (2010) as an extra precaution to 

reduce spurious reads from pyrosequencing errors.  A 3% dissimilarity level has been 

considered species level resolution but that criterion is not universally applicable as 

shown in a study by Schloss and Westcott (2011) using pyrosequencing.  Beta-diversity 

was calculated using weighted UniFrac, a phylogenetic distance metric that compares 

diversity between samples (Lozupone and Knight 2005).  Unaligned fungal ITS 

sequences were analyzed for beta-diversity through the Bray-Curtis metric (Beals 1984).  

To limit sequence depth bias (Gihring et al. 2012), samples were rarefied for analysis 

based on the minimum sequence count per sample detected in the sample set.  Bacterial 

results from FfT2 were removed from this study due to poor amplification of only 493 

sequences which is less than half the total sequences obtained in the sample with the next 

lowest number of reads.  Alpha-diversity is the estimation of species in a sample and was 

determined from observed species (i.e. OTUs) in the rarefied sample to limit diversity 

estimate errors (Lundin et al. 2012).  Statistical tests included Spearman rank correlation 

coefficient, cluster analysis, mantel test, and principle coordinate analysis (PCoA).  A 

PCoA is a multivariate statistical analysis of data tables containing several dependent 

variables and it extracts information on a new set of orthogonal matrices to optimize the 

observed variation.  In this analysis, the microbial communities can be compared and 

plotted in two or three dimensions with the percent variance of the axis presented.  The 

complete QIIME pipelines used in this investigation for bacterial and fungal target loci 

are presented in Appendix G. 

Sanger sequencing was conducted on HVAC filter dust samples collected from 

four different retail stores using the same DNA extraction protocol described above.  

Three pooled sets of amplified DNA were cloned into Escherichia coli cells (Life 

Technologies, Grand Island NY) and grown statically in a 96-well plate.  Glycerol was 
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added before plates were stored at -80°C and shipped on dry ice for sequencing.  Sanger 

sequencing was performed in one direction on a 3730xl platform (Life Technologies, 

Grand Island NY) by an external lab (Beckman Coulter Genomics, Danvers MA).  The 

primers used for Sanger sequencing are given in Appendix G.  A total of 96 clones were 

analyzed for each sample.  Sequences were checked manually for quality control, 

trimmed, and compared to the NCBI nucleotide database. 

The dust remaining from the HVAC filter not removed for DNA extraction was 

vacuumed through a HEPA filter attachment. The filter attachment was sent overnight to 

a U.S. EPA certified laboratory for the 36-panel qPCR assay analysis.  The assay species 

and methods were developed by the U.S. EPA as a standardized test for quantifying 

select fungal species in indoor dust (Haugland et al. 2004).  Analysis of uncertainty and a 

listing of the fungal species included in the 36-panel assay are in Appendix G  

3.3 RELATIONSHIP BETWEEN INDOOR MICROBIOME AND BUILDING OR 

ENVIRONMENTAL PARAMETERS 

The present investigation was conducted in conjunction with an American Society 

of Heating, Refrigeration, and Air-Conditioning Engineers (ASHRAE)-funded study 

(RP-1596) investigating ventilation and indoor air quality in retail stores (Siegel et al. 

2013).  That study determined the air exchange rate (AER), building volume, and number 

of transactions among other factors the week prior to the biological sampling in the 

present study.  Additional parameters investigated for correlation to the indoor 

microbiome included store type, season, and location.  Table 2 contains a summary of 

metadata collected from the retail sites.  Correlations between the building and 

environmental parameters and the indoor microbiome were investigated based on 

taxonomic identification, alpha-diversity, and beta-diversity metrics. 
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Table 2.  Retail Store Building and Environmental Parameters 

  
* No data available, assumed same as MbT1 

3.4 EVALUATION OF HVAC FILTER DUST AS MICROBIAL SAMPLERS 

 To evaluate the use of HVAC filter dust as a microbial sampler, the microbial 

communities from HVAC filter dust were compared to other indoor air samples collected 

simultaneously from the same retail store.  In addition, tests were conducted in the 

Location Store Type Sample ID Season
AER 

(1/hr)

Density 

(#/100m
2
)

Volume 

(m
3
)

HaP1 Summer 0.21 2.2

HaP2 Winter 0.2 2.1

Small Grocery ScP 0.76 12 3,300    

MbP1 Fall 0.56 3.2

MbP2 Winter 0.4 3.0

MbP3 Spring 0.52 2.9

MbP4 Summer 0.51 2.7

MiP 0.54 1.7 67,000  

EgP1 Winter 0.68 3.1

EgP2 Summer 1.37 3.0

Furniture FfP 0.55 0.4 8,100    

Medium Grocery GeP 0.87 10 25,000  

Home 

Improvement
HaT 0.3 1.8 92,000  

MbT1 Summer 0.51 3.2

MbT2 Fall 0.99 3.2*

MbT3 Winter 0.42 3.2*

MbT4 Spring 0.49 3.2*

MiT 0.48 18 55,000  

Small Grocery SdT 0.93 13 5,400    

GeT1 Summer 1.07 12

GeT2 Winter 1.14 5.8

FfT1 0.25 1.1

FfT2 - 0.9

Office Suppy OhT 0.29 2.1 21,000  

TX

General 

Merchandise

Medium Grocery 15,000  

Furniture 20,000  

61,000  

PA

Home 

Improvement
93,000  

General 

Merchandise

99,000  

Electronics 20,000  
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laboratory to evaluate DNA recovery from HVAC filter dust under simulated HVAC 

operating conditions and the influence of variations in the DNA extraction method. 

To compare the results of different samplers, field investigations were conducted 

at one store over two consecutive weeks (MiT). For the passive HVAC filter sample, a 

new MERV 7 HVAC filter (Tri-Dim Filter Corporation, Louisa VA) was placed in an air 

handling unit at the beginning of each week of testing.  After collecting particulate matter 

and microorganisms for seven days, the HVAC filter was removed and the dust recovered 

for DNA extraction and sequencing. For the second passive sample, high surface dust 

from the top shelf near the active samplers was vacuumed into a dust sampling cassette 

on the same day the HVAC filter was removed.  No attempt was made to clean the shelf 

before sampling so, as with most settled dust samples collected in indoor studies, the time 

of dust accumulation was unknown.  With respect to the active samplers, four co-located 

active indoor air samplers were operated for three consecutive, 15-minute intervals on 

day seven of the HVAC filter testing each week.  The three intervals for each active 

sampler were pooled into one sample prior to DNA extraction.  The active samplers 

included the Button Sampler (BS; 4 liters/min; SKC Inc., Eighty Four PA), BioSampler 

(BIO; 12.5 liters/min; SKC Inc., Eighty Four PA), Personal Environmental Monitor 2.5 

µm (PEM; 10 liters/min; SKC Inc., Eighty Four PA), and wetted-wall cyclone (WWC; 

100 liters/min; Texas A&M, College Station TX).  Active sampling was standardized to a 

45 minute collection time.  Standardization based on airflow would have results in the 

samplers not operating at the same time because the flow ranged from 4 – 100 liters/min.  

All the samples were stored at 4°C for three days or less before DNA extraction.  DNA 

extraction, pyrosequencing, and analysis followed protocols described in Section 3.2. 

Additional laboratory testing was conducted to evaluate DNA recoverability when 

exposed to HVAC conditions, initial contamination on the filters and impact of 
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sonication time on DNA recovery.  The effect on recovery of cellular DNA when spiked 

into the dust matrix and subject to airflow was tested.  Briefly, a known concentration of 

Bacillus cereus and Aspergillus niger was loaded onto a used dust-laden section HVAC 

filter, sterilized by electron beam irradiation at the National Center for Electron Beam 

Research (Texas A&M, College Station TX).  DNA from one set of filters was extracted 

immediately after loading and analyzed by qPCR.  The other filters were subjected to 20-

25 L/min airflow for 18 hours followed by 6 hours of no flow.  Those conditions were 

established based on observation in the field of retail HVAC systems.  DNA extraction 

was conducted on days 1, 4, 7, and 17.  Extractions were processed with and without the 

addition of propidium monoazide (PMA).  In the presence of light, PMA binds to free 

DNA and therefore only cells with intact wall structures have protected DNA that can be 

amplified in later PCR steps (Nocker et al. 2007).  The effect of DNA extraction 

efficiency was determined by spiking a known amount of bacterial DNA and quantified 

using a species-specific qPCR assessment.  Additionally, the DNA from three HVAC 

filter dust samples was extracted and a comparison was made between sonication times 

of 2, 5, 10, and 15 minutes (see Appendix G for details). 
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4. RESULTS AND DISCUSSION 

This chapter provides a brief summary of the results of the investigations outlined 

in Chapter 2.  Section 4.1 summarizes the bacteria and fungi observed in the retail filter 

dust. The section includes results from the four bioanalytical processes (i.e. 

pyrosequencing, Sanger sequencing, qPCR, and culturing) and assesses the effect of the 

analytical method utilized.  Additionally, this section summarizes the results taxonomic 

differences when targeting two different fungal loci.  Section 4.2 explores the influence 

of building and environmental parameters on the observed indoor microbiome and 

assesses whether the choice of rRNA fungal target region alters the conclusions for the 

fungal microbiome.  Finally, Section 4.3 presents fundamental results of an evaluation on 

HVAC filters as an indoor bioaerosol sampler. 

4.1 CHARACTERIZATION OF RETAIL MICROBIAL COMMUNTITIES 

 This section summarizes the characterization of the bacterial (subsection 4.1.1) 

and fungal microbiome (subsection 4.1.2) recovered from the 14 retail stores investigated 

in this study.  The results are compared to other pyrosequencing datasets and published 

data available in the literature to assess the potential influence of human occupants and 

outdoor sources on the microbiome (subsection 4.1.3). Also, since the microbial 

community inferred from a given sample may depend on the analytical technique used to 

delineate the community, the effect of four different analytical techniques on the 

microbial community recovered is evaluated in subsection 4.1.4.  Subsection 4.1.5 

outlines the differences between fungi identified using two different DNA target regions. 

4.1.1 BACTERIAL MICROBIOME IN RETAIL STORES 

 The bacterial microbiome in retail stores was taxonomically diverse.  Overall, 24 

unique phyla were identified and the relative abundance of each phylum at each retail site 
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is shown in Figure 1.  Proteobacteria was the most dominant phylum observed in general 

which is consistent with other indoor studies (Korves et al. 2013; Tringe et al. 2008).  

The relative abundance of specific phyla varied between retail sites. For instance, the 

relative abundance of Proteobacteria ranged from 12% to almost 100% while Firmicutes 

ranged from 17% to 80% (Figure 1).  Diversity was also evident at the genus level with 

788 unique genera identified in the HVAC filter dust samples.  On average, 145 unique 

genera were detected in each HVAC filter dust sample recovered from a retail store.  The 

most abundant genus was Methylobacterium (average relative abundance of 20.3% across 

all sites). However, this high average abundance was biased by four samples which had 

71% or more of the total sequences associated with that single genus.  It is probable that 

these sequences were misidentified and were actually a chloroplast 16S rRNA sequence 

as further explained later in this summary.  The relative abundance of Methylobacterium 

was not correlated with retail stores containing grocery or plant stock and therefore the 

higher abundance of this genus indicates a substantial outdoor influence at the four sites 

with an elevated abundance of Methylobacterium (FfP, MbP3, MbP4, MbT3) (see 

Appendix A for detailed discussion).  The next most abundant bacterial genera observed, 

all frequently found indoors, included Bacillus (5.8%), Corynebacterium (4.6%), 

Pseudomonas (4.0%), and Acinteobacter (3%).  Appendix A contains a listing of the top 

five genera detected in each HVAC filter dust sample as well as the genera at every site 

with over 2% relative abundance. 
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Figure 1: Distribution of bacteria at phylum taxonomic level recovered from the retail 

stores samples (dashed lines between store types, E = electronics, F = 

furniture, G = grocery, H = home improvement, M = general merchandise, 

O = office supply, S = small grocery) 

Genera that contain species potentially harmful to human health were discovered 

frequently in the retail sites but at a low relative abundance.  For example, 

Mycobacterium was identified in 55% of the samples at a relative abundance of fewer 

than 1%.  This genus contains well known and potential harmful human pathogens 

including Mycobacterium tuberculosis and Mycobacterium avium (Ecker et al. 2005).  

Mycobacterium was also detected frequently in a residential dust study and its presence 

was found to be significantly associated with the presence of pets and influenced by the 

number of occupants (Kettleson et al. 2013).  Other genera with potential pathogenic 

species detected at low relative abundance but at a high percentage of the sites included 
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Burkholderia (63% sites), Corynebacterium (91% sites), Staphylococcus (91% sites), and 

Streptococcus (82% sites).  The occurrence of these genera does not directly indicate a 

health concern in retail environments as each of the genera have multiple species that 

may not be of concern to human health and the relative abundance indicates that they are 

likely not present at high concentrations.  However, a more in-depth analysis targeting 

specific pathogenic species would be required to investigate the presence of potential 

pathogens in retail environments. 

The bacterial OTU results also indicated that the HVAC filter dust samples from 

retail stores were diverse.  The retail store HVAC filter dust samples contained 4,771 

unique OTUs (average 406/sample).  When rarefied, the number of unique OTUs per 

sample was 290 (based on 1,200 sequences), which is similar to diversity estimates of the 

same number of sequences in HVAC filter dust in malls (Tringe et al. 2008) and 

residential floor dust (Täubel et al. 2009).  The HVAC filter dust from the retail stores 

contained 10
4
-10

6
 total bacterial and 10

3
-10

4
 bacterial spores (as CFU/sample). The 

viable total and spore-forming bacteria observed were not significantly correlated to the 

number of OTUs detected, likely because of biases associated with culturing that were 

discussed earlier. 

The bacterial microbiome recovered from a given retail site did not remain static 

over time, as is evident by comparing the phyla distribution recovered from the retail 

sites which were sampled multiple times.  Specifically, the electronics (PA), medium 

grocery (TX), home improvement (PA), general merchandise (PA and TX) were all 

sampled more than once and the relative abundance at the phylum level was different 

between the repeat sampling events (Figure 1).  Taxonomic identification of the five most 

abundant genera also was not the same across the sampling events (see Appendix A).  

The fact that the bacterial community recovered in the  HVAC filter dust samples 
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collected from the same site at different times can be quite different indicates that that the 

microbial community cannot be fully characterized with one sample, even if that sample 

is collected over 30 days in an HVAC filter.  The temporal variability observed in an 

outdoor bacteria study (Fierer et al. 2008) may be a phenomenon also present in indoor 

bacterial communities.  Such variability in the indoor microbiome is rarely studied and 

these findings are novel and have implications for the planning of future indoor 

microbiome investigations. 

4.1.2 FUNGAL MICROBIOME IN RETAIL STORES 

The fungal taxonomic results were also observed to be diverse across the retail 

sites. Five taxonomic classes including Dothideomycetes, Agaricomycetes, 

Eurotiomycetes, Sordariomycetes, and Tremellomycetes constituted 94% of the 

sequences recovered from the retail site samples.  As can be seen in Figure 2, the relative 

abundance of these five classes varied considerably.  A total of 548 unique fungal genera 

were identified in the HVAC filter dust samples with an average of 155 unique genera 

detected per sample.  In general, sequences identified as Cladosporium and Alternaria 

were the most abundant and both genera have been commonly observed in other indoor 

fungal studies (Adams et al. 2013; Amend et al. 2010; Pitkaranta et al. 2008).  Although 

Cladosporium and Alternaria were the most abundant (on average) considerable 

variability was observed between the retail sites.  For example, Cladosporium abundance 

ranged from 0.4% (FfT2) to 55% (MbT4) and Alternaria abundance ranged from not 

detected (EgP1) to 40% (HaT). 
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Figure 2: Distribution of fungi at class taxonomic level recovered from the retail stores 

samples (dashed lines between store types, E = electronics, F = furniture, G 

= grocery, H = home improvement, M = general merchandise, O = office 

supply, S = small grocery) 

Considerable diversity was also observed in the OTU analyses. Unique fungal 

OTUs averaged 108 per sample after rarefaction to 1,200 sequences (range 35-254 

OTUs/sample).  Indeed, 55% of the observed OTUs were only observed in a single 

HVAC filter dust sample. 

 To supplement the pyrosequencing analysis of the HVAC dust samples, a 

molecular-based technique, qPCR, was used to quantify 36 fungal species commonly 

detected indoors (Haugland et al. 2004).  The highest average fungal concentrations 

detected were for Cladosporium cladosporioides, Aureobasidium pullans, Epiccoccum 
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nigrum, Eurotium amestelodami (telomorph of Aspergillus amstelodami), and Wallemia 

sebi (Appendix E).  Sequences identified to four of these five species were also found at 

the highest concentrations in a residential dust study of 1,096 homes conducted by 

Vesper et al. (2007).  The consistency between the present study and their study is 

noteworthy considering Vesper et al. examined residential units through floor dust and 

this study examined retail environments through HVAC filter dust samples.  The three 

fungal species detected at the highest concentration by qPCR for each retail site are 

shown in Figure 3.  The top three fungal species detected varied across the retail study 

sites. 

 

Figure 3: Three fungal species detected at the highest concentration at each retail site 

(dashed lines between store types) 
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4.1.3 HUMAN AND OUTDOOR INFLUENCES 

Identifying the human influence on the bacterial microbiome in a retail store is 

non-trivial due to the diversity of microorganisms between individuals (Grice et al. 2008; 

Knights et al. 2011).  Therefore, two approaches were utilized, one based on taxonomic 

identifications and one based on taxonomic-independent community comparisons.  

Several taxa have been identified as probably sourced from human skin microbiota 

including Proprionibacterineae, Enterobacteriaceae, Corynebacterineae, Staphylococcus, 

and Streptococcus (Dewhirst et al. 2010; Hewitt et al. 2012; Hospodsky et al. 2012; 

Tringe et al. 2008).  Hospodsky et al. (2012) observed that the above five bacterial taxa 

represented 17-20% of the sequences identified in a classroom environment.  The present 

study found these five taxa ranged from 0-21.8 % of the bacterial sequences recovered 

from the retail microbiome.  The occupant density (people/m
2
) in the classroom was 

seven times higher than the average density estimated for the retail stores and it could be 

hypothesized that the observed lower relative abundance is attributable to less densely 

occupied retail stores (Appendix A).  In the present study occupant density and the 

relative abundance of the five skin taxa were significantly correlated for the PA sites (p = 

0.021).  A significant correlation between occupant density and skin related microbes is 

noteworthy due to the number of differences between the stores that were not sampled at 

the same time. 

Alternatively, using a taxonomic-independent analysis, the retail sites were 

significantly correlated with skin and oral microbiome sampled by Costello et al. (2009).  

The principle coordinate analysis comparing the human microbiome and retail samples is 

shown in Figure 4.  The horizontal axis explains two times the variation of the ordinate 

axis.  Considerable variation in the retail sites can be observed with several overlaps of 

the human skin samples for some retail sites whereas other retail sites aligned closer to 
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soil microbiota.  The microbiome recovered from human skin samples also show 

significant variability that is likely due to sampling multiple locations on the body (i.e. 

forearm, naval, forehead, etc.).   

 

Figure 4: Community comparison between the microbiomes recovered from the retail 

sites, humans, and soil (weighted UniFrac, rarefaction 600 

sequences/sample) 

Another potential source of the microbial community in retail stores is the outdoor 

environment.  Microorganisms from soil are introduced by occupants and ventilation 

and/or penetration into the building (Normand et al. 2011).  These microorganisms are 

resuspended by the occupants through activities and cleaning practices (Chen and 

Hildemann 2009).  The influence of soil microbes on the indoor microbiome has been 

observed in a multitude of indoor studies (Flores et al. 2011; Hewitt et al. 2012; Täubel et 
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al. 2009).  The HVAC filter dust samples from the retail store did cluster close to the soil 

samples (Figure 4) but they were not statistically correlated which suggests multiple 

sources for the organisms found in retail stores. 

Potentially a better indication of the outdoor influence on the retail samples in the 

present study was the high percentage of Methylobacterium detected in a four sites.  It is 

probable this identification was actually Streptophyta (chloroplast 16S rRNA gene from 

Cyanobacteria phylum).  The NCBI curated database used in this study removed all 

plastid classifications but inquiry of the sequences with the Ribosomal Database Project 

(Cole et al. 2009) indicates that Streptophyta is the proper classification. This was further 

verified in a phylogenetic tree with known Methylobacterium sequences (Gallego et al. 

2005).  Also, the presence of groceries in the retail sector did not correlate with the 

relative abundance of Methylobacterium further suggesting that the source of the genera 

is likely outdoors.  The hypothesis that the dominance of Methylobacterium in selected 

samples indicates that these samples were primarily influenced by outdoor air is 

supported by results from a house dust study by Taubel et al. (2009). 

Another relevant sequencing study to compare the current results to was a hospital 

study in Oregon that sampled mechanically ventilated room air, room air with the 

window open, and outdoor air (Kembel et al. 2012).  The PCoA graph is shown in Figure 

5 and the horizontal axis explains 2.5 times the variation compared to the ordinate axis.  

The retail sites with a high Methylobacterium relative abundance cluster closest to the 

outdoor air samples collected in the hospital study.  Similar results were observed when 

comparing the retail samples to a classroom environment that also sampled the room air 

and the HVAC filter dust with the outdoor air dampers open (Hospodsky et al. 2012) 

(Appendix A).  By comparing the taxonomic results (e.g., prevalence of Streptophyta) in 

the retail study samples to that of the other studies that sampled outdoor air, it is possible 
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to identify the four retail samples which were likely influenced considerably by outdoor 

air.  Similarly the absence of these four sites, and the microbial communities in the other 

retail sites were not as influenced.  

 

Figure 5: Community comparison between retail sites and hospital air sampling 

(weighted UniFrac, rarefaction 1,200 sequences/sample) 

4.1.4 COMPARING FOUR BIOANALYTICAL TECHNIQUES 

Four bioanalytical methods were investigated in detail at four retail sites (HaT, 

MbT1, ScP, SdT).  These methods were culturing, qPCR, Sanger sequencing, and 

pyrosequencing (Appendix C).  For each site the same HVAC filter dust was used for the 

analysis to directly compare the effect that a bioanalytical method had on the microbial 

community results.  The culture-based fungal counts represented only 0.1-1.3% of the 

fungal concentrations detected with qPCR for the 36 fungal species assessed in the EPA 
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test method.  It is possible that the differences are due to cell viability or the fact that the 

fungi recovered from the culturing results were influenced by the nutrient availability in 

the selected agar.  Even though the viable fungal counts were relatively low,  non-viable 

fungal microorganisms can still have a negative health impact on the occupants by 

inflammatory agents or harmful mycotoxins on their cell walls (Verhoeff and Burge 

1997). 

In the molecular-based DNA sequencing comparison, 78% of the bacterial and 

fungal genera detected in each of the four retail samples by Sanger sequencing were also 

detected by pyrosequencing.  This result is expected because pyrosequencing yielded an 

average of 30 times more sequences per sample as compared to Sanger sequencing of the 

same samples.  However, the microbial communities identified by pyrosequencing and 

Sanger sequencing visualized in a PCoA graph shown in Figure 6 do not appear to be 

related.  For both the bacterial and fungal results the first principle coordinate (PCO 1 – 

horizontal axis) appears correlated with the sequencing method and the second principle 

coordinate (PCO 2 – ordinate axis) appears correlated with the retail store sampled.  In 

both graphs the horizontal axis explains more variation than the ordinate axis which 

means that the sequencing method had more influence on the microbial communities 

inferred than did the particular retail store being investigated.  These results indicate that 

caution is warranted when comparing results from studies that use different sequencing 

methods. 
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Figure 6: Community comparison between pyrosequencing and Sanger sequencing 

(Weighted UniFrac, bacterial rarefaction 76 sequences/sample, fungal 

rarefaction 90 sequences/sample) 

Sanger sequencing and pyrosequencing were compared to qPCR results based on 

presence or absence of a species or genera.  Overall, Sanger sequencing only identified 

24% of the fungal species detected by qPCR while 49% of the fungal species detected by 

qPCR were also detected in pyrosequencing.  A similar trend was observed at the genus 

level, with a 52% match between the qPCR results and the Sanger sequencing results.  At 

the genus level, 72% of the identifications made by pyrosequencing matched positive 

detections determined by qPCR.  Higher fungal concentrations determined with qPCR 

did not increase the number of matching species detected by Sanger sequencing or 

pyrosequencing.  This result is contrary to what was observed by Pietarinen et al. (2008), 

but that study only investigated nine of the 36 fungal sequences presented in this study. 
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4.1.5 COMPARING TWO FUNGAL TARGET REGIONS – 

CHARACTERIZATION 

This section contains a summary of the microbial characterization results from 

pyrosequencing analysis of two target fungal regions, ITS and D1/D2 (see Appendix B).  

Taxonomic identifications, on average were similar at the class and genus taxa levels.  

The most abundant fungal sequences in the taxonomic class in 74% of each HVAC filter 

dust sample were the same for both loci (Dothideomycetes).  However, at the lower 

taxonomic level of genus, fewer than two in five samples matched the same dominant 

genus.  This result is similar what was observed by Romanelli et al. (2010) for clinical 

fungal isolates of Basidiomycota.  The direct OTU comparison between ITS and D1/D2 

at each site is shown in Figure 7.  The number of OTUs between the two loci was 

statistically correlated; however the D1/D2 region yielded an average of 30% fewer 

OTUs per sample than the ITS region after rarefaction.  It is worth noting that before 

rarefaction, the D1/D2 locus actually identified more OTUs because the higher 

amplification efficiency of the D1/D2 locus yielded more sequences/sample than the ITS 

region which has a lower amplification efficiency (Panelli et al. 2012; Pashley et al. 

2012).  Repeated amplification of the samples that target the ITS region to compensate 

for the lower amplification efficiency may not be feasible due to cost or timing 

constraints; in that case, an alternative  would be to consider the D1/D2 region instead to 

target. 
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Figure 7: OTUs comparison between ITS and D1/D2 target loci (error bars given for one 

standard deviation, dashed line is 1:1 equality between target loci) 

 A comparison of pyrosequencing genera detections and qPCR detections at 

different concentrations from qPCR is shown in Figure 8.  The ITS consistently identified 

a higher fraction of the species detected by qPCR when the qPCR concentrations ranged 

between 1-400 cell eq./mg dust.  The pyrosequencing comparison was based on the 

presence/absence of particular genera to eliminate possible disparities resulting from  

relative abundant estimates (Amend et al. 2010) and differences in DNA extraction 

protocols (Appendix F).  For both the ITS and D1/D2 target loci, the fraction of genera 

detected by pyrosequencing did not increase when the qPCR-detected concentrations 

were above 100 cell eq./mg dust.  The discrepancies between the pyrosequencing and 

qPCR results may be caused by extraction bias (Feinstein et al. 2009; Frostegard et al. 
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1999), primer bias (Berry et al. 2011; Tedersoo et al. 2010; Toju et al. 2012), or other 

unknown factors.  Additional research would be required to further identify the cause of 

the differences.  Both the taxonomic differences between the most abundant genera and 

the comparison to qPCR indicate caution is required in pyrosequencing.  It is noteworthy 

that the caution recommended is not based on the “long tail” commonly referenced in 

pyrosequencing but instead to the genera that were detected in higher concentrations with 

qPCR. 

 

Figure 8: Comparison of the pyrosequencing matches to the same genera in qPCR, over 

range of 1-400 cell eq./mg dust for both ITS and D1/D2 target loci. 
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4.2 RELATIONSHIP BETWEEN INDOOR MICROBIOME AND BUILDING OR 

ENVIRONMENTAL PARAMETERS 

 This section summarizes correlations between the microbial communities 

observed in retail stores and building or environmental parameters.  Included in this 

summary is only one environmental factor (location, subsection 4.2.1) and one building 

factor (air exchange rate, subsection 4.2.2).  Summary tables of the statistical correlations 

for all building or environmental factors and biological measurements are shown in 

Tables 3 and 4.  The significant correlations (p < 0.05) observed are highlighted in gray.  

Statistical tests for the analysis included ANOVA, MANOVA, ADONIS, and Spearman 

Rank Coefficient.  Significant correlations for bacteria included pyrosequencing results 

of genera observed and microbial community to season.  The fungal statistical analysis 

indicated that OTU counts and microbial community were correlated to location; 

culturing results included total fungal count were correlated to air exchange rate, fungal 

spore count and salt-tolerant fungal spore count were correlated to volume; and qPCR 

category 1 concentrations were correlated to season.  If a Bonferroni correction is applied 

for multiple statistical tests, only the bacterial microbial community and season are 

significantly correlated.  However, a Bonferroni correction can overestimate the 

significance levels and eliminate correlations that may still be of significance (Perneger 

1998).  Appendices A, B, and E provide an in depth analysis of the other microbial 

correlations.  Subsection 4.2.3 focuses again on the effects of different fungal target 

regions on the resulting microbiome and in this instance the impact of these target regions 

on associations between the fungal microbial community and building or environmental 

parameters. 
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Table 3.  Statistical Comparison of Bacterial Microbial Factors to Building and 

Environmental Parameters (significant correlations highlighted without 

Bonferroni corrections) 

 

Table 4.  Statistical Comparison of Fungal Microbial Measurements to Building and 

Environmental Parameters (significant correlations highlighted without 

Bonferroni corrections) 

 

Store Type AER Volume Occupant Density Location Season

Taxa - Phylum p = 0.809 p = 0.543 p = 0.750 p = 0.709 p = 0.709 p = 0.440

Taxa - Genus p = 0.741 p = 0.0624 p = 0.995 p = 0.227 p = 0.473 p = 0.0467

OTU Count
R

2
 = 0.323               

p = 0.363

rho = -0.179          

p = 0.477

rho = 0.176            

p = 0.448

rho = -0.193            

p = 0.441

R
2
 = 0.009               

p = 0.679

R
2
 = 0.342              

p = 0.052

Community 

Comparison

R
2
 = 0.320               

p = 0.789

R
2
 = 0.031               

p = 0.630

R
2
 = 0.023               

p = 0.795

R
2
 = 0.076                  

p = 0.169

R
2
 = 0.0369              

p = 0.518

R
2
 = 0.264               

p = 0.001

Total Bacterial 

Count

R
2
 = 0.333                

p = 0.423

rho = -0.410          

p = 0.093

rho = 0.272            

p = 0.271

rho = 0.040               

p = 0.872

R
2
 = 0.004                

p = 0.803

R
2
 = 0.118                

p = 0.560

Bacterial Spore 

Count

R
2
 = 0.427              

p = 0.310

rho = 0.224            

p = 0.368

rho = -0.090            

p = 0.721

rho = -0.457             

p = 0.058

R
2
 = 0.058                

p = 0.334

R
2
 = 0.205              

p = 0.344

Building Parameters Environmental Parameters

Pyrosequencing

Culture

Store Type AER Volume Occupant Density Location Season

Taxa - Class p = 0.806 p = 0.448 p = 0.558 p = 0.483 p = 0.088 p = 0.591

Taxa - Genus p = 0.699 p = 0.893 p = 0.873 p = 0.855 p = 0.001 p = 0.289

OTU Count
R

2
 = 0.168               

p = 0.771

rho = -0.128          

p = 0.590

rho = 0.231            

p = 0.324

rho = 0.140            

p = 0.552

R
2
 = 0.385               

p = 0.002

R
2
 = 0.205               

p = 0.214

Community 

Comparison

R
2
 = 0.0196               

p = 0.778

R
2
 = 0.01898               

p = 0.794

R
2
 = 0.021               

p = 0.734

R
2
 = 0.005               

p = 0.997

R
2
 = 0.0369              

p = 0.002

R
2
 = 0.017               

p = 0.829

Total Fungal Count
R

2
 = 0.211               

p = 0.676

rho = -0.611          

p = 0.005

rho = 0.325            

p = 0.161

rho = 0.285            

p = 0.222

R
2
 = 0.016               

p = 0.574

R
2
 = 0.095               

p = 0.604

Fungal Spore 

Count

R
2
 = 0.185               

p = 0.777

rho = -0.092          

p = 0.700

rho = 0.514            

p = 0.022

rho = 0.232             

p = 0.893

R
2
 = 0.150               

p = 0.083

R
2
 = 0.107               

p = 0.577

Salt Tolerant Total 

Fungal Count

R
2
 = 0.121               

p = 0.889

rho = -0.286          

p = 0.221

rho = 0.411            

p = 0.073

rho = -0.003             

p = 0.992

R
2
 = 0.108               

p = 0.127

R
2
 = 0.064                

p = 0.734

Salt Tolerant 

Fungal Spore 

Count

R
2
 = 0.218               

p = 0.622

rho = -0.292          

p = 0.211

rho = 0.558            

p = 0.012

rho = 0.162            

p = 0.491

R
2
 = 0.115              

p = 0.113

R
2
 = 0.058               

p = 0.761

Total Category 1
R

2
 = 0.251                 

p = 0.521

rho = -0.006          

p = 0.982

rho = -0.037            

p = 0.878

rho = -0.030           

p = 0.901

R
2
 = 0.002               

p = 0.521

R
2
 = 0.528               

p = 0.002

Total Category 2
R

2
 = 0.441               

p = 0.110

rho = -0.197          

p = 0.403

rho = 0.110            

p = 0.640

rho = 0.366            

p = 0.112

R
2
 = 0.001               

p = 0.909

R
2
 = 0.184               

p = 0.265

Taxa - Species p = 0.664 p = 0.624 p = 0.379 p = 0.603 p = 0.289 p = 0.3988

Building Parameters Environmental Parameters

Pyrosequencing

Culture

qPCR
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4.2.1 ENVIRONMENTAL FACTOR - LOCATION 

 Location was the only parameter that was observed to influence both the bacterial 

and fungal microbiome.  The effect of location on the indoor microbiome was observed 

primarily in the taxonomic classification results.  An increased relative abundance of 

Firmicutes was observed in Texas retail stores (22.6% TX vs. 13.1% PA) along with a 

reduction in the relative abundance of Proteobacteria in the Texas stores (48.9% TX vs. 

60.0% PA).  The gram-negative Firmicutes are endospore forming bacteria which may 

enable better survival in the drier climate of central Texas (Despres et al. 2007). 

 Taxonomic differences between retail sites in TX and PA were also observed for 

the fungi.  Ascomycota was more abundant in TX retail sites while PA sites contained a 

higher percentage of Basidiomycota.  Specifically, members of the Dothideomycetes 

were the most abundant class identified in all the TX sites (primarily from Cladosporium 

and Alternaria genera) and PA sites contained a higher percentage of Agaricomycetes.  

The influence of location on the fungal community indoors has been reported previously 

in other studies.  Amend et al (2010) sampled settled dust in six continents and observed 

distance from the equator to be the best predictor of fungal community similarity. The 

present study locations (TX and PA) are only separated by 10 degrees in latitude but still 

supportive of those findings.  The difference between the TX and PA occurs due to the 

considerable abundance of Basidiomycota in the PA samples and more specifically the 

taxonomic class of Agaricomycetes.  Pennsylvania weather in the spring and fall 

promotes growth of the basidocarps, or fruiting bodies commonly referred to as 

mushrooms.  The relative abundance of Agaricomycetes was observed to increase for 

samples from the PA sites in the fall and early winter which is the natural time for spore 

release and dispersal.  The abundance of Agaricomycetes detected in the retail stores was 

not linked to those with grocery functions, supporting the hypothesis that the 
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Agaricomycetes are likely due to an outdoor source.  In an outdoor air study conducted 

over one year in Germany (a location with a similar climate as PA), Agaricomycetes was 

the most common fungal class observed which also supports the outdoor origin of this 

class (Fröhlich-Nowoisky et al. 2009).  Shelton et al. (2002) provided a comprehensive 

culture-based investigation of the fungi present in  over 9,000 building samples and 2,400 

outdoor samples.  They observed that the six regions of the United States they 

investigated had significantly different fungal concentrations and commented that smaller 

localized differences may also exist.  Indeed, Adams et al. (2013) recently observed the 

significance of the outdoor influence on indoor fungal microbiome in apartment units 

within 500 meters of each other.  Three pairs of retail facilities were investigated based 

on that conclusion due to location within one km and sampling conducting at 

approximately the same time (GeT1 and FtF1, GeT2 and FfT2, OhT and MbT4).  The 

fungal microbiome detected in these pairs of retail stores were not distinguishable from 

each other at the local scale (Figure 2), however the retail facilities studied in the current 

research are had differences to the uniform university apartment complexes investigated 

in Adams et al. including non-uniform HVAC systems, building construction, functional 

use, and age of facility. 

4.2.2 BUILDING FACTOR – AIR EXCHANGE 

 The calculated air exchange rate at the retail sites averaged 0.62 air changes per 

hour (range 0.2-1.4, standard deviation ± 0.32).  In this study, air exchange was only 

statistically correlated to total culture-based fungal counts.  There is a limitation inherent 

to this line of assessment because the air exchange rate was measured during a four-hour 

period and the microorganisms were assessed with a month-long integrated sample.  

Nevertheless, if the measured air exchange rate is representative of the average air 



 44 

exchange then the comparison may provide useful insight into the impact of ventilation.  

Having said that, the air exchange rate was not correlated to the microbial community 

observed in the HVAC filter dust samples.  Several studies in the past have investigated 

the relationship between AER and microbial concentrations through culture based 

methods.  Frankel et al. (2012) studied Danish residences and found that the culture-

based concentration of bacteria and fungi decreased with increased air exchange rate.  

However, other studies have found no relationship between microbial concentrations and 

air exchange rate (Kruppa and Rüden 1996; Wu et al. 2005)  It is worth noting that even 

when the microbial communities are investigated with molecular methods identifying 

thousands of DNA sequences, a clear relationship between air exchange rate and 

microbial communities was not evident.  However, these results have the caveat that air 

exchange rate measurement was assumed to be constant over the microbial testing period 

which may be a factor in this finding. 

4.2.3 COMPARING TWO FUNGAL TARGET REGIONS – BUILDING AND 

ENVIRONMENTAL PARAMETERS 

 In general, the same conclusions regarding how building and environmental 

parameters influence the microbial community can be made using either the ITS and 

D1/D2 fungal loci (Appendix B).  As shown in Table 5, location and season (PA only 

sites) were significantly correlated with the observed microbial communities for both 

loci.  However, season (TX only sites) was significantly correlated for the ITS locus and 

not D1/D2.  Thus, it is possible that the selection of target loci can influence the resulting 

analysis.  Therefore the selection of fungal target loci can provide differences depending 

upon the objective of a study. 
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Table 5.  Relationship between Fungal Target Loci and Building/Environmental 

Parameters (Adonis test, p value) 

 

4.3 EVALUATION OF HVAC FILTER DUST AS MICROBIAL SAMPLERS 

Several experiments were conducted to develop a broader perspective regarding 

the merits of using HVAC filter dust as microbial samplers in indoor built environments.  

This section contains the results of two experiments, including a comparison of different 

microbial samplers in subsection 4.3.1 and the effects of airflow on cell and DNA 

recovery in subsection 4.3.2 (see Appendix F for further details and additional 

experiments). 

4.3.1 SAMPLER COMPARISON RESULTS 

Six samplers were deployed simultaneously at one retail site over two consecutive 

weeks.  The four active samplers evaluated included the following:  a BioSampler (BIO, 

12.5 L/min flow), a button sampler (BS, 4.0 L/min), a personal environmental monitor 

with nominal pore size of 2.5 µm (PEM, 10 L/min), and a wetted-wall cyclone (WWC, 

100 L/min).  In addition to collecting a HVAC filter dust sample, a high surface settled 

dust (SD) sample was collected from a shelf located near the active samplers. 

Across the samplers, Proteobacteria was the most abundant phylum observed as 

shown in Figure 9 and most prevalent in 10/12 samples and representing nearly 57% of 

the sequences recovered.  Distribution within Proteobacteria was not uniform across the 

samplers (see Appendix C).  The most prevalent genera also varied based on the sampler 

Target

Season                   

(MbT and MbP)

Season 

(All Sites)

Season 

(TX Sites)

Season 

(PA Sites) Location Store Type

D1/D2 0.447 0.968 0.206 0.001 0.001 0.926

ITS 0.726 0.24 0.019 0.001 0.001 0.781
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used to collect the sample.  In week 1, Propionibacterium (phylum Actinobacteria) was 

among the five most abundant genera in the four active samplers (BIO, BS, PEM, and 

WWC), possibly as a result of exposure to from human occupants (Eady et al. 1989; 

Hospodsky et al. 2012).  The other top genera found in multiple samples were Ralstonia 

in BIO, BS, PEM and Methylobacterium in HVAC, PEM, SD.  For week 2, the most 

abundant shared genera included Methylobacterium (BS, HVAC, PEM, SD) again and 

also Sphingomonas (HVAC, PEM, SD).  From a health perspective, members of several 

genera that may contain potential pathogens were detected in some but not all samplers 

including Bordetella (HVAC, SD), Clostridium (BIO, BS, HVAC, SD), and 

Fusobacterium (BS, SD).  In general, the choice of sampler did impact the bacterial 

community identified at the class and genus taxonomic levels. 
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Figure 9: Distribution of bacteria at phyla taxonomic level recovered from retail samplers 

over both weeks (HVAC = HVAC filter dust, SD = settled dust, BIO = 

BioSampler, BS = button sampler, PEM = personal environmental monitor, 

WWC = wetted-wall cyclone) 

 The fungal communities identified in the samplers at the class level are shown in 

Figure 10.  Dothideomycetes was detected at the highest relative abundance in all of the 

samples except the HVAC samples, which detected more Agaricomycetes, a mushroom-

forming fungal taxon (Hibbett et al. 1997).  Specifically, the Agaricomycetes genera of 

Trametes sp. and Coprinellus sp. were dominant in the HVAC dust samples.  To 

determine if these two genera were from outdoor sources, the taxonomic results were 

compared with a dust sample obtained from two other HVAC filters installed at the same 
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location and same time but with the outdoor dampers open to collect a higher fraction of 

outdoor air.  Over both weeks, the two genera were present at a lower abundance in the 

HVAC filter samples filtering outdoor air.  It is possible that the air handing unit with the 

higher portion of recirculated air (i.e., outdoor dampers closed) was contaminated by 

Agaricomycetes.  Alternatively it might simply reflect the fact that the HVAC filter 

captured a different microbial community than the rest of the samplers in this study.  Also 

of note, in week 1, the BS was the only sampler to detect Glomeromycetes which made 

up of arbuscular mycorrhizal fungi originating from plants and soil.  Similar to the 

bacterial results, fungal genera containing potential pathogens were found in some but 

not all samples; these genera included Aspergillus (HVAC, PEM, SD, WWC), 

Cryptococcus (HVAC, SD), and Fusarium (HVAC).  As with the bacterial results 

discussed above, sampler selection was observed to influence the fungal communities 

identified. 
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Figure 10:  Distribution of fungi at class taxonomic level recovered from retail samplers 

over both weeks (HVAC = HVAC filter dust, SD = settled dust, BIO = 

BioSampler, BS = button sampler, PEM = personal environmental monitor, 

WWC = wetted-wall cyclone) 

 Operational taxonomic units enable microbial community analysis without 

potential errors resulting from taxonomic identification.  The SD sampler had the highest 

number of bacterial and fungal OTUs, followed by the HVAC sampler.  These results 

were consistent in both sets of experiments carried out over two consecutive weeks.  

Figure 11 shows the OTU counts for each sampler over both weeks of testing.  

Hospodsky et al. (2012) investigated the indoor environment in a classroom via 

pyrosequencing and also observed a higher number of OTUs in settled dust compared to 

HVAC dust.  In our study, the higher diversity represented by additional OTUs in the 
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settled dust is hypothesized to be a product of infrequent cleaning of the surface where 

the settled dust was collected.  All four active samplers yielded much lower numbers of 

unique OTUs as compared to the SD and HVAC samples for both bacteria and fungi 

which is most likely due to the shorter sampling period.  Also, the estimated total flow 

through the extracted pieces of the HVAC filter dust was 3-4 orders of magnitude higher 

than the air flows that passed through the active samplers during the sampling period.  

With the increased flow the HVAC filter dust able to capture a higher amount of the 

diversity indoors which provides a deeper investigation into the microbial community.  In 

another taxonomic-independent analysis of the microbial communities, the beta diversity 

results revealed that the communities recovered from the same sampler were in general 

more similar to each other than the communities recovered during the same sampling 

period. 
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Figure 11: Number of unique bacterial and fungal OTUs delineated as a function of 

sampler type, for both weeks (HVAC = HVAC filter dust, SD = settled dust, 

BIO = BioSampler, BS = button sampler, PEM = personal environmental 

monitor, WWC = wetted-wall cyclone). 

 

A comparison of the OTUs recovered from the SD samples, the HVAC samples, 

and all the OTUs recovered from the four active samplers was also conducted as shown 

in Figures 12 and 13.  Due to the limited diversity recovered in the active samplers, the 

OTUs from all four active samplers were combined for comparison with the passive 

HVAC and settled dust samples.  The results show that settled dust, HVAC filter dust, 

and the combined active samplers do not capture the same bacterial or fungal OTUs.  In 

fact, the fraction of bacterial OTUs common between the SD and HVAC samples and all 
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four active samplers was only slightly over 1%.  For fungal OTUs, the shared OTUs were 

higher, near 6%.  The SD sampling method captured a greater number of OTUs but not 

the same OTUs found in either the HVAC sample or the active samplers. 

Although the active samplers were collocated and run simultaneously, only 13-

16% of the detected bacterial OTUs were common in all four samplers and only 33-34% 

of the detected fungal OTUs were common across the bioaerosol samplers.  The large 

difference in shared OTUs, despite collocated sampling efforts, indicates that factors such 

as sampler design and operation alter the microbial community sampled.  The different 

microbial communities observed would influence subsequent analysis including 

taxonomic identifications and comparisons to metadata.  The differences in observed 

communities is consistent with a similar study that used Sanger sequencing and observed 

that only 25% of the bacterial OTUs detected were common among all four active 

bioaerosol samplers (Fahlgren et al. 2011). 

 

Figure 12:  Shared bacterial OTUs for settled dust, HVAC filter dust, and active samplers 

(combined) for Week 1(A) and Week 2 (B). 
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Figure 13.  Shared bacterial OTUs for settled dust, HVAC filter dust, and active samplers 

for Week 1 (A) and Week 2 (B). 

Overall in this experiment, the microbial structure identified was more influenced 

by sampler type that by the sampling event.  Both the taxonomic and OTU analyses 

revealed that the six samplers did not detect the same microbial communities.  The 

HVAC and SD samplers were able to capture the most diverse microbial communities; 

however, few shared OTUs were observed across the samplers.  Perhaps most surprising, 

the microbial diversity and community in the active bioaerosol samplers were not similar 

despite sampling at the same location and at the same time.  Even at the genus level, 

highly abundant taxa in some samplers were not detected in others.  Most indoor air 

samplers were originally designed for culture-based analysis and with the increase in 

molecular tools the fundamental aspects of samplers should be further investigated as 

they may alter the microbial community observed and the resulting conclusions. 
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4.3.2 VIABILITY OF MICROORGANISMS ON FILTERS 

To assess microbial viability, known concentrations of Aspergillus niger and 

Bacillus cereus (endospore forming Firmicutes) were placed onto sterilized dust-laden 

HVAC filters recovered from two retail sites.  Using qPCR, the results were compared to 

the known concentrations added on Day 0 (verified by microscope) and qPCR 

determined concentrations relative to the amount of DNA recovered from day 0 and day 

1. 

The initial recovery of the microorganisms (cells observed/cells loaded) from the 

filter dust samples is presented in Figure 12.  The initial recovery of the fungal and 

bacterial cells within one hour of inoculation for the filter recovered from site GeT2 was 

almost 60%.  In contrast, for filter recovered from site MbP2, only 21% of the B. cereus 

cells were recovered by qPCR and only 1.5% of the A. niger was recovered.  From this 

small dataset, it appears that cell recovery with DNA extraction and qPCR analysis from 

HVAC filter dust can be influenced by the dust matrix.  The dust matrix can contain 

inhibitory artifacts including metals, organics, and clay which have been observed to 

effect the DNA extraction efficiency in soils (Feinstein et al. 2009; Frostegard et al. 1999; 

Gomes et al. 2010), although indoor dust may not contain an equal amount of these 

artifacts (Rasmussen et al. 2008).  Also, qPCR recovery from dust by Hospodsky et al. 

(2010) was between 8 and 16% of the initially added microorganisms which supports the 

hypothesis of inhibition reducing recovery efforts. 
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Figure 12: Bacterial and fungal cells recovered from initial loading over 17 days 

 Even at site GeT2 which had a higher recovery rate initially, for both A. niger and 

B. cereus the concentrations were reduced by over 80% from day 0 to day 1.  One 

hypothesis for this considerable reduction was that the cells were released from the 

porous HVAC filter cutouts (MERV 7) when flow was first applied due to the nature of 

the laboratory-scale set up used in the experiments (See Appendix F).  To test this 

hypothesis, dust without cells or DNA from the GeT2 filter was spiked with a known 

concentration of B. cereus and A. niger and placed on a 0.2 µm pore size filter.  The 

percent loss from day 0 to day 1 in this situation was substantially lower at 14% for A. 

niger and 42% for B. cereus.  Therefore, it does appear that some initial losses from the 
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filter dust occurred in the experiment due to adding microorganisms to the large pore size 

HVAC filters.   

 By Day 17 of 30, only low concentrations of cells were recoverable via qPCR 

from the HVAC filter samples in the laboratory set up.  A total of 10
8
 B. cereus cells 

were added to each filter and after 17 days only 2.7% of the cells were detected in GeT2 

and 0.92% in site MbP2.  For A. niger, 10
7
 fungal cells were loaded on each filter and at 

the conclusion of the test only 0.08% remained in the site GeT2 filter and 0.003% in the 

site MbP2 filter.  The losses could be due to several factors including initially losses (due 

to microorganisms sloughing off filters), dry conditions during airflow, or unnatural state 

of loaded filters that were not predisposition for conditions in air. 
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5. SUMMARY AND CONCLUSIONS 

The main contribution of this work to the indoor air field is the molecular 

characterization of the retail store microbiome.  The combination of pyrosequencing 

HVAC filter dust samples is novel for any building sector and provides additional 

opportunities for future indoor microbial research.  Specifically, this dissertation revealed 

the broad diversity of microorganisms found in retail stores.  The bacterial community 

was related to both outdoor air influences and human microbiota.  The diversity observed 

was not readily explained by building or environmental parameters although location was 

a significant influence to the observed fungal microbiome.  Nevertheless, the results 

suggest that multiple sampling events are required to fully characterize the indoor 

microbiome in a given building.  This thought is counter to current practice in indoor 

microbial investigations in which an indoor environment is sampled once and the results 

are assumed to be representative of the microbial communities present.  The reality is that 

indoor microbial communities can change over time as new microorganisms are 

deposited into the environment and environmental factors change. 

The present research was also novel by analyzing the same environmental 

samples with four bioanalytical techniques including culturing, Sanger sequencing, 

pyrosequencing, and qPCR (fungal assay).  Noteworthy in this area was the finding that 

the microbial community delineated by pyrosequencing in a given sample was different 

from that delineated with Sanger sequencing of the same sample indicating that the 

communities recovered appear to be a function of the method used to sequence the 

samples.  Additionally, a comparison of the qPCR results (for 36 fungal species) to those 

obtained with Sanger sequencing and pyrosequencing showed that even when qPCR 

detected a fungal species at a higher concentration in a given sample, it was not 
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necessarily identified by the  sequencing technologies.  This result urges caution when 

comparing results from different studies, even if the investigations were conducted using 

molecular techniques. 

A third major contribution to the indoor air field was the comparison of the 

microbial communities identified by two fungal target loci.  Fewer than 40% of the 

samples analyzed by pyrosequencing targeting the ITS region yielded the same dominant 

genera when the D1/D2 region was used as the target region.  However, the overall 

microbial communities delineated from HVAC filter dust with the two loci were 

correlated.  In addition, the same influences of building and environmental parameters on 

the fungal microbiome were observed for both regions.  These results should be of 

assistance to microbiologist, ecologist, and medical professionals as the fungal DNA 

target regions are assessed in the future for applications ranging from environmental 

surveys to bioterrorism alerts. 

Finally, this dissertation adds to the current knowledge regarding the merits of 

using HVAC filters as a sampling location for the indoor microbiome.  A comparison to 

other indoor air samplers indicates that HVAC filter dust captures a more diverse 

microbial community than bioaerosol samplers and has similar diversity to settled dust 

samples.  The collection of a more diverse sample may allow detection of potentially 

pathogenic microorganisms.  These microorganisms may be difficult to detect in 

bioaerosols samplers which sample a much smaller fraction of the indoor air.  Taken 

together, this dissertation fills a knowledge gap in current literature regarding the 

microbiome present in retail sectors and expands existing knowledge in bioanalytical 

methods, fungal target regions, and using HVAC filters as microbial samplers. 
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Abstract 

Despite their importance for human exposure, the microorganisms in the retail 

environment have not been studied in detail.  The present study uses HVAC filter dust 

analyzed via pyrosequencing techniques to characterize the indoor microbial community 

of 13 US retail stores, examines the sources of the bacteria, and investigates interactions 

with building and environmental parameters.  Although retail stores contained a diverse 

microbiome of 788 unique genera, over half of the 117,808 sequences were attributed to 

the Proteobacteria phylum.  Methylobacterium, Bacillus, Corynebacterium, 

Pseudomonas, and Acinetobacter were the most prevalent genera detected.  The indoor 

microbiome was statistically correlated with both the human oral and skin microbiota, 

indicating occupants are important contributors despite the relatively low occupant 

density per volume in retail stores.  The outdoor microbiome, while a contributor, was 

only the predominant contributor to the indoor microbial community in 18% of the 

samples.  No discernible association between indoor microbiome and season, location, 

store type, or air exchange rate was observed.  The absence of an association between the 

bacterial microbiome recovered from samples collected from a retail stores at one time 

and the microbiome recovered from a sample collected later suggests that caution is 

warranted when trying to characterize the microbiome in a single sampling visit. 
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Practical Implications 

Like many other indoor environments, the bacterial microbiome in retail stores is diverse.  

The retail microbiome is a mixture of bacteria from many sources including human oral 

bacteria, human skin bacteria, soil, and the outdoor environment.  Analysis of 

environment and building parameters showed little correlation between these parameters 

and the bacterial community present in a given store.  Despite utilizing a long-term 

sampling approach, substantial variation was observed in repeated samples over a one 

year period indicating caution is required when attempting to characterize the bacterial 

microbiome in retail stores. 

Key Words:  Bacteria, 16S, Pyrosequencing, Retail Stores, HVAC Filter Dust, Human 

Microbiome 
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Introduction 

The indoor bacterial assemblages (indoor microbiome) in retail environments are 

essentially unstudied, despite microbial health concerns identified in other indoor 

environments (Bouillard et al. 2005; Burge 1990).  Exposure to the retail environment is 

considerable; retail salespeople and cashiers represent the two largest occupations in the 

U.S. accounting for nearly 6% of workforce (BLS 2012).  In addition, 39% of Americans 

purchase consumer goods each day (BLS 2011).  The number of people visiting a store 

throughout the day and products with a geographically diverse origin may result in retail 

buildings being dissimilar to other studied indoor environments (Frankel et al. 2012; 

Haas 2011; Nasir and Colbeck 2010). 

Despite their importance from an exposure perspective, there has been relatively 

little exploration of the retail microbial community or the factors that affect it.  To date, 

only one known study has investigated the indoor bacterial microbiome of retail stores 

through DNA-based methods (Tringe et al. 2008).  In that study of two retail malls, the 

highest percentage of sequences detected were in the Proteobacteria phylum, 

approximately 60% of the sequences classified to the taxonomic order Caulobacterales 

and Alphaproteobacteria.  The bacterial community indoors was not the same as observed 

in the adjacent soil and water samples, suggesting that the indoor bacterial microbiome 

was its own niche.  Given the scarcity of microbial data in retail environments, there is 

value in considering results observed in other types of buildings.  Noris et al. (2011) 

sampled the microbial community through Sanger sequencing in four residential units 

and one unoccupied test home and also observed that the most prevalent bacterial phylum 
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in the residences was the gram-negative Proteobacteria (65%).  A higher percent of gram-

positive bacteria (mostly Firmicutes and Actinobacteria) were identified in residential 

units compared to the unoccupied test house, suggesting the importance of human 

occupancy.  Few DNA-based studies of the indoor environment have investigated the 

influence of building or environmental parameters on indoor environments.  Rintala et al. 

(2008) observed in nursing homes that seasonal variation in bacteria was not as 

significant as the influences from sampling at different buildings. 

The use of HVAC filter dust as indoor air samplers has been successfully 

employed in previous studies (Goyal et al. 2011; Noris et al. 2011) and can be paired with 

a molecular technique like pyrosequencing.  The combination of HVAC filter dust and 

pyrosequencing is a novel approach for the indoor environment by providing both survey 

depth and long sampling times.  The advent of pyrosequencing (DNA-based technique) 

has triggered comprehensive studies of the  bacterial microbial community (Peccia et al. 

2011; Tringe and Hugenholtz 2008).  Pyrosequencing has been demonstrated to be 

statistically accurate in phylogenetic comparisons (Liu et al. 2007), species identification 

(Amend et al. 2010), and species coverage (Porazinska et al. 2009; Sogin et al. 2006).  

Sampling HVAC filter dust provides a passive, long-term representation of the biological 

particles in the indoor air (Möritz et al. 2001; Noris et al. 2011; Stanley et al. 2008; 

Tringe et al. 2008).  Settled dust analysis, an alternative and more common long-term 

sampling method, is influenced by large particle settling (Kildesø et al. 1999) and may 

not be an adequate representation of the indoor environment (Noris et al. 2009).  In 
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contrast, active bioaerosol sampling is often short-term and more influenced by temporal 

variability (Clauss et al. 2012; Fierer et al. 2008). 

The present study investigates the microbial community detected in HVAC filter 

dust from multiple retail stores, using pyrosequencing to address the existing gap of 

knowledge on the retail environment microbiome.  The specific objectives of this 

research were to (1) characterize the indoor bacterial community in select retail stores, (2) 

identify source influences from the outdoor environment and humans, and (3) delineate 

correlations between the indoor bacterial microbiome and seasons, location, store type, 

and air exchange rate.  This study represents the largest known DNA-based study of retail 

environments with 117,808 sequences, 6,100 unique operational taxonomic units 

(OTUs), and 788 unique genera. 

Methods 

To characterize the indoor microbial community, a total of 22 samples of HVAC 

filter dust was collected from thirteen retail stores in central Pennsylvania (PA) and 

Austin, Texas (TX) with multiple measurements in select stores over seasons.  The same 

brands of stores across the two locations were maintained for the store categories of home 

improvement, general merchandise (except MiP), furniture, and medium grocery.  

Samples were identified with store type as the first character (e.g. H = home 

improvement), the second character is a unique brand identifier, the third letter denotes 

location (P=PA or T=TX), and the last character is numerical if that store had multiple 

sampling events over time.  A listing of the sampling sites is shown in Table 1. 
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Table 1.  Sampling Sites by Location 

 

Filter Placement 

New HVAC filters (medium efficiency) were placed in the air handling units of 

the retail stores for 30 days.  All of the stores had roof-top air handling units that were 

primarily unducted.  The selected air handling unit for testing was as far as possible from 

any primary building envelope openings and the outdoor air dampers were closed in 75% 

of the samples.  Filters from Pennsylvania were kept below 4°C immediately after 

removal from the unit and shipped to Texas.  Filters retrieved in Texas were stored for 

one night in a 4
o
C room to mimic the shipping conditions.  The low temperature 

conditions limit the ability of the microorganisms to reproduce in the filter after its 

removal from the HVAC system (Lauber et al. 2010; Li and Lin 2001).  DNA extraction 

was conducted after the one-day of shipping or storage.  Sterile techniques were used for 

handling the filters in the field.  The effect of filter placement in the retail stores was 

investigated and it was determined that the communities from different air handling units 

were generally similar (see Supplemental Information). 

  

Store Site ID (PA) Site ID (TX)

General Merchandise MbP1, MbP2, MbP3,MbP4, MiP MbT1, MbT2, MbT3,MbT4

Medium Grocery GeP GeT1,GeT2

Small Grocery ScP  SdT

Furniture FfP FfT1

Home Improvement HaP1, HaP2 HaT

Office Supply - OhT

Electronics EgP1, EgP2 -
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Metadata 

Metadata was collected for four days immediately prior to installation of the clean 

HVAC filters.  Building volume was calculated based on as-built drawings provided by 

the retail store management and verified during field visits.  Seasons were established 

based on time of the year and average temperatures reported by the National Oceanic and 

Atmospheric, National Climatic Data Center for Austin, Texas and State College, 

Pennsylvania.  Air exchange rate was determined by releasing sulfur hexafluoride (SF6), 

allowing one hour for mixing, and sampling throughout the store for the next four hours 

in accordance with ASTM Standard E741 (2011).  More details on these measurements 

can be found in Siegel et al. (in-preparation). 

DNA Extraction 

 DNA extraction was conducted in a similar manner as described by Noris et al. 

(2011).  Dust was extracted from the filter from nine evenly spaced 2.5-cm
2
 pieces of 

each HVAC filter  and transferred into a presterilized phosphate buffer solution (PBS; 10 

g/L NaCl, 0.25g/L KCl, 1.43 g/L Na2HPO4, 0.25 g/L KH2PO4, DNA-free water) in a 

sterile 50 mL centrifuge tube (Thermo Fisher Scientific Inc., Waltham MA).  The 

solution was sonicated and vortexed for 10 minutes each.  The liquid was passed through 

a 20 µm pore size filter (Whatman Ltd., Maidstone United Kingdom) as a prefiltration 

step (see Supplemental Information for analysis of prefilters). The filtered solution was 

vacuum filtered through a 0.2 µm hydrophobic filter (Millipore, Billerica MA).  The 

filter, 100 µL lysozyme (3mg/mL) and 300 µL Phenol-Chloroform-Isoamyl Alcohol 

(24:24:1) were placed into a bead tube (lysing beads and 750 µL lysing solution) 
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provided in the PowerSoil DNA Isolation Kit (Mo-Bio Laboratories Inc., Carlsbad CA).  

Bead beating was conducted in the FastPrep-24 homogenizer (MP Biomedicals LLC, 

Solon OH), following manufacturer recommendations of 30 seconds at 5.0 m/s.  All 

DNA recovered was quantified using a NanoDrop spectrophotometer (Thermo Fisher 

Scientific Inc., Waltham MA) and stored at -20
o
C for the duration of the project. 

Pyrosequencing 

 An aliquot of extracted bacterial DNA was processed via barcoded, multiplexed 

pyrosequencing (Research and Testing Laboratories Inc., Lubbock TX) on a 454 FLX+ 

Titanium Genome Sequencer (454 Life Sciences, Branford CT).  Primers for 

amplification covered the first three variable regions of the 16S rRNA gene (V1-V3), 27F 

(5’-AGAGTTTGATCMTGGCTCAG-3’) and 519R (5’-GWATTACCGCGGCKCTG-

3’).  Additional details on pyrosequencing processing including PCR conditions, 

barcoding method, and bead descriptions are published elsewhere (Dowd et al. 2008). 

One sample, site FfT2 (Furniture, TX), contained a low percentage of reads compared to 

the other samples and was discarded from further analysis.  Reproducibility was checked 

through blind triplicate sampling of aliquots of the same extracted DNA, revealing nearly 

identical microbial communities (see Supplemental Information).  In addition, 

pyrosequencing extracted DNA was observed to capture considerably more of the 

microbial community compared to the traditional method of culturing (see Supplemental 

Information). 
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Sequence Processing 

 Processing of the sequences were conducted in the Qiime open-source software 

package (Caporaso et al. 2010) using the overview tutorial pipeline unless otherwise 

noted.  Initial quality filtering included deleting reads under 250 bp, removal of noise in 

reads (Quince et al. 2011), and deleting of chimeric reads (Edgar et al. 2011).  After 

quality filtering, the average read lengths were 395 bp and the average sample depth per 

sample was 3,167 sequences.   Taxonomic identification was determined by alignment 

based on conserved regions using the basic local alignment search tool (BLAST) 

algorithm (Altschul et al. 1997) on a National Center for Biotechnology Information 

(NCBI) curated nucleotide database. Operational taxonomic units were clustered to 97% 

similarity using de novo UCLUST (Edgar et al. 2011).  Alignment was performed with 

the PyNAST algorithm (Caporaso et al. 2009) against the GreenGenes reference dataset, 

updated 12 Dec 2012 (McDonald et al. 2012).  To limit sequence depth bias (Gihring et 

al. 2012), samples were rarefied to 1,200 sequences for analysis based on the minimal 

sequence count in one sample.  Rarefaction details are noted in the results when the 

present study was compared to sequencing datasets from other studies.  Due to the 

number of sequences in the sample, alpha-diversity was determined from OTUs (i.e. 

observed species) in a rarefied sample (Lundin et al. 2012).  Beta-diversity was 

calculated using weighted UniFrac, a phylogenetic distance matric that compares 

diversity in samples (Lozupone et al. 2006).  Statistical analysis of correlations was 

performed in Stata Version 12 (StataCorp 2011) and Qiime (Caporaso et al. 2010).  

Statistical tests include t-test, cluster analysis, mantel test, and principle coordinates 
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analysis (PCoA).  In addition UniFrac pairwise comparisons were computed using a 

weighted UniFrac significance based upon 100 Monte Carlo simulations. 

Results and Discussion 

Characterization of Bacteria in Indoor Retail Environments 

 A total of thirteen stores in Texas and Pennsylvania were investigated including 

two stores in all four season and three stores in two seasons.  In Figure 1, the relative 

abundance of the observed 24 unique phyla are shown in the retail sites.  Proteobacteria 

was in general the most abundant phylum detected (55% of the sequences).  

Proteobacteria was also the dominant phylum observed in dust from aircraft filters 

(Korves et al. 2013) and mall filters (Tringe et al. 2008).  It has been hypothesized that 

the primary source of Proteobacteria could be the outdoor environment (Fierer et al. 

2008; Noris et al. 2011; Rintala et al. 2008) but the higher relative abundance may also be 

due to human occupants.  The human microbiota contains a smaller percentage of 

Proteobacteria compared to other phyla (Costello et al. 2009).  Therefore, an increase in 

Proteobacteria abundance may also be associated with fewer human occupants.  The next 

two most abundant phyla were Actinobacteria (19%) and Firmicutes (17%).  Phyla 

relative abundance was variable across the sites, especially for Proteobacteria and 

Actinobacteria.  The high variability at the phylum level indicates the retail microbiome 

is generally diverse in nature. 
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Figure 1.  Relative abundance at the phylum taxonomic level for the retail stores  

grouped by category (dashed lines separate store types). 

 

 At the genus level, 788 unique genera (avg. 145/store, range 8–285) were 

observed in this study with Methylobacterium species being the most abundant (20.3%), 

influenced considerably by four sites (FfP, MbP3, MbP4, MbT3) in which the microbial 

community was dominated by that one genus (e.g., greater than 70% of the sequences).  

If the four outlying sites with high Methylobacterium abundance are removed, the 

average relative abundance decreases to 6.8%. Methylobacterium is ubiquitous in nature 

(Gallego et al. 2005) and has been observed in biofilms on HVAC heat exchangers 

(Hugenholtz et al. 1995; Schmidt et al. 2012), residences (Martin et al. 2009) and even in 
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the human eye (Dong et al. 2011).  However, classification of the Methylobacterium 

sequences through the Ribosomal Database Project (Cole et al. 2009) indicates that the 

Methylobacterium detected are Streptophyta (chloroplast 16S rRNA gene from 

Cyanobacteria phylum).  The NCBI database used in the present study removed all 

chloroplast 16S rRNA which explains the two different classifications.  Chloroplast 

rRNA has been identified in other floor dust studies with relative abundance of 10-23% 

(Pakarinen et al. 2008; Täubel et al. 2009). 

 The next highest genera observed in this study were Bacillus (5.8%), 

Corynebacterium (4.6%), Pseudomonas (4.0%), and Acinetobacter (3.0%), all of them 

bacteria commonly detected in the indoor environment (Hewitt et al. 2012; Rintala et al. 

2008; Täubel et al. 2009) (See Supplementary Information for top five most abundant 

genera at each site).  For comparison, in the only study available for the retail 

environment (Tringe et al. 2008), more than 50% of the sequences belonged to the genera 

Brevundimonas and Stenotrophomonas, which in this current study only represented 

1.3% of the sequences, again highlighting variability in indoor environments.  

 Due to limitations in taxonomic classification as further explained below, the 

OTUs were also analyzed.  The indoor environment in these retail stores revealed 4,771 

unique OTUs (avg. 406/store, range 34-1,001), which correlates with the number of 

genera (p<0.0001).  However, the number of genera was 2.7 times fewer than OTUs 

indicating many sequences were not identified in the NCBI database at the genus level.  

When rarefied to 1,200 sequences, the number of OTUs per store was 290, similar to 

diversity estimates at the same rarefaction levels from HVAC filter dust in malls (Tringe 
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et al. 2008) and residential floor dust (Täubel et al. 2009), but approximately half the 

diversity of floor dust in densely populated classrooms (Hospodsky et al. 2012). 

Microbial Sources 

 The sources of microorganisms in the indoor environment can be broadly divided 

into those related to the outdoor environment, to indoor products, and to human 

occupants.  Due to the high diversity of indoor sources in different retail environments 

(e.g. meat, produce, dairy, plants, etc.) and the lack of available DNA-based studies, 

indoor products were not in the scope of this study.  Identifying the human microbiota 

influence on the microbiome is non-trivial due to the high variation of microorganism 

between individuals (Grice et al. 2008; Knights et al. 2011).  Hospodsky et al. (2012) 

utilized an approach of investigating bacteria found in higher abundance in several 

human studies including Proprionibacterineae, Enterobacteriaceae, Corynebacterineae, 

Staphlococcus, and Streptococcus.  The generic diversity ranged from 0.0-21.8% of those 

taxa in the retail environment, in general fewer than the 17-20% reported in the 

classroom study.  It could be hypothesize that these observed differences might be 

associated with a higher density of humans in classrooms compared to retail stores.  The 

average occupancy in the classroom study (measured in number of people per volume of 

indoor space) was seven times higher than that estimated in the retail stores (see 

Supplementary Information for full details on occupancy rate in retail stores). 

 A taxonomic-independent method was also used to analyze the human microbial 

influences on the observed bacterial community in retail stores.  Figure 2 presents the 

principle coordinates analysis results of the microbial assemblages from HVAC filter 



 86 

dust in retail stores as compared to human associated microbiome from Costello et al. 

(2009).  As a group, retail sites were significantly correlated to both oral and skin 

microbiome (p<0.001). The same trend was observed when using the unweighted 

UniFrac, a method that does not consider relative abundance, indicating a relationship 

between the samples based solely on microorganisms present.  Although a connection 

between human bacteria and indoor microbiome has been reported for residential floor 

dust (Täubel et al. 2009), it is notable that the same general conclusion can be observed in 

the retail sector, with an average volume of approximately ten times that of residential 

units (average volume in this study 51,869 m
3
). 

 In addition to oral and skin microbiota, communities observed in the retail stores 

clustered closely to soil microbiota (Figure 2), although they were not significantly 

correlated. The weaker association between the filter and the soil bacterial communities 

may be attributed to differences in aerodynamic particle size and potentially differences 

in ability to withstand the environmental conditions in the filter. 
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Figure 2.  Community comparison between retail site, human, and soil 

microbiomes (weighted UniFrac, rarefaction 600 sequences/sample). 

 

 Another potential source of the microbial community is the outdoor air.  As 

mentioned above, four sites contained a high percentage of Methylobacterium (curated 

NCBI classification) or Streptophyta (RDP classification).  Plastids have been described 

as evolved from cyanobacteria in Mereschkosky’s 1905 article (translated from German 

to English by (Martin and Kowallik 1999)).  The presence of groceries in the retail sector 

did not correlate with the relative abundance of Methylobacterium.  Thus, it could be 

hypothesized that these sequences belonged actually to a chloroplast 16S rRNA gene 

from outdoor plant materials, which would lead to the conclusion that sites FfP, MbP3, 
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MbT3, and MiP could be strongly linked to the outdoor environment.  Figure 3 compares 

the retail site results with a study that investigated the indoor microbiome of a classroom 

through active sampling of the air, active sampling of the air in the ventilation duct, floor 

dust, and HVAC filter dust (Hospodsky et al. 2012).  As can be observed, Figure 3 

supports this hypothesis since the four retail sites with presumed outdoor influence 

clusters closest to the HVAC filter dust from the class study which also contained a high 

percentage of chloroplast rRNA.  In contrast, the other retail sites without the clear 

outdoor influence described above cluster with the remaining classroom samples.  Note 

that the horizontal axis explains almost five times the variation in relation to the ordinate 

axis. 
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Figure 3.  Community comparison between retail site and hospital site 

microbiomes (weighted UniFrac, rarefaction 230 sequences/sample) 

 

 In order to further investigate the effect of the outdoor environment on the retail 

microbiome, the retail store microbial communities were compared to those obtained in a 

hospital study that sampled outdoor air, room air with mechanical ventilation operating, 

and room air with natural ventilation (Kembel et al. 2012).  Figure 4 shows the PCoA 

plot comparing the retail store samples with the hospital samples, again with the 

horizontal axis representing more variability (2.5 times more than ordinate axis).  The 

HVAC filter dust communities from the same four tests discussed above that appear to be 

strongly influenced from outdoor air cluster close to the outdoor air samples from the 
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hospital. The bacterial communities detected on the HVAC filter dust not from the four 

outdoor associated samples are closely related to the mechanically ventilated hospital 

microbiome, although not statistically correlated. 

 

 
 Figure 4.  Community comparison between retail site and hospital microbiomes 

(weighted UniFrac, rarefaction 1,200 sequences/sample). 

 

Influences of Building and Environmental Parameters 

 The influences of season, location, store type, and air exchange rates on the 

bacterial microbiome were investigated.  To analyze seasonal trends four stores were 

investigated in summer and winter. The types of retail sites selected were: an electronics 

store (summer: EgP2, winter: EgP1), a medium grocery (summer: GeT1, winter: GeT2), 
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a home improvement store (summer: HaP1, winter: HaP2), and a general merchandise 

store (summer: MbP2, winter: MbP4).  Biological measurements, including number of 

OTUs, phylum relative abundance, or evolutionary distances, were not found to be 

correlated with the season variable.  However, it was observed that the genus 

Acinetobacter, linked to nosocomial infections (Bergogne-Berezin and Towner 1996), 

was the most abundant of the genera (in relative terms) observed in the summer, showing 

relative abundances  8-fold higher than in winter samples. Bowers et al. (2011) sampled 

outdoor air in Midwest cities and found significant seasonal correlation between winter 

and summer in terms of bacterial composition and abundance.  The limited correlation in 

the current study may suggest that the bacterial community in the indoor retail 

environment is not predominately influenced by the outdoor environment. 

 The effect of spatial location was analyzed based upon 12 retail samples in 

Pennsylvania and 10 retail samples in Texas.  Texas retail stores showed higher diversity, 

(304 OTU/store vs. 277 OTU/store).  At the phylum taxonomic level, Firmicutes 

sequences were observed at a higher relative abundance in Texas sites (22.6% TX vs. 

13.1% PA) at the expense of Proteobacteria sequences (48.9% TX vs. 60.0% PA).  The 

ability of Firmicutes to form endospores provides them with an evolutionary advantage 

that may allow them to survive better in the drier climate of Texas.  For example, the 

Firmicutes-classified genus Bacillus was observed in 11.2% of the Texas sequences and 

only 1.2% of the PA sequences.  The clustering results for the retail sites are shown in 

Figure 5 (dendogram) with PA sites in gray and TX sites in black.  Despite the higher 
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Firmicutes levels in Texas, it can be observed in that location was not a major factor in 

the bacterial community comparison of the retail stores in this study. 

 The impact of a store type was analyzed when the same brand of store was 

sampled in both Pennsylvania and Texas.  Based on that criterion, store categories 

included in this analysis were general merchandise, medium grocery, small grocery, 

furniture, and home improvement.  The number of stores in each category was under 

three with the exception of general merchandise (n=9).  Therefore, the results presented 

are exploratory in nature and may be influenced by other factors that were changing 

between the sites.  With these caveats, the category of small groceries contained the most 

diverse community, showing a number of observed species above one standard deviation 

of the overall mean.  No statistical correlations were observed between store categories 

and bacterial communities at the phylum or genus taxonomic levels.  The dendogram in 

Figure 5 does not indicate clear groupings based on store type (first letter in site label).  It 

appears that the type of store is not a major influence in the indoor bacterial microbiome 

but definitive conclusions cannot be obtained due to the small sample sizes. 
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Figure 5.  Dendrogram clustering of similar microbial communities in retail sites 

(weighted UniFrac, clustering wards-linkage, rarefaction 1,200 

sequences/sample). 

 

 The air exchange rate (AER) was measured immediately prior to the HVAC filter 

installation.  Thus, the determined air exchange rate represents a single time point prior to 

the microbial tests and averaged 0.62 air changes per hour (± 0.32).  Along with 

parameters such as indoor relative humidity and temperature, AER can be temporally 

variable which makes it difficult to correlate these parameters to the month-long averaged 

indoor microbiome from the HVAC filter dust.  From what was observed in retail 

sampling, the AER was not correlated to the number of observed species, OTUs, or 
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predominant phyla.  Several studies in the past have investigated the AER and bacterial 

concentrations through culture based methods (Frankel et al. 2012; Kruppa and Rüden 

1996).  In these studies, AER and viable bacterial concentrations have been shown to be 

either negatively correlated (Bartlett et al. 2004; Frankel et al. 2012) or not correlated 

(Kruppa and Rüden 1996; Wu et al. 2005).  When the dampers in the HVAC system are 

open, as the AER is increased, the indoor air gets more similar to the outdoor air 

(Weschler and Shields 2000).  Bacterial communities in outdoor air have been shown to 

be  variable (Fang et al. 2007) which decreases the likelihood to determine correlations.  

Indeed, even short-term (i.e. order of days) irregularity in microbial communities in the 

outdoor environment exists (Fierer et al. 2008).  Therefore, the lack of correlation 

between AER and bacterial assemblages was expected. 

Conclusions 

The indoor environment in retail stores offers a variety of niches for microbial 

populations that support a diverse community.  However, the most dominant genera 

observed in the present study have been reported in other indoor environments.  The 

microbiome was significantly influenced by several parameters including human 

microbiota (most notably to oral and skin bacterial communities) and the outdoor 

environment.  A direct link to human microbial communities has been observed in other 

indoor spaces, but none with such a low occupant density as the large retail stores 

investigated in this study.  It is possible that even though occupant density human 

activities can be relatively small in this kind of indoor space,it can still have an impact on 

the microbial community structure.  The other main influence on the indoor retail 
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microbiome was outdoor air.  Proteobacteria species were identified in an average of 55% 

of the sequences, possibly from outdoors however, only 4 of 23 sites were shown to be 

significantly influenced by outdoor air through a comparison with other outdoor 

molecular studies.  Also, the phylum level cut off might not be appropriate for relating 

microorganism to a source. In this sense, molecular tools paired with increased access to 

sequencing datasets would allow a deeper exploration into source influences. 

The present study found only tangential relationships between the microbial 

community and season, location, and store type.  However, this study was limited in 

scope and generalized conclusions may not be extendable for all building types and 

locations.  The air exchange rate was also found not to influence the microbial 

community.  Increasing the air exchange rate, a common approach for reducing indoor 

pollutants, may not significantly influence the indoor bacterial community in retail stores 

nor alter the diversity of microbes in the air.  Overall, the diversity observed and the lack 

of clear correlations suggest it may be advisable to conduct multiple long-term sampling 

events to adequately characterize the indoor bacterial microbiome of a retail store. 
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 Supplemental Information 

 Four quality control experiments were conducted in this study including a 

reproducibility analysis, comparison of culturing and pyrosequenced results, 

characterization on the impact of prefilters, and exploring the impact of air handling unit 

selection on the microbial communities.  The microbial community comparisons for the 

four experiments are shown in Supplemental Figure 1.   

Pryosequencing Reproducibility 

 Aliquots from the same extracted DNA were sent for replicate sampling.  The 

microbial communities were statistically related as can be seen in Supplemental Figure 1. 

Cultured Community vs. Direct Pyrosequencing 

 At sites MbP1 and HaP2, the HVAC filter dust was cultured and the 

microorganisms from the agar plates were removed, the DNA extracted, and processed 

via pyrosequencing to identify the culturable microbial community.  Site MbP1 had 11 

times fewer operational taxonomic units when culturing (548 vs. 48) and site HaP2 had 

almost four times fewer OTUs when culturing (401 vs. 102).  Taxonomic identification 

showed the agar plates were dominated by the Firmicutes phylum (99% MbP1 and 81% 

HaP2 sequences), primarily Bacillales.  In contrast, the direct pyrosequenced results 

showed a mixture of Proteobacteria, Firmicutes, and Actinobacteria.  As shown in the 

Supplemental Figure 1, the two communities recovered were not the same.  A combined 
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analysis of the microbial sequences confirms the limited diversity and bias in cultured 

results found in this study has been reported in other research (Rintala et al. 2008; Zhou 

et al. 2010). 

Impact of Prefiltering 

An initial prefilter was performed in all DNA extractions to limit the inhibitory 

artifacts in the samples.  However, three sites were able to achieve amplification of the 

DNA on the prefilter, FfP, EgP2, and MiP.  The bulk measurement of OTUs between the 

prefilter and final filters was similar (Ffp - 110 OTU prefilter, 136 OTU final filter; EgP2 

– 188, 170; MiP – 78, 83).  Sites FfP and MiP each showed similar taxonomic 

identifications for the prefilter and final filter with a predominance of Methylobacterium 

sp. (Phyla P value < 0.001).  However, at site EgP2 the phylum level were not 

statistically correlated (P = 0.111).  The prefilter of EgP2 contained a higher percentage 

of Proteobacteria and fewer Firmicutes compared to the final filter.  Of interest, the final 

filter included a high percent of Sulfobacillus sp. (16.8%).  No other DNA sample in the 

present study contained over 1% of that moderately thermophilic acidophile.  Therefore, 

it is probable that the final filter for EgP2 was contaminated either during DNA 

extraction or in preparation for pyrosequencing.  In summary, while the prefilter captures 

microorganisms and DNA, it does not significantly alter the microbial community and is 

a viable processing step when required. 

Impact of Air Handling Unit  

 Air handling units observed on the roof in retail sites ranged from 2 - 44 

independent units per store.  At two sites, OhT and MbT4, HVAC filters were installed in 
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three air handling units located across the store.  At site OhT, a LEED certified facility; a 

filter was installed at the front (AHU 2), middle (AHU 3), and back (AHU 4) of the store.  

The bacterial and fungal OTUs varied (Bacterial OTU 61-262, Fungal OTU 116-243).  

Interestingly, AHU 3 had the most bacterial OTUs and the least fungal OTUs.  The 

bacterial relative abundance at the phylum level was similar with all three filters and 

statistically correlated (p < 0.012).  However, the top five relative abundant taxa from the 

three filters were not the same.  The fungal relative abundance at the class level was also 

statistically correlated (p < 0.001).  At site MbT4, filters were installed at the back (AHU 

18 east side, AHU29 west side) and front (AHU 20).  Like OhT, the OTUs were non-

uniform across the filters.  AHU 20 had the highest amount of OTUs at 308, followed by 

280 OTUs at AHU 18 and only 61 OTUs at AHU 10.  Again, similar to OhT, the relative 

abundance at the phylum level was significantly correlated (P < 0.0048) but the filters did 

not share many of the most predominate genera.  A possible explanation for the 

differences could be the operating time of the units. Measurements of when the air 

handling units were in operation were taken two days prior to the installation of the 

filters.  For site OhT, the number of OTUs decreased with an increased operating time.  

The opposite effect was observed for site MbT4.   
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 Supplemental Figure 1.  Community comparison between quality control 

samples of HVAC filter dust (weighted UniFrac, rarefaction 600 sequences/sample). 

 

Density in Stores 

 The density of occupants in retail stores was calculated based on transaction 

numbers per hour, as reported by the stores over 2-16 days near the time of testing.  A 

generic multiplication factor of 2.2 was applied across all stores to convert transaction 

number to occupants (shoppers and workers).  Yuill (1996) investigated infiltration of 

automatic doors in retail and other building sectors and observed on average, 2.2 people 

enter a store each time an automatic door opens.  This result does not necessarily 

preclude the party size to 2.2 people as multiple shoppers may enter on one door opening.  

Thus this most likely represents an underestimation of the total shoppers.  However, not 

all shoppers will buy goods plus this factor accounts for workers.  The conversion from 
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transaction number to occupants is proprietary information not made available by the 

retail stores.  The conversion depends upon factors including but not limited to 

conversion rate (shoppers buying/total shoppers) and average time in store.  To verify the 

calculated occupant density was within feasible ranges, the rates were compared to 

occupancy values reported in the retail categories sales and supermarkets of a U.S 

ventilation standard (ASHRAE62.1 2010).  The results of occupant density in this study 

range from 0.5-12 individuals/100 m
2
, in general agreement with sales (15 people/100 

m
2
) and supermarkets (8 people/100 m

2
).  Supplemental Figure 2 shows the hourly 

transaction numbers with mean (horizontal line), average (small box), large box (25 and 

75 percentile), crosses (1% and 99%), and whiskers (highest and lowest values).  Overall, 

the transaction numbers did not vary by season when comparing sites with multiple visits.  

For the same store, the trends are repeatable on a daily basis with typically inflation on 

the weekends.   
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Supplemental Figure 2.  The hourly transaction numbers collected from each site 
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Supplemental Table 1.  Top Five Relative Abundant Genera at Retail Sites 

 
  

1 2 3 4 5

EgP1 Corynebacterium Methylobacterium Pedobacter Propionibacterium Patulibacter

EgP2 Methylobacterium Sulfobacillus Eubacterium Corynebacterium Sphingomonas

FfP Methylobacterium Pseudomonas Merismopedia Ralstonia Corynebacterium

FfT1 Acinetobacter Bacillus Pseudomonas Brevibacillus Massilia

GeP Acinetobacter Pelagibius Sphingomonas Thauera Pseudomonas

GeT1 Hyphomicrobium Acinetobacter Pseudomonas Methylobacterium Sphingomonas

GeT2 Chryseobacterium Methylobacterium Corynebacterium Sphingomonas Paracoccus

HaP1 Methylobacterium Pseudomonas Acinetobacter Massilia Corynebacterium

HaP2 Methylobacterium Corynebacterium Propionibacterium Sphingomonas Micrococcus

HaT Pseudomonas Acidovorax Methylobacterium Brevundimonas Sphingomonas

MbP1 Methylobacterium Corynebacterium Pseudomonas Staphylococcus Sphingomonas

MbP2 Methylobacterium Corynebacterium Nocardioides Micrococcus Staphylococcus

MbP3 Methylobacterium Sphingobium Beijerinckia Flavisolibacter Flavisolibacter

MbP4 Acinetobacter Methylobacterium Corynebacterium Paracoccus Pseudomonas

MbT1 Corynebacterium Pseudomonas Thauera Staphylococcus Acinetobacter

MbT2 Bacillus Paenibacillus Lysinibacillus Acetobacter Corynebacterium

MbT3 Methylobacterium Bacillus Sphingomonas Methylocella Clostridium

MbT4 Corynebacterium Methylobacterium Staphylococcus Staphylococcus Rubellimicrobium

MiP Methylobacterium Sphingobium Pseudomonas Sphingomonas Herbaspirillum

OhT Pseudomonas Bacillus Sphingomonas Nocardioides Blastococcus

ScP Hyphomicrobium Acinetobacter Corynebacterium Pseudomonas Rubellimicrobium

SdT Methylobacterium Bacillus Sphingomonas Rubellimicrobium Xanthomonas
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Supplemental Figure 3.  Relative abundance in PA retail sites (genera shown with over 

2% abundance at one or more sites) 

 

Phlyum Class Order Family Genus EgP1 EgP2 FfP GeP HaP1 HaP2 MbP1 MbP2 MbP3 MbP4 MiP ScP

 Brevibacteriaceae Brevibacterium 0.0 0.2 0.0 0.2 3.1 0.6 0.8 2.3 0.0 0.1 0.1 0.4

 Corynebacteriaceae Corynebacterium 13.3 4.9 1.3 2.2 3.2 3.6 4.9 7.3 0.0 6.0 0.0 6.8

 Geodermatophilaceae Modestobacter 2.4 0.2 0.0 0.0 0.2 0.9 0.2 0.9 0.0 0.7 0.1 0.1

 Microbacteriaceae Microbacterium 0.0 0.4 0.0 1.4 1.5 2.4 1.9 0.6 0.0 0.0 0.0 0.5

Arthrobacter 0.0 0.0 0.0 0.0 2.3 1.4 0.3 0.2 0.0 0.1 0.0 1.2

Micrococcus 0.0 0.2 0.0 3.6 2.8 3.3 2.6 4.1 0.0 1.1 0.1 1.2

 Nocardiaceae Nocardioides 1.8 0.6 0.0 0.2 1.5 2.4 0.7 5.8 0.0 0.3 0.2 0.6

 Propionibacteriaceae Propionibacterium 5.1 2.3 0.2 0.3 1.3 3.5 1.6 0.9 0.0 0.8 0.1 0.5

 Patulibacteraceae Patulibacter 4.4 0.3 0.0 0.0 0.7 2.1 1.4 3.4 0.0 0.1 0.0 0.4

 Solirubrobacteraceae Solirubrobacter 2.6 0.0 0.0 0.5 0.2 1.7 0.4 0.8 0.0 0.0 0.1 0.1

Pedobacter 5.7 0.0 0.3 0.0 0.6 0.6 0.5 0.4 0.0 0.8 0.1 0.0

Sphingobacterium 4.4 0.5 0.0 0.6 0.4 0.0 0.3 0.0 0.0 0.7 0.1 0.1

 Bacillaceae Bacillus 0.9 3.6 0.9 0.8 1.4 2.7 1.0 1.6 0.0 1.3 0.2 0.5

 Staphylococcaceae Staphylococcus 1.9 0.8 0.2 0.2 1.3 1.2 4.3 3.6 0.0 0.6 0.0 2.0

 Lactobacillales  Aerococcaceae Aerococcus 0.0 0.1 0.0 0.0 0.0 1.2 0.3 2.2 0.0 0.2 0.0 0.8

 Clostridiaceae Clostridium 1.5 0.4 0.2 0.2 1.2 2.0 0.9 2.3 0.0 0.9 0.1 0.2

Finegoldia 0.0 1.5 0.0 0.0 0.5 0.0 0.5 2.1 0.0 0.3 0.0 0.1

Sulfobacillus 2.0 16.8 0.0 0.9 0.4 0.0 0.0 0.0 0.0 0.1 0.0 0.1

 Eubacteriaceae Eubacterium 0.5 6.3 0.3 0.5 0.7 0.0 0.9 1.1 0.0 0.0 0.0 0.3

 Caulobacterales  Caulobacteraceae Brevundimonas 1.8 1.0 0.9 1.4 1.2 0.9 0.9 0.5 0.0 0.7 0.0 3.3

 Hyphomicrobiaceae Hyphomicrobium 0.1 0.0 0.0 0.0 0.0 0.0 0.7 0.1 0.0 0.2 0.0 15.2

 Methylobacteriaceae Methylobacterium 8.3 17.6 71.2 0.1 5.9 8.9 8.6 9.5 94.5 6.5 84.1 2.1

Paracoccus 0.0 0.2 0.1 1.9 2.7 0.4 1.1 1.0 0.0 4.2 0.0 0.6

Pelagibius 0.0 0.0 0.0 8.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0

Rubellimicrobium 0.1 1.0 0.0 2.0 2.0 0.7 0.7 0.1 0.0 0.9 0.0 5.0

 Rhodospirillales  Acetobacteraceae Roseomonas 0.0 1.4 0.1 0.6 0.3 2.0 0.6 0.3 0.0 2.1 0.2 0.6

Sphingobium 0.0 0.8 0.2 0.5 0.5 0.9 0.3 0.1 4.5 0.2 5.0 0.0

Sphingomonas 1.4 4.3 1.3 7.0 2.6 3.4 3.6 0.9 0.0 2.2 0.9 2.8

 Burkholderiaceae Ralstonia 1.3 1.6 1.3 3.2 0.1 0.0 0.0 0.3 0.0 0.3 0.1 0.0

Acidovorax 0.5 3.7 0.1 0.1 0.3 0.5 0.6 0.2 0.0 0.1 0.0 1.5

Variovorax 1.3 2.1 0.1 0.1 0.2 0.1 1.4 0.3 0.0 0.2 0.0 0.5

Massilia 0.1 0.0 0.0 0.0 3.2 1.0 2.4 0.1 0.0 1.9 0.1 0.6

Naxibacter 0.0 0.1 0.0 0.0 0.2 0.0 0.1 0.0 0.0 2.7 0.0 0.0

 Rhodocyclales  Rhodocyclaceae Thauera 0.0 0.0 0.0 6.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2

Citrobacter 0.0 0.0 0.0 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Enterobacter 0.0 0.0 0.1 1.9 2.7 0.2 1.6 0.1 0.0 0.2 0.1 3.7

Erwinia 0.0 0.1 0.1 0.4 0.3 0.0 2.0 0.1 0.0 0.0 0.4 0.6

Pantoea 0.0 0.2 0.0 3.6 0.2 0.0 0.7 0.1 0.0 0.4 0.1 0.3

 Moraxellaceae Acinetobacter 0.9 0.0 0.4 19.6 4.5 2.8 3.0 0.5 0.0 15.3 0.1 8.0

 Pseudomonadaceae Pseudomonas 3.2 1.0 8.8 4.5 5.4 2.1 4.5 0.9 0.0 4.0 1.0 6.7

Oceanospirillales Alcanivoraceae Alcanivorax 0.0 0.0 0.0 4.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

 Oxalobacteraceae 

 Gammaproteobacteria 

 Enterobacteriales  Enterobacteriaceae 

 Pseudomonadales 

 Proteobacteria 

 Alphaproteobacteria 

 Rhizobiales 

 Rhodobacterales  Rhodobacteraceae 

 Sphingomonadales  Sphingomonadaceae 

 Betaproteobacteria 
 Burkholderiales 

 Comamonadaceae 

 Firmicutes 

 Bacilli 
 Bacillales 

 Clostridia  Clostridiales  Clostridiaceae unclassified 

 Actinobacteria  Actinobacteria (class) 

 Actinomycetales 

 Micrococcaceae 

 Solirubrobacterales 

 Bacteroidetes  Sphingobacteria  Sphingobacteriales  Sphingobacteriaceae 
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Supplemental Figure 4.  Relative abundance in TX retail sites (genera shown with over 

2% abundance at one or more sites) 
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Phlyum Class Order Family Genus FfT1 GeT1 GeT2 HaT MbT1 MbT2MbT3MbT4 OhT SdT

 Brevibacteriaceae Brevibacterium 0.1 1.1 1.8 0.9 2.3 0.2 0.2 0.7 0.9 0.9

 Corynebacteriaceae Corynebacterium 2.0 1.9 13.9 1.0 10.3 1.7 0.8 13.3 1.4 1.0

 Geodermatophilaceae Blastococcus 0.0 0.1 0.0 0.6 0.1 0.0 0.0 0.7 4.7 0.4

Kocuria 0.2 2.0 0.5 1.2 1.4 1.6 0.0 0.0 0.0 0.2

Micrococcus 1.5 0.5 0.4 0.5 4.5 0.1 0.0 3.4 0.2 0.1

 Nocardioidaceae Nocardioides 0.3 0.3 0.7 0.8 0.1 0.1 0.0 0.3 5.9 1.4

 Propionibacteriaceae Propionibacterium 2.3 0.3 2.2 1.5 1.2 0.0 0.0 1.5 2.7 0.1

 Streptomycetaceae Streptomyces 0.9 0.5 0.0 2.1 0.0 0.8 0.0 0.0 0.7 0.6

 Bacteroidetes  Flavobacteria  Flavobacteriales  Flavobacteriaceae Chryseobacterium 1.2 1.2 22.1 0.0 0.2 0.1 0.4 0.0 0.0 0.0

Bacillus 8.9 2.6 0.3 2.7 4.2 71.6 5.5 1.2 9.2 5.5

Geobacillus 2.2 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.0

Lysinibacillus 0.0 0.0 0.0 0.0 0.1 2.7 0.0 0.0 0.0 0.0

Brevibacillus 3.0 0.0 0.0 0.1 0.1 0.6 0.0 0.4 0.0 0.1

Paenibacillus 0.9 0.3 0.0 1.2 0.2 3.4 0.0 0.1 0.0 0.1

 Planococcaceae Planococcus 0.4 0.0 0.0 0.1 0.0 0.0 0.5 0.3 3.7 0.2

 Staphylococcaceae Staphylococcus 1.7 0.4 1.1 1.1 5.3 0.4 0.1 4.7 0.4 1.0

 Lactobacillales  Aerococcaceae Aerococcus 0.3 0.2 3.2 0.0 0.1 0.0 0.4 0.0 0.0 0.1

 Eubacteriaceae Eubacterium 0.0 0.0 0.1 0.0 1.5 0.1 0.0 2.1 1.1 0.3

 Ruminococcaceae Faecalibacterium 0.4 0.0 0.1 0.0 0.4 0.0 0.0 0.7 2.0 0.0

Brevundimonas 0.1 1.1 1.4 3.3 0.6 0.1 0.1 1.1 0.3 0.6

Caulobacter 0.1 0.4 0.0 0.5 0.4 0.0 0.1 2.2 0.1 1.8

 Hyphomicrobiaceae Hyphomicrobium 0.5 19.2 0.4 0.0 0.4 0.0 0.0 0.0 0.0 0.1

 Methylobacteriaceae Methylobacterium 2.3 5.6 18.8 5.2 0.5 1.0 74.9 10.8 1.8 9.0

 Rhizobiaceae Rhizobium 2.2 0.5 0.5 1.0 2.7 0.3 0.2 1.9 0.2 0.6

 Rhodobacteraceae Paracoccus 0.4 2.2 3.7 0.8 1.3 0.3 0.0 0.7 0.9 1.6

 Rhodobacteraceae Rubellimicrobium 1.5 0.6 0.1 1.0 0.3 0.0 0.2 3.6 1.9 3.3

 Rhodospirillales  Acetobacteraceae Acetobacter 0.0 0.0 0.0 0.0 0.0 2.6 0.0 0.0 0.0 0.0

Novosphingobium 0.9 0.5 0.7 0.1 2.5 0.0 0.7 1.8 1.9 0.6

Sphingomonas 1.9 3.9 4.2 2.8 2.7 0.1 1.8 4.7 8.6 4.3

 Comamonadaceae Acidovorax 0.1 3.0 0.2 6.6 1.1 0.0 0.0 0.1 1.0 0.0

 Oxalobacteraceae Massilia 2.7 0.5 0.2 0.8 2.6 0.2 0.3 0.0 0.0 1.8

 Rhodocyclales  Rhodocyclaceae Thauera 0.0 0.5 0.0 0.0 5.4 0.0 0.0 0.0 0.0 0.0

 Enterobacteriaceae Enterobacter 2.0 2.3 0.3 0.6 1.7 0.2 0.1 0.0 0.2 0.5

 Enterobacteriaceae Pantoea 0.8 0.1 0.1 0.2 1.8 0.1 0.4 0.8 2.2 0.4

 Moraxellaceae Acinetobacter 9.6 11.4 0.7 1.9 5.0 0.5 0.1 2.4 0.3 1.1

 Pseudomonadaceae Pseudomonas 4.7 5.7 1.0 24.1 5.6 0.1 1.0 2.1 10.9 2.0

 Xanthomonadales  Xanthomonadaceae Xanthomonas 0.0 0.9 0.2 0.0 1.2 0.0 0.0 1.1 0.7 2.3

 Micrococcaceae 

 Bacillaceae 

 Paenibacillaceae 

 Caulobacterales  Caulobacteraceae 

 Sphingomonadaceae 

 Rhodobacterales 

 Alphaproteobacteria 

 Betaproteobacteria 

 Gammaproteobacteria 
 Pseudomonadales 

 Enterobacteriales 

 Burkholderiales 

 Sphingomonadales 

 Actinobacteria  Actinobacteria (class)  Actinomycetales 

 Firmicutes 

 Proteobacteria 

 Bacilli 

 Clostridia 

 Bacillales 

 Clostridiales 

 Rhizobiales 
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DRAFT PAPER 2.  COMPARISON OF THE ITS AND D1/D2 FUNGAL BARCODES IN SELECT 

U.S. RETAIL STORES 

 

Hoisington, A., Maestre, J.P., Szaniszlo, P.J., Siegel, J.A, and Kinney, K.A. 

 

(In-preparation) 

 

Abstract  

Researchers focusing on the Eukaryotic kingdom of Fungi have not yet settled on the 

optimal barcode region for environmental studies.  Recent advances in pyrosequencing 

technology is producing a rapid infusion of studies in novel environments, often using 

either the ITS or D1/D2 loci for sequencing.  To compare these studies, an understanding 

of the inherent proclivity between the loci must be understood.  In the present study, 23 

samples from 13 U.S. retail stores were analysed via pyrosequencing of both the ITS and 

D1/D2 fungal barcodes for a total of over 288,000 sequences.  The results are based on 

taxonomic identification, alpha-diversity measurements, and beta-diversity metrics.  

Analysis of the two loci across all samples provided similar results and the same general 

conclusions on correlations with building and environmental parameters.  Geographic 

location was found to be, for both target loci, the most influential factor. However, when 

comparing the results of the two target loci to individual buildings differences were 

observed.  Namely, only 39% of each retail site had the same dominant genus taxa, the 

D1/D2 locus had 87% less OTUs, and beta-diversity indices for individual buildings were 

dissimilar.  Pyrosequencing of both loci only detected 25 – 30% of thirty-six common 

indoor fungal species (EPA mold test) and the percentage of detections was not improved 
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with an increase in fungal concentrations from 100 – 400 fungal cells/mg dust. Overall, 

the results suggest caution when comparing investigations that use dissimilar loci.  

Keywords:  Fungi, ITS, D1/D2, barcode, pyrosequencing, indoor microbiome 
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Introduction  

The advent of pyrosequencing technology has reduced costs and efforts to draw 

DNA sequence information from environmental samples (35, 49).  This technology 

provides orders of magnitude more sequences when compared to traditional Sanger 

sequencing, offering a broad perspective of the microbiome under consideration (47).  In 

addition, massively parallel barcoded methods in pyrosequencing allow multiple samples 

to be run simultaneously (19) and the vast number of sequences per run (e.g. 1,000,000 

on Roche GS FLX+) produce voluminous data.  The sequences can be verified for errors 

and taxonomically classified through computational algorithms that compare the 

sequences observed to existing databases.  With estimates of up to 5.1 million fungal 

species in the world (6), it becomes advantageous to only have one region focus research 

efforts.  Comparisons of bacterial 16S rRNA target loci have been conducted in the past 

(21, 24, 41) but the same level of research has not been investigated for fungal DNA in 

environmental settings. 

There is not a consensus on the optimal barcode for fungal microbiome studies 

when utilizing pyrosequencing technology, even though extensive research has been 

conducted on several fungal target loci including the small-subunit (SSU), internal 

transcribed spacer (ITS) and the large-subunit (LSU).  The ITS and LSU regions 

(specifically D1/D2 region of the LSU)  are the most commonly used DNA targets in 

fungal molecular studies of the built environment (4, 32, 36, 37)  Indeed, effort has been 

made to curate taxonomic identifications for the sequences in ITS (28) and LSU regions 

(23).  The ITS region is located between the SSU and LSU, consisting of  ITS1 and ITS2 
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regions separated by the conservative 5.8 ribosomal subunit (14).  The 500-700 bp ITS 

region is highly variable, potentially enabling genus or even species identification (30, 

48).  ITS variability can be problematic for sequences alignment and therefore beta-

diversity analysis algorithms are employed that use phylogenetic information (40).  

Another potential target locus is D1/D2, located near the 5’ end of the LSU region.  

Although the D1/D2 region is the most diverse of the LSU region (23), it is not as 

variable as the ITS locus (18), thus limiting taxonomic identification at lower levels.  

However, less variability permits alignment of D1/D2 for phylogenetic beta-diversity 

analysis.  An alternative approach is to utilize both regions in study designs, selecting the 

ITS region for taxonomic identification and D1/D2 region for beta-diversity analysis (4) 

at an increased cost and analytical time.  The present study intends to address the gap in 

knowledge of the effect that fungal locus selection has on analysing environmental 

samples. 

 A total of 23 samples were recovered of the indoor microbiome in retail stores 

from heating, ventilation, and air conditioning (HVAC) filter units.  HVAC filter dust has 

been used successfully in indoor studies of bacteria, fungi, and viruses (13, 16, 27, 32).  

By closing the outdoor air dampers, the air flowing through the filters is primarily from 

the indoor environment. The dust cake accumulated on the filter provides a rich and 

diverse microbial sample.  The purpose of the present study was to determine the effect 

that the use of two different fungal barcodes had on the characterization of the indoor 

microbiome and on the interpretation of relationships between microbial communities 

and building or environmental parameters. 
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Materials and Methods  

Retails Stores.  Thirteen retail stores of convenience, inclusive of eight store types in 

central Pennsylvania (PA) and central Texas (TX), were sampled from June 2011 to 

August 2012.  Select stores were sampled repeated times to assess seasonal variation for 

a total of 23 samples. Sample identification was labelled with unique identification code 

of the form “TbL” where T is the building type, b is the brand, and L is the location (e.g. 

P=PA or T=TX).  The present study was conducted in conjunction with a research project 

investigating the indoor air quality in retail stores.  The air exchange rates (AER), 

building areas, and transaction numbers of the stores were determined in a period of 

approximately one week prior to the biological sampling included in this study.  Table 1 

contains a summary of metadata collected from the retail sites.  The AER was calculated 

based on standard methods of SF6 tracer gas release over four hours (10).  As-built 

drawings were used to calculate the interior area and volume.  Occupant density was 

based on transaction numbers provided by the retail stores, multiplied 2.2 to account for 

additional guests (52) and employees, and divided by the total area of the store (see 

supplemental information for more details). 
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TABLE 1  Metadata and Sample Identification in Retail Sites 

 
* Occupant density not available, estimated from MbT1 

HVAC Filter Placement.  New HVAC filters (medium efficiency) were placed into 

rooftop mounted handling units (AHU) that contained the sampling filter, heating/cooling 

elements, blower, and dampers.  The AHU were located away from entry doors and 

loading docks.  AHU location was not did not alter the microbial community observed 

Location Store Type
Sample 

ID
Season

AER 

(1/hr)

Density 

(#/100m
2
)

Volume 

(m
3
)

HaP1 Summer 0.21 2.2

HaP2 Winter 0.2 2.1

Small Grocery ScP 0.76 12 3,300     

MbP1 Fall 0.56 3.2

MbP2 Winter 0.4 3.0

MbP3 Spring 0.52 2.9

MbP4 Summer 0.51 2.7

MiP 0.54 1.7 67,000   

EgP1 Winter 0.68 3.1

EgP2 Summer 1.37 3.0

Furniture FfP 0.55 0.4 8,100     

Medium Grocery GeP 0.87 10 25,000   

Home 

Improvement
HaT 0.3 1.8 92,000   

MbT1 Summer 0.51 3.2

MbT2 Fall 0.99 3.2*

MbT3 Winter 0.42 3.2*

MbT4 Spring 0.49 3.2*

Small Grocery SdT 0.93 13 5,400     

GeT1 Summer 1.07 12

GeT2 Winter 1.14 5.8

FfT1 0.25 1.1

FfT2 - 0.9

Office Suppy OhT 0.29 2.1 21,000   

20,000   

93,000   

99,000   

20,000   

61,000   

15,000   

Home 

Improvement

PA

TX

Electronics

General 

Merchandise

Medium Grocery 

Furniture

General 

Merchandise
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when AHUs were in operation (see Supplimental Information).  The microbial sampling 

started immediately following the metadata collection and lasted for 30 days.  Air 

handling units were operated in normal conditions, as specified by the retail store with 

the locations in operation during the testing period.  Filters in PA were shipped overnight 

to TX for analysis, maintained at 4
o
C or less.  Filters in TX were stored for one day at 

4
o
C to simulate the the procedure used the PA samples.  Special care was taken to not 

introduce external contamination in the HVAC filter placement and handling steps. 

DNA Extraction.  DNA extraction from HVAC dust followed the same protocol as a 

previous study (32).  Briefly, dust from the HVAC filter was extracted from nine evenly 

spaced 2.5-cm
2
 pieces of each HVAC filter and transferred into 45 mL of phosphate 

buffer solution (PBS; 10 g/L NaCl, 0.25g/L KCl, 1.43 g/L Na2HPO4, 0.25 g/L KH2PO4) 

in sterile 50 mL tube.  The PBS and filter sections were sonicated and vortexed for 10 

minutes each.  The samples were then passed through a 20 µm pore size filter (Whatman 

Ltd., Maidstone United Kingdom) as a prefiltration step, necessary to reduce the 

inhibitory effects of HVAC filter dust.  The prefilters did not alter the microbial 

community in the present study (see Supplemental Information).  The filtered solution 

was vacuum-filtered individually through a 0.2 µm hydrophobic filter (Millipore, 

Billerica MA).  The filter, 100 µL lysozyme (3mg/mL) and 300 µL Phenol-Chloroform-

Isoamyl Alcohol (24:24:1) were placed into a bead tube (lysing beads and 750 µL lysing 

solution) provided in the PowerSoil DNA Isolation Kit (Mo-Bio Laboratories Inc., 

Carlsbad CA).  Cell lyses was conducted in the FastPrep-24 homogenizer (MP 

Biomedicals LLC, Solon OH), following manufacturer recommendations of 30 seconds 
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at 5.0 m/s, two repetitions.  The remaining steps were followed according to the 

PowerSoil instructions.  All DNA recovered was quantified using a NanoDrop 

spectrophotometer (Thermo Fisher Scientific Inc., Waltham MA) and stored at        -20
o
C 

for the duration of the project. 

Pyrosequencing.  An aliquot of 20 µL of extracted DNA for each region was processed 

via barcoded, multiplexed pyrosequencing by an external lab (Research and Testing 

Laboratories Inc., Lubbock TX) on the 454 FLX+ Titanium Genome Sequencer (454 Life 

Sciences, Branford CT). Primers for amplification of the D1/D2 region were LROR (5’-

ACCCGCTGAACTTAAGC-3’) and LR3 (5’- CCGTGTTTCAAGACGGG-3’) (8).  The 

ITS primers were ITS1F (5’-CTTGGTCATTTAGAGGAAGTAA-3’) and ITS4 (5’-

TCCTCCGCTTATTGATATGC-3’) (14, 51).  Given the length of amplicons recovered 

from pyrosequencing (400-500 bp), the ITS or D1/D2 regions were not completely 

sequenced.  Additional details on pyrosequencing processing including PCR conditions, 

barcoding method, and bead descriptions are published elsewhere (9).  Triplicate 

sampling of the same extracted DNA confirmed reproducibility of the microbial 

communities (see Supplemental Information) 

qPCR.  The remaining filter section not removed for DNA extraction was vacuumed 

through a HEPA filter attachment to capture the HVAC dust. The filter attachment was 

sent overnight to a U.S. EPA certified laboratory for the 36-panel qPCR assay analysis 

(see supplemental information for species tested).  The assay species and methods were 

developed by the U.S. EPA as a standardized test for quantifying select fungal species in 

indoor dust (17), calculated as fungal cells per milligram of dust.  An exploration of 
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uncertainty and analysis on limits of the comparison between the EPA DNA extraction 

method and the present study method is presented in the supplemental information. 

Sequence Processing.  Processing of the sequences were conducted in Qiime (7) and the 

procedure for creation of OTUs was identical for both target loci.  That initial quality 

filtering included deleting reads under 250 bp, removal of noise in reads (38), and 

deletion of chimeric reads (12).  Taxonomic identification was determined using the basic 

local alignment search tool (BLAST) algorithm (2) from a National Center for 

Biotechnology Information (NCBI) curated nucleotide database (unclassified sequences 

removed).  ITS sequences were clustered to 97% similarity using UCLUST (12)  from a 

referenced dataset derived from the UNITE database (22).  ITS beta-diversity was 

estimated based upon the non-phylogenetic Bray-Curtis metric (5).  For the D1/D2 

sequences, OTUs were clustered to 97% similarity using de novo UCLUST and aligned 

with the de novo MUSCLE algorithm (11).  Beta-diversity was calculated using weighted 

UniFrac, a phylogenetic distance matric that compares diversity in samples (25).  To limit 

sequence depth bias in the analysis (15), all samples from both target loci were rarefied to 

the minimal sequence count in one sample (1,100 sequences).   Due to the sequencing 

size, alpha-diversity was determined from observed species (i.e. OTUs) in the rarefied 

sample (26).  Statistical analysis of correlations was performed in Stata (46) and Qiime 

(7).  Statistical tests included spearman rank coefficient, cluster analysis, mantel test, and 

principle coordinate analysis (PCoA). 
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Results  

Taxonomic Identification.  Taxonomically, some variability was observed between 

samples. However, on average the phyla, classes, and genera detected were consistent 

between the two loci (Figure 1).  At the phylum level, 91% of the samples matched for 

the most dominate phylum in both target loci.  A total of 99.5% of the reads were 

identified as either Ascomycota (ITS average 65.8% and D1/D2 average 62.9% 

sequences/sample) or Basidiomycota (ITS average 34.1% and D1/D2 average 36.5% 

sequences/sample). The dominant classes were Dothideomycetes, Agaricomycetes, 

Eurotiomycetes, Sordariomycetes, and Tremellomycetes and represented 96% of the ITS 

sequenced and 94% of the D1/D2 sequences detected.   In 74% of the sites, the most 

abundant class taxa were the same for both target loci.  Across the sites and with both 

target regions Cladosporium and Alternaria species were the most prevalent genera, the 

ITS locus identified 548 unique genera and the D1/D2 locus identified 686, prior to 

rarefaction.  The most prevalent genera at the same site between the two target regions 

were similar in 39% of the samples.  Only in one site (out of 23) did the two regions 

identify the same top three most abundant genera.  Results from the five most abundant 

genera for each locus at the investigated retail stores are shown in the supplemental 

information (Supplemental Table 2).  Additionally, genera with over 1% relative 

abundance are given for ITS locus for all retail sites in the supplemental information.  

The total number of genera from the ITS and D1/D2 samples had different distributions 

in a pairwise test (Wilcoxon signed-rank test, p = 0.002).  
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FIG 1  Relative abundance of dominant phlya, classes, and genera for ITS (light 

gray) and D1/D2 target loci (dark gray) (error bars represent one standard 

deviation from all 23 retail samples) 
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Alpha Diversity.  The rarefied observed species (i.e. OTUs) for the ITS locus averaged 

155 OTUs/sample (range 63 to 240 OTUs/sample).  In contrast, the D1/D2 locus 

identified fewer OTUs/sample, an average of 108 OTUs/sample (range 35-254 

OTUs/sample).  The difference of OTUs/sample between the two target regions is shown 

in Figure 2 with error bars of one standard deviation based on ten random sampling 

events without replacement.  Only three sites contained a higher number of D1/D2 OTUs 

compared to ITS, as viewed beneath the dotted line.  The D1/D2 locus had an average of 

30% less OTUs/sample compared to the ITS locus.  However, the number of OTUs from 

the two regions were significantly correlated (Wilcoxon signed-rank, p < 0.0005).  The 

coefficient of variation averaged 4% for both loci, ranging from 1-8%. 

 
FIG 2  ITS compared to D1/D2 OTUs (error bars represent one standard 

deviation), dashed line is equality between the target loci (1:1 slope) 
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qPCR.  The qPCR results from the 23 sites identified 34 out of the 36 target species 

included in the ERMI panel (50) at least one time (absent from all sites: Aspergillus 

syndowii, Penicillium crustosum).  The average highest concentration of fungal species 

were Cladosporium cladosporioides (5040 cell eq./mg dust), Aureobasidium pullulans 

(3930 cell eq./mg dust), and Epicoccum nigrum (3899 cell eq./mg dust).  The fungal 

species that were most frequently detected were Cladosporium sphaerospermum (23/23), 

Eurotium amstelodami (22/23), Cladosporium herbarum (21/23), and Paecilomyces 

variotii (21/23).  Across the sites, a large variation in the concentration of individual 

species was observed, often ranging three to four orders of magnitude. 

The qPCR and pyrosequencing results were compared at the genus taxonomic 

level.  The  percentage of positive detections for qPCR compared to both target regions is 

shown in Figure 3 for each site.  The dashed line represents the average for the loci. The 

ITS average was influenced by several sites with considerably higher qPCR and 

pyrosequencing matches.  However, pairwise the ITS locus was only slightly better in 

qPCR detects (higher in 53% of sites).  Figure 4 shows the average percentage of 

pyrosequence matches to qPCR detections, over different fungal concentrations.  The ITS 

locus matched a higher percentage of qPCR detections between in the range of 1 - 400 

fungal cells equivalents/mg dust.  Despite an increase in spores quantified through qPCR, 

after 100 fungal cell eq./mg dust, no additional percentage of species was detected via 

pyrosequencing.  The pyrosequencing comparison was based on present/absence to 

eliminate potential disparity involved in relative abundant estimates (3). 
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FIG 3  Percentage of identified genera from pyrosequencing (any abundance) to 

qPCR by site (dash lines represent average for all sites) 
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FIG 4  Percentage of identified species from pyrosequencing (any abundance) to 

qPCR concentrations 

 

Community Comparison.  Figure 5A and Figure 5B show the community comparisons 

as visualized on a principle coordinate analysis plot (PCoA), developed from a weighted 

UniFrac evolutionary distance metric for D1/D2 and Bray-Curtis metric for ITS.  The 

distance matrices between ITS and D1/D2 were significantly correlated (mantel, p < 

0.0001).  A third evolutionary distance matrix for D1/D2 with Bray-Curtis measure was 

also significantly correlated to both matrices.  Despite the correlations, clustering appears 

to be different at the retail site level.  For example, EgP2 appears to be significantly 

different from any other sites in ITS PCoA but is located close to sites like FfT1 and 

MbT4 in the D1/D2 PCoA.  On the contrary, visual agreement between the two regions 

can be found for several pairs of sample, for example MbP3 and MbP4. 
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FIG 5  Community similarity for ITS (A) and D1/D2 (B) target loci, value next to 

axis label indicates percentage variation explained by that axis 
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Discussion 

The averaged taxonomic identification was similar between the ITS and D1/D2 

loci, even at the genus level where the top two abundant genera matched.  In a taxonomic 

pairwise comparison, the classes with higher relative abundance were identical for both 

loci in 75% of the retail sites.  At the genus level, fewer than 40% matched the same 

dominant genus.  Romanelli et al. (2010) utilized longer Sanger sequencing yet observed 

identification match between ITS and D1/D2 loci in only 49% of the clinically isolated 

Basidiomycetes.  The target fungal locus can have an effect on the dominant taxonomic 

classifications and while much discussion has been made about the pyrosequencing “tail” 

(20, 39, 45), the present study found differences in the pyrosequencing “head” due to the 

DNA target region selection.  Similarly, the lack of correlation between sequences 

present in relatively large abundances was also observed in the comparison of both loci to 

qPCR results for 36 fungal species.   

One potential issue with the qPCR and pyrosequencing taxonomic results, 

independently of the target, is comprehensive availability of all fungal sequences and 

potentially erroneous identifications.  The NCBI database identified 53,536 sequences 

with the chosen D1/D2 primers and 64,626 sequences with the ITS primers (primer-

blast).  Even if those sequences were all unique species, that would only quantify 

approximately 1% of the estimated 5.1 million fungal species (6).  The ITS locus was 

shown to misidentify 6% of fungal sequences in the International Nucleotide Sequencing 

Database (31).  Moreover, public databases can be geographically and taxonomically 

biased (40).  Manually curated databases can increase the accuracy in taxa identification 
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but with an even lower number of possible sequences (e.g. RDP LSU 8,506 sequences 

and 1,702 genera (23); UNITE ITS 6,816 sequences and 418 genera(29)). 

Taxonomic-independent analyses, avoid the classification errors from reference 

datasets (42) through clustering similar sequences, often at 97%, even though that may 

not correspond to a species level in fungi (30).  The most fundamental analysis of this 

type of data is the investigation of rarefied OTUs per sample.  In 87% of the samples, the 

ITS locus had a higher number of OTUs per sample after rarefaction.  Therefore if 

sampling depth and diversity is the primary concern the ITS locus is a superior region to 

target.  It should be noted that rarefaction altered the results for diversity estimates.  

Namely, using the same extraction and amplification procedures it was observed the 

D1/D2 locus had greater amplification efficiency and thus higher pre-rarefied species.  

Overall, the ITS region had only 56% of the sequences per sample compared to the 

D1/D2 locus.  The lower amplification efficiency of ITS region concurs with results of 

previous studies (33, 34).  The ITS region contained 20% less OTUs before rarefaction 

and 40% more after rarefaction. 

To investigate if the same general conclusions can be made from the datasets of 

the two loci, the most dominant taxa were compared across seasons (only Mb stores were 

sampled four times in both locations), seasons for all sites, season for TX sites, season for 

PA sites, location, and store type.  The most distinguishable taxa relationship to building 

or environmental parameters was based on location. Specifically, Dothideomycetes was 

the most abundant class in all the TX sites but in none of the PA sites.  The TX sites were 

primarily dominated by the genera of Cladosporium and Alternaria.  Amend et al. (2010) 
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observed these two genera in settled dust sampled throughout the world but did not find 

the defining contrast as seen in this study.  In a culture-based study across the United 

States, it was observed that Cladosporium and Alternaria were both more frequent and at 

higher concentrations outdoors in the southwest region of the country compared to the 

northeast (44).  Thus, it is probable that the microclimate between these locations caused 

the difference in the type of fungi observed. 

Similar results as found in the taxonomy were observed for OTUs and diversity 

estimates in the samples.  The D1/D2 region was significantly correlated to location 

(p=0.0016) however, the ITS locus correlation was not significantly correlated 

(p=0.0679).  Application of 95% significance thus gave a different outcome result in 

alpha-diversity metrics.  Both target loci of OTU counts were not correlated to air 

exchange rate, building volume, or occupant density. 

The beta-diversity analysis revealed the fungal communities between the two 

target loci were similar even though individual relationships at the site level were not 

exactly the same.  Weighted analyses (i.e. with relative abundance) were also correlated 

to the unweighted analysis.  The beta-diversity estimates were also analysed based on 

building and environmental factors and the statistical relationships are shown in Table 3.  

For both loci, significant correlations were observed in PA sites in relation to season and 

location.  Amend et al. (2010) sampled settled dust throughout the world and observed 

distance from the equator as the best predictor in fungal community similarity.  Although 

PA and TX are only separated by approximately 10 degrees in latitude, these results are 

supportive of that finding.  Adams et al. (2013) also observed a significant of outdoor 
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influence on residences at a smaller scale, under one square kilometer.  The ITS target 

locus also determined that season provided also significantly different results in the 

subset of TX  retail sites but the D1/D2 locus did not.  The building volume, air exchange 

per hour, and density were all observed not to have a statistical correlation to the 

evolutionary distance of the samples for any of the loci. 

TABLE 3 Relationship between Target Regions and Building/Environmental Factors (p 

values) 

 
 

Conclusions 

 Significant discussion in the past has led to a lack of consensus on the optimal 

fungal locus for molecular studies.  The Consortium for the Barcode of Life has 

recommended the ITS region but different analytical methods and processes may 

influence the target region in environmental studies utilizing pyrosequencing.  The 

present study observed the ITS locus was 87% more diverse in the retail samples after 

rarefaction but when amplification efficiency is considered, the ITS locus showed 56% 

less diversity compared to the D1/D2 region.  Taxonomic differences of the most 

dominant genera for the two loci was only 39%, indicating caution when comparing 

taxonomy across studies using different amplification loci.  While the beta-diversity 

matrices were significantly correlated between ITS and D1/D2 loci, relationships 

between the individual sites were not the same.  This difference may be significant 

depending upon the level of focus in research studies.  For both regions the grouping of 

Target

Season                   

(MbT and MbP)

Season 

(All Sites)

Season 

(TX Sites)

Season 

(PA Sites)
Location Store Type

D1/D2 0.447 0.968 0.206 0.001 0.001 0.926

ITS 0.726 0.24 0.019 0.001 0.001 0.781
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samples is a more conservative approach for community analysis and reduces variability 

that can introduce errors. 

 When analysing microbial community’s correlation to external factors, it is 

prudent to be conservative and recognize only those connections that exist in multiple 

measurements.  For example, in the present study a correlation was found between the 

ITS-derived microbial community and Texas seasons.  That relationship was not 

observed in the D1/D2 sequences or in both sequence datasets with taxonomic or alpha-

diversity measurements and thus it cannot be considered a strong conclusion with the 

available information.  On the contrary, the effect of location on the fungal community 

was observed across taxonomic resolution, taxonomic-independent OTUs, and beta-

diversity metrics.  Overall, this study found differences in site by site comparisons but the 

fungal community relationships to building and environmental factors were consistent 

between the two loci.   The improvement of taxonomy of both regions is nontrivial and 

an on-going effort that is more complex since the primary barcode has not yet been 

determined.  The optimal barcode should be relevant to both fundamental mycological 

studies and environmental investigations.   Additional research studies using modern 

molecular tools should be conducted to support the selection of the fungal barcode to be 

used in the future. 
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 Supplemental Information 

Pyrosequencing Reproducibility 

 Aliquots from the same extracted DNA (ScT) were sent for blind testing to the 

pyrosequencing lab to sequence the ITS locus.  As can be seen in Supplemental Figure 1, 
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the microbial communities from the triplicate processing were closely related.  The three 

microbial communities contained the same three highest abundant genera. 

Cultured Community vs. Direct Pyrosequencing 

 For two retail sites (MbP1 and HaP2) the HVAC filter dust was cultured and the 

fungi was scrapped from the agar, DNA extracted, and processed via pyrosequencing.  

The community recovered from culturing was compared with the methods in the present 

study of directly pyrosequencing the HVAC filter dust.  The microbial communities had 

some differences as can be seen from the lack of close groupings in Supplemental Figure 

1.  The most pronounced difference was observed with respect to Agaricomycetes.  That 

fruiting body class (commonly mushroom) had no detections in the cultured results 

despite a 91% abundance at site MbP1 and a32% abundance at site HaP2.  In addition to 

a taxonomic difference, the two methods also presented different diversities in the 

samples.  The direct pyrosequenced results were observed to have an order of magnitude 

more diversity for both retail sites.  The above results suggest the use of DNA-based 

technologies is advisable when attempting to characterize the fungal community of an 

environmental sample. 

Impact of Prefiltering 

 An initial prefilter step was performed in all DNA extractions for pyrosequencing 

to limit the inhibitory artifacts in the samples.  Three sites were able to achieve 

amplifications from the prefilters to include EgP2, FfP, and MiP.  The fungal 

communities between the two prefilters and final filter were most similar for MiP, 

followed by FfP and EgP2 (Supplemental Figure 1).  The results from MiP and FfP 
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suggest that these samples were similar with an average of 8% difference in total OTUs 

observed and similar taxonomic composition at the class and genera levels.  Site EgP2 

did not have the same general characteristics between the prefilter and final filter.  The 

most noticeable difference was a 29% higher abundance of Agaricomycetes in the 

prefilter.  That trend was not consistant for the other two sites sampled.  The conclusion 

that MiP and FfP prefilters and filters were of similar communities and EgP2 were 

different was also observed for bacterial community (data not shown) 

Impact of Air Handling Unit Selection 

 The number of air handling units on the roof of the tested retail stores varied from 

2 to 44.  If possible the AHU was selected away from doors and loading docks to limit 

outdoor influence.  However, the impact of AHU selection was investigated in detail at 

two sites, OhT and MbT4.  In both of these sites HVAC filters were installed in three 

different air handling units.  At site OhT a filter was installed in the front (AHU 2), 

middle (AHU 3), and rear of the store (AHU 4).  The observed microbial communities 

were similar as can be seen in Supplemental Figure 1.  The fungal relative abundance at 

the class level was statistically correlated (p < 0.001) but the number of OTUs among the 

three AHUs varied from 116 to 243.  At site MbT4, filters were installed at the back 

(AHU 18 east side, AHU 10 west side) and front (AHU 20).  Site MbT4 had 25 AHUs 

spread across the roof.  Like OhT, the number of OTUs was non-uniform across the AHU 

filters and ranged from 4 to 163.  AHU 10 microbial community was the filter with the 

lowest OTUs and most similar to the cultured microbial communities from sites MbP1 

and HaP2.  The filter was observed to be without a dust cake.  Taken with the low 
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microbial diversity, it is probable this AHU was not in operation during the time of 

testing.  Approximately 50% of the sequences observed in AHU 20 and AHU 18 were 

from the genus Cladosporium and was likely the reason the two filter samples clustered 

together (Supplemental Figure 1). 

 

 Supplemental Figure 1.  Community comparison between quality control 

samples of HVAC filter dust (Bray-Curtis, rarefaction 1,000 sequences/sample). 
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Density in Stores 

 The density of occupants in retail stores was calculated based on transaction 

numbers per hour, as reported by the stores over 2-16 days at approximately the same 

time as the indoor testing.  The conversion between transaction number and occupants 

was 2.2 based on work by   Yuill (1996) investigating infiltration of automatic doors in 

retail and other building sectors.  Yuill observed 2.2 people enter a store each time an 

automatic door opens.  This factor is also used in the industry and subject to substantial 

uncertainty based on store type and location. To verify the calculated occupant density 

was within feasible ranges, the rates were compared to occupancy values reported in the 

retail categories sales and supermarkets of a U.S ventilation standard (ASHRAE62.1 

2010).    The results of occupant density in this study range from 0.5-12 individuals/100 

m
2
, in general agreement with sales (15 people/100 m

2
) and supermarkets (8 people/100 

m
2
). 

Uncertainty in qPCR Measurements 

Uncertainty in the qPCR analysis included variability in dust submitted (only 

subsample of 5 mg used for analysis) and variability in dust across the HVAC filter.  In 

addition the EPA method utilizes a different DNA extraction protocol compared the 

method employed in the present study for pyrosequencing which may be a limit to the 

comparison.  The uncertainty and limit to comparison were analyzed based on if the 

median change in concentration was significantly different from zero (Wilcoxon Rank 

Sign) and based on mutual detection or lack of detection between two samples.  An error 

rate was based on the percent of paired species that either did not match either by both 
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having a detection and both have no detection.  One dust sample from a single HEPA 

filter was split to check for variability in the dust matrix.  The samples concentrations 

were not significantly different from zero with an 8% error rate for mutual detection/non-

detection.  Two sets of dust samples were compared based on two different HEPA filters 

of the same filter for variability in the dust across a filter.  The concentrations of both sets 

of samples were significantly different from zero however, on average only a 12% error 

rate was observed.  Lastly, two different filters were analyzed from qPCR based on the 

extraction method applied in this study for pyrosequencing and also the qPCR protocol.  

One of those sets of data was significantly different from zero and the average error rate 

was 23%.  Combined, an estimated overall error rate between the qPCR and 

pyrosequencing results for both detected or both not detected was 27%. 

 

SUPPLIMENTAL TABLE 1 Species Included in qPCR Analysis 

 

 

Acremonium strictum Aspergillus versicolor Penicillium chrysogenum

Alternaria alternata Aureobasidium pullulans Penicillium corylophilum

Aspergillus flavus Chaetomium globosum Penicillium crustosum (group 2)

Aspergillus fumigatus Cladosporium cladosporioides I Penicillium purpurogenum

Aspergillus niger Cladosporium cladosporioides II Penicillium spinulosum

Aspergillus ochraceus Cladosporium herbarum Penicillium variabile

Aspergillus penicillioides Cladosporium sphaerospermum Rhizopus stolonifer

Aspergillus restrictus Epicoccum nigrum Scopulariopsis brevicaulis

Aspergillus sclerotiorum Eurotium amstelodami Scopulariopsis chartarum

Aspergillus sydowii Mucor and Rhizopus Group Stachybotrys chartarum

Aspergillus unguis Paecilomyces variotii Trichoderma viridei

Aspergillus ustus Penicillium brevicompactum Wallemia sebi
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Supplemental Figure 2.  Primer map showing location of DNA target loci 

amplified in the present study 
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SUPPLEMENTAL TABLE 2 Comparison of ITS and D1/D2 Target Loci Results for 

Five Most Abundant Genera for Each Retail Site 

 

ITS Taxonomic Results 

 The below tables were created for each site using the ITS target locus results for 

genera with over 1% relative abundance.  Relative abundance for a particular genus is 

give in the parenthesis following the genus name.  Taxonomic identity was from NCBI 

database.  Those genera that do not have a specific classification level are given with the 

next highest level. 

 
 

Divison Class Order Family Genus

 Davidiellaceae  Cladosporium (1.3)

 Mycosphaerellaceae Davidiella (1.5)

 Pleosporales  Leptosphaeriaceae  Ampelomyces (1.1)

 Aspergillus (1.1)

 Eurotium (2.2)

 Leotiomycetes  Helotiales  Helotiales (family)  Hyalodendriella (1.1)

 Diaporthales  Valsaceae  Cytospora (1.0)

 Diatrype (10.8)

 Eutypella (2.0)

 Agaricales (family)  Plicaturopsis (2.1)

 Lycoperdaceae  Lycoperdon (3.5)

 Auriculariales  Exidiaceae  Exidia (2.0)

 Cerrena (1.1)

 Daedaleopsis (11.0)

 Phlebia (1.3)

 Trametes (17.0)

 Polyporaceae  Polyporus (3.8)

 Polyporales (family)  Irpex (2.8)

 Meruliaceae  Bjerkandera (4.8)

 Peniophoraceae  Peniophora (6.2)

 Stereaceae  Stereum (2.4)

 Trechisporales  Trechisporaceae  Sistotremastrum (4.8)

 Russulales 

 Coriolaceae 

 Diatrypaceae 

 Trichocomaceae 

EgP1

 Agaricales 

 Eurotiales 

 Capnodiales 

 Xylariales 

 Polyporales 

 Ascomycota 

 Basidiomycota 

 Dothideomycetes 

 Eurotiomycetes 

 Sordariomycetes 

 Agaricomycetes 
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Divison Class Order Family Genus

 Ascomycota (class)  Ascomycota (order)  Ascomycota (family)  Tumularia (1.0)

 Cladosporium (1.9)

 Davidiella (18.4)

 Dothideomycetes (order)  Dothideomycetes (family)  Epicoccum (38.9)

 Pleosporales  Pleosporaceae  Alternaria (20.7)

 Agaricomycetes  Polyporales  Coriolaceae  Trametes (1.2)

 Tremellomycetes  Cystofilobasidiales  Cystofilobasidiaceae  Udeniomyces (1.1)

EgP2

 Ascomycota 

 Basidiomycota 

 Dothideomycetes 

 Capnodiales  Davidiellaceae 

Divison Class Order Family Genus

 Cladosporium (9.1)

Davidiella (10.5)

 Teratosphaeriaceae  Teratosphaeria (1.2)

 Alternaria (3.2)

 Phoma (1.7)

Stemphylium (1.0)

 Eurotiomycetes  Eurotiales  Trichocomaceae  Eurotium (2.4)

 Trichosphaeriales  Trichosphaeriales (family)  Nigrospora (1.0)

 Xylariales  Diatrypaceae  Eutypa (1.8)

 Lycoperdaceae  Lycoperdon (1.5)

 Coprinellus (2.3)

 Coprinopsis (1.8)

 Exidia (2.8)

 Exidiopsis (2.4)

 Corticiales  Corticiaceae  Sistotrema (1.3)

 Coriolaceae  Trametes (12.4)

 Trichaptum (1.0)

 Polyporus (1.1)

 Polyporales (family)  Irpex (3.2)

 Bjerkandera (1.9)

 Gloeoporus (1.0)

 Peniophoraceae  Peniophora (6.6)

 Trechisporales  Trechisporaceae  Sistotremastrum (1.2)

FfP

 Agaricomycetes 

 Meruliaceae 

 Davidiellaceae 

 Pleosporaceae 

 Agaricales 
 Psathyrellaceae 

 Auriculariales  Exidiaceae 

 Ascomycota 

 Basidiomycota 

 Dothideomycetes 

 Sordariomycetes 

 Capnodiales 

 Pleosporales 

 Polyporales 

 Russulales 

 Polyporaceae 
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Divison Class Order Family Genus

 Dothideomycetes  Capnodiales  Davidiellaceae  Cladosporium (2.5)

 Aspergillus (1.5)

 Penicillium (4.9)

 Sordariomycetes  Xylariales  Diatrypaceae  Eutypella (1.9)

 Lentinula (36.0)

 Oudemansiella (1.3)

 Coriolaceae  Tyromyces (1.4)

 Polyporales (family) Irpex (3.5)

 Polyporales  Polyporaceae  Skeletocutis (1.2)

 Corticiales  Corticiaceae  Phlebia (2.9)

 Hymenochaetales  Hymenochaetaceae  Phellinus (1.7)

 Polyporales  Coriolaceae  Trametes (2.8)

 Meruliaceae  Gloeoporus (3.1)

 Peniophoraceae  Peniophora (14.6)

 Tricholomataceae 

GeP

 Ascomycota 

Basidiomycota 

 Eurotiomycetes 

 Agaricomycetes 

 Eurotiales 

 Agaricales 

 Polyporales 

 Russulales 

 Trichocomaceae 

Divison Class Order Family Genus

 Capnodiales  Davidiellaceae  Cladosporium (9.2)

 Dothideomycetes (order)  Dothideomycetes (family)  Epicoccum (3.6)

 Alternaria (2.4)

 Leptosphaerulina (1.4)

 Aspergillus (16.8)

 Eurotium (28.5)

 Penicillium (12.8)

 Sordariomycetes  Hypocreales  Hypocreaceae  Trichoderma (1.4)

 Polyporales  Coriolaceae  Trametes (1.2)

 Russulales  Peniophoraceae  Peniophora (1.2)

 Ascomycota 

 Dothideomycetes 

 Eurotiomycetes 

 Agaricomycetes 

 Pleosporales  Pleosporaceae 

 Trichocomaceae  Eurotiales 

HaP1

 Ascomycota 
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Divison Class Order Family Genus

 Capnodiales  Davidiellaceae  Cladosporium (4.5)

 Dothideomycetes (order)  Dothideomycetes (family)  Epicoccum (1.5)

 Aspergillus (4.1)

 Eurotium (12.3)

 Penicillium (25.9)

 Hypocrea (1.1)

 Trichoderma (3.1)

 Agaricales  Agaricales (family)  Plicaturopsis (1.5)

 Auriculariales  Exidiaceae  Exidia (2.7)

 Phlebia (2.1)

 Sistotrema (2.2)

 Polyporales  Trametes (1.9)

 Russulales  Peniophoraceae  Peniophora (7.7)

 Russulales  Stereaceae  Stereum (5.6)

 Tremellomycetes  Tremellomycetes (order)  Tremellomycetes (family)  Cryptococcus (1.0)

 Wallemiomycetes  Wallemiales  Wallemiales (family)  Wallemia (2.2)

 Corticiaceae 
 Corticiales 

 Ascomycota 

 Basidiomycota 

 Dothideomycetes 

 Eurotiomycetes 

 Sordariomycetes 

 Agaricomycetes 

HaP2

 Eurotiales 

 Hypocreales 

 Trichocomaceae 

 Hypocreaceae 

Divison Class Order Family Genus

 Sordariomycetes (order)  Glomerellaceae  Colletotrichum (1.9)

 Xylariales  Diatrypaceae  Diatrype (1.7)

 Agaricales (family)  Plicaturopsis (7.3)

 Tricholomataceae  Panellus (1.3)

 Auriculariales  Exidiaceae  Exidia (5.3)

 Corticiales  Corticiaceae  Phlebia (7.5)

 Corticiales  Corticiaceae  Sistotrema (2.8)

 Hymenochaetales  Hymenochaetaceae  Hymenochaete (5.2)

 Coriolaceae  Trametes (6.9)

 Polyporales (family)  Irpex (1.6)

 Peniophoraceae  Peniophora (10.8)

 Stereaceae  Stereum (32.0)

MbP1

 Basidiomycota 

 Ascomycota  Sordariomycetes 

 Agaricomycetes 

 Agaricales 

 Polyporales 

 Russulales 
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Divison Class Order Family Genus

 Cladosporium (1.2)

Davidiella (2.1)

 Dothideomycetes (order)  Dothideomycetes (family)  Epicoccum (3.4)

 Aspergillus (4.3)

 Eurotium (4.5)

 Neosartorya (1.2)

 Penicillium (35.5)

 Xylariales  Diatrypaceae  Diatrype (2.1)

 Diaporthales  Valsaceae  Cytospora (1.6)

 Agaricales  Agaricales (family)  Plicaturopsis (1.8)

 Atheliales  Atheliaceae  Athelia (1.1)

 Auriculariales  Exidiaceae  Exidia (4.4)

 Phlebia (2.5)

 Sistotrema (2.2)

 Daedaleopsi (2.1)

 Trametes (4.2)

 Meruliaceae  Bjerkandera (1.5)

 Peniophoraceae  Peniophora (1.5)

 Stereaceae  Stereum (2.0)

 Tremellomycetes (order)  Tremellomycetes (family)  Cryptococcus (2.0)

 Tremellales  Tremellaceae  Bulleromyces (1.7)

 Polyporales  Coriolaceae 

MbP2

 Ascomycota 

 Basidiomycota 

 Dothideomycetes 

 Eurotiomycetes 

 Sordariomycetes 

 Capnodiales 

 Eurotiales 

 Russulales 

 Agaricomycetes 

 Tremellomycetes 

 Davidiellaceae 

 Trichocomaceae 

 Corticiales  Corticiaceae 

Divison Class Order Family Genus

 Cladosporium (4.0)

Davidiella (7.3)

 Dothideomycetes (order)  Dothideomycetes (family)  Epicoccum (29.8)

 Alternaria (8.0)

 Bipolaris (1.5)

 Leotiomycetes  Helotiales  Sclerotiniaceae  Botryotinia (1.5)

 Sordariomycetes  Hypocreales  Hypocreales (family)  Fusarium (1.0)

 Hyphoderma (1.1)

 Phanerochaete (1.8)

 Coriolaceae  Trametes (1.5)

Polyporus (1.0)

 Trichaptum (3.2)

 Polyporales (family)  Irpex (3.0)

 Peniophoraceae  Peniophora (2.8)

 Stereaceae  Stereum (1.8)

 Tremellales  Tremellales (family)  Dioszegia (1.6)

 Tremellomycetes (order)  Tremellomycetes (family)  Cryptococcus (13.1)

 Polyporaceae 

 Corticiaceae 

 Pleosporaceae 

 Davidiellaceae 

MbP3

 Ascomycota 

Basidiomycota 

 Dothideomycetes 

 Agaricomycetes 

 Tremellomycetes 

 Capnodiales 

 Pleosporales 

 Corticiales 

 Polyporales 

 Russulales 
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Divison Class Order Family Genus

 Capnodiales  Davidiellaceae  Cladosporium (1.4)

 Dothideomycetes (order)  Dothideomycetes (family)  Epicoccum (23.0)

 Alternaria (7.1)

 Leptosphaerulina (20.1)

 Eurotiomycetes  Eurotiales  Trichocomaceae  Eurotium (1.7)

Agaricaceae Agaricus (1.1)

 Psathyrellaceae  Coprinellus (2.0)

 Corticiales  Corticiaceae  Hyphoderma (1.8)

 Antrodiella (1.0)

 Coriolopsis (1.0)

 Trametes (2.3)

 Perenniporia (1.1)

 Trichaptum (1.2)

 Russulales  Peniophoraceae  Peniophora (5.1)

 Pleosporaceae 

MbP4

 Ascomycota 

 Basidiomycota 

 Dothideomycetes 

 Agaricomycetes 

 Pleosporales 

 Agaricales 

 Polyporales 

 Polyporaceae 

 Coriolaceae 

Divison Class Order Family Genus

 Cladosporium (1.8)

 Davidiella (4.3)

 Dothideomycetes (order)  Dothideomycetes (family)  Epicoccum (3.8)

 Leptosphaeriaceae  Ampelomyces (1.3)

 Montagnulaceae  Paraconiothyrium (1.4)

 Pleosporaceae  Pyrenochaeta (5.8)

 Pleosporales (family)  Ochrocladosporium (1.6)

 Eurotiomycetes  Eurotiales  Trichocomaceae  Penicillium (1.9)

 Diaporthales  Valsaceae  Cytospora (1.7)

Amphisphaericeae Discostroma (1.5)

 Diatrype (5.7)

Diatrypella (1.1)

 Eutypa (10.3)

 Eutypella (11.5)

 Exidia (1.7)

Heterochaete (1.1)

 Coriolaceae  Trametes (3.1)

 Polyporales (family) Irpex (1.5)

 Peniophoraceae  Peniophora (2.1)

 Stereaceae  Stereum (2.2)

Trechisporales Trechisporaceae Sistotremastrum (1.0)

 Agaricomycetes 

MiP

 Ascomycota 

Basidiomycota 

 Dothideomycetes 

 Sordariomycetes 

 Capnodiales  Davidiellaceae 

 Pleosporales 

 Diatrypaceae 

 Auriculariales 

 Polyporales 

 Russulales 

 Exidiaceae 

 Xylariales 
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Divison Class Order Family Genus

 Capnodiales  Davidiellaceae  Cladosporium (8.0)

 Pleosporales  Pleosporaceae  Alternaria (3.0)

 Eurotium (1.5)

 Penicillium (1.9)

 Psathyrellaceae  Coprinellus (1.5)

 Tricholomataceae  Panellus (2.2)

 Phanerochaete (2.5)

 Phlebia (4.8)

 Hymenochaetales  Hymenochaetaceae  Hymenochaete (1.5)

 Coriolaceae  Trametes (9.0)

 Skeletocutis (1.8)

 Trichaptum (4.0)

 Polyporales (family)  Irpex (1.8)

 Peniophoraceae  Peniophora (13.5)

 Stereaceae  Stereum (20.3)

 Trechisporales  Trechisporaceae  Sistotremastrum (1.1)

 Trichocomaceae 

 Polyporaceae 

 Eurotiales 

 Corticiaceae 

ScP

 Ascomycota 

 Basidiomycota 

 Dothideomycetes 

 Eurotiomycetes 

 Agaricomycetes 

 Agaricales 

 Corticiales 

 Polyporales 

 Russulales 

Divison Class Order Family Genus

 Capnodiales  Davidiellaceae  Cladosporium (25.9)

 Dothideomycetes (order)  Dothideomycetes (family)  Epicoccum (1.0)

 Alternaria (32.8)

 Cochliobolus (5.7)

 Eurotiomycetes  Eurotiales  Trichocomaceae  Eurotium (1.0)

 Phanerochaetaceae  Hyphodermella (1.2)

 Polyporales (family)  Irpex (2.1)

 Russulales  Peniophoraceae  Peniophora (12.6)

FfT1

 Ascomycota 

Basidiomycota 

 Dothideomycetes 

 Agaricomycetes 

 Pleosporaceae  Pleosporales 

 Polyporales 
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Divison Class Order Family Genus

 Alternaria (12.2)

 Pyrenochaeta (1.2)

 Chaetothyriales  Herpotrichiellaceae  Exophiala (13.9)

 Aspergillus (3.8)

 Penicillium (5.6)

 Hypocreales  Hypocreales (family)  Fusarium (5.0)

 Magnaporthales  Magnaporthaceae  Phialophora (7.0)

 Xylariales  Xylariaceae  Biscogniauxia (1.3)

Auriculariales Exidiaceae Heterochaete (2.0)

 Psathyrellaceae  Coprinellus (13.8)

 Schizophyllaceae  Schizophyllum (5.1)

 Corticiales  Corticiaceae  Cinereomyces (1.2)

 Polyporales  Coriolaceae  Trametes (3.3)

 Polyporales  Polyporales (family)  Irpex (2.0)

 Meruliaceae  Gloeoporus (1.2)

 Peniophoraceae  Peniophora (1.3)

 Tremellomycetes (order)  Tremellomycetes (family)  Cryptococcus (3.4)

 Tremellales  Tremellales (family)  Trichosporon (5.3)

 Ustilaginomycetes  Malasseziales  Malasseziaceae  Malassezia (5.2)

FfT2

 Agaricomycetes 

 Ascomycota 

 Basidiomycota 

 Dothideomycetes 

 Eurotiomycetes 

 Sordariomycetes 

 Pleosporales 

 Tremellomycetes 

 Pleosporaceae 

 Eurotiales  Trichocomaceae 

 Agaricales 

 Russulales 

Divison Class Order Family Genus

 Capnodiales  Davidiellaceae  Cladosporium (28.6)

 Dothideomycetes (order)  Dothideomycetes (family)  Epicoccum (1.3)

 Alternaria (18.5)

 Cochliobolus (3.7)

 Eurotium (1.2)

 Penicillium (1.5)

 Pezizomycetes  Pezizales  Pyronemataceae  Pyronema (5.8)

 Sordariomycetes  Trichosphaeriales  Trichosphaeriales (family)  Nigrospora (3.5)

 Corticiales  Corticiaceae  Phlebia (2.4)

 Polyporales  Polyporales (family)  Irpex (1.3)

 Trichocomaceae 

 Pleosporaceae 

GeT1

 Ascomycota 

 Basidiomycota 

 Dothideomycetes 

 Eurotiomycetes 

 Agaricomycetes 

 Pleosporales 

 Eurotiales 



 156 

 
 

 
 

 
 

Divison Class Order Family Genus

 Capnodiales  Davidiellaceae  Cladosporium (14.2)

 Dothideales  Dothioraceae  Aureobasidium (1.6)

 Alternaria (6.8)

 Cochliobolus (1.3)

 Eurotiomycetes  Eurotiales  Trichocomaceae  Penicillium (29.4)

 Leotiomycetes  Helotiales  Sclerotiniaceae  Botryotinia (5.6)

 Saccharomycetes  Saccharomycetales  Saccharomycetales (family)  Candida (3.3)

 Sordariomycetes  Hypocreales  Hypocreaceae  Trichoderma (1.3)

 Agaricomycetes  Agaricales  Pleurotaceae  Pleurotus (3.3)

 Tremellomycetes  Tremellales  Tremellales (family)  Trichosporon (15.3)

 Pleosporaceae 

GeT2

 Ascomycota 

Basidiomycota 

 Dothideomycetes 

 Pleosporales 

Divison Class Order Family Genus

 Davidiellaceae  Cladosporium (13.4)

 Mycosphaerellaceae  Cercospora (4.2)

 Dothideomycetes (order)  Dothideomycetes (family)  Epicoccum (11.9)

Cochliobolus (4.2)

 Alternaria (40.3)

 Cochliobolus (4.2)

 Exserohilum (2.5)

 Aspergillus (2.3)

 Eurotium (4.3)

 Penicillium (1.8)

 Trichosphaeriales  Trichosphaeriales (family)  Nigrospora (5.0)

 Pleosporaceae

 Trichocomaceae 

HaT

 Ascomycota 

 Dothideomycetes 

 Eurotiomycetes 

 Capnodiales 

 Pleosporales 

 Eurotiales 

Divison Class Order Family Genus

 Capnodiales  Davidiellaceae  Cladosporium (28.7)

 Alternaria (13.9)

 Cochliobolus (7.8)

 Aspergillus (3.3)

 Eurotium (4.4)

 Penicillium (11.3)

 Hypocreaceae  Trichoderma (3.7)

 Hypocreales (family)  Fusarium (1.7)

 Magnaporthales  Magnaporthaceae  Phialophora (1.2)

 Microascales  Halosphaeriaceae  Periconia (1.4)

 Trichosphaeriales  Trichosphaeriales (family)  Nigrospora (1.3)

 Agaricomycetes  Corticiales  Corticiaceae  Phlebia (1.2)

 Tremellomycetes  Tremellomycetes (order)  Tremellomycetes (family)  Cryptococcus (1.2)

 Wallemiomycetes  Wallemiales  Wallemiales (family)  Wallemia (2.0)

MbT1

 Ascomycota 

 Basidiomycota 

 Dothideomycetes 

 Eurotiomycetes 

 Sordariomycetes 

 Pleosporales 

 Eurotiales 

 Hypocreales 

 Trichocomaceae 

 Pleosporaceae 
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Divison Class Order Family Genus

 Capnodiales  Davidiellaceae  Cladosporium (39.3)

 Alternaria (24.1)

 Cochliobolus (13.9)

 Aspergillus (3.6)

 Eurotium (2.2)

 Penicillium (4.6)

 Sordariomycetes  Trichosphaeriales  Trichosphaeriales (family)  Nigrospora (1.8)

MbT2

 Ascomycota 

 Dothideomycetes 

 Eurotiomycetes 

 Pleosporales  Pleosporaceae 

 Eurotiales  Trichocomaceae 

Divison Class Order Family Genus

Cladosporium (25.0)

Davidiella (6.7)

 Dothideomycetes (order)  Dothideomycetes (family)  Epicoccum (1.6)

 Dothideales  Dothioraceae  Aureobasidium (1.5)

 Pleosporales  Pleosporaceae  Alternaria (19.4)

 Eurotium (1.6)

 Penicillium (1.4)

 Pezizomycetes  Pezizales  Pyronemataceae  Pyronema (1.1)

 Microascales  Halosphaeriaceae  Periconia (2.0)

 Trichosphaeriales  Trichosphaeriales (family)  Nigrospora (4.8)

 Xylariales  Xylariaceae  Biscogniauxia (1.5)

 Coprinellus (3.1)

 Coprinopsis (1.3)

 Corticiales  Corticiaceae  Phlebia (1.1)

 Polyporales  Coriolaceae  Oxyporus (1.4)

 Russulales  Peniophoraceae  Peniophora (1.7)

MbT3

 Ascomycota 

Basidiomycota  Agaricomycetes 

 Sordariomycetes 

 Eurotiomycetes 

 Dothideomycetes 

 Capnodiales 

 Eurotiales  Trichocomaceae 

 Davidiellaceae 

 Agaricales  Psathyrellaceae 

Divison Class Order Family Genus

 Cladosporium (55.4)

 Davidiella (1.4)

 Mycosphaerellaceae  Graphiopsis (1.8)

 Pleosporales  Pleosporaceae  Alternaria (3.9)

 Aspergillus (1.9)

 Eurotium (2.5)

 Penicillium (11.4)

 Hypocrea (1.2)

 Trichoderma (2.7)

 Fomes (1.6)

 Trametes (1.2)

MbT4

 Ascomycota 

 Basidiomycota 

 Dothideomycetes 

 Eurotiomycetes 

 Sordariomycetes 

 Capnodiales 
 Davidiellaceae 

 Eurotiales  Trichocomaceae 

 Hypocreales 

 Polyporales  Agaricomycetes  Coriolaceae 

 Hypocreaceae 
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Divison Class Order Family Genus

 Davidiellaceae  Cladosporium (43.8)

 Mycosphaerellaceae  Graphiopsis (11.9)

 Pleosporales  Pleosporaceae  Alternaria (7.5)

 Hypocreaceae  Trichoderma (3.7)

 Nectriaceae  Fusarium (3.8)

 Microascales  Halosphaeriaceae  Periconia (1.1)

 Pleurotaceae  Pleurotus (2.0)

 Psathyrellaceae  Coprinellus (1.4)

 Fomes (6.2)

 Trametes (1.5)

 Russulales  Peniophoraceae  Peniophora (2.8)

 Agaricales 

OhT

 Ascomycota 

 Basidiomycota 

 Dothideomycetes 

 Sordariomycetes 

 Agaricomycetes 

 Capnodiales 

 Hypocreales 

 Coriolaceae  Polyporales 

Divison Class Order Family Genus

 Ascomycota (class)  Ascomycota (order)  Ascomycota (family)  Coniosporium (1.8)

 Capnodiales  Davidiellaceae  Cladosporium (8.8)

 Dothideomycetes (order)  Dothideomycetes (family)  Epicoccum (2.7)

 Alternaria (31.8)

 Cochliobolus (5.2)

 Phoma (3.1)

 Eurotiales  Aspergillus (2.4)

 Eurotiales  Eurotium (1.3)

 Microascales  Halosphaeriaceae  Periconia (1.8)

 Trichosphaeriales  Trichosphaeriales (family)  Nigrospora (23.7)

SdT

 Ascomycota 

 Dothideomycetes 

 Eurotiomycetes 

 Sordariomycetes 

 Pleosporales  Pleosporaceae 

 Trichocomaceae 



 159 

 

 

 

 

APPENDIX C  

  



 160 

 

DRAFT PAPER 3.  EXPLORING THE MICROBIOME OF THE BUILT ENVIRONMENT: A 

PRIMER ON FOUR BIOLOGICAL METHODS AVAILABLE TO BUILDING PROFESSIONALS 

 

Hoisington, A., Maestre, J.P., Siegel, J.A., and Kinney, K.A. 

 

(In-preparation) 

 

Abstract  

Building professionals are increasingly being called upon to conduct indoor microbial 

investigations as they remediate moisture-damaged buildings and design new healthy, 

sustainable buildings. Characterizing the indoor microbial community present in the built 

environment is challenging and complicated by the vast array of biological methods 

available to building professionals.  Furthermore, the particular biological technique 

employed to study an indoor environment can have a significant impact on the results 

obtained. This study evaluates the advantages and disadvantages of four biological 

methods suitable for indoor microbial investigations: culturing, qPCR, Sanger 

sequencing, and pyrosequencing.  The results obtained from a study of four buildings are 

used to evaluate the merits of each bioanalytical approach.  In each of the four study sites, 

the microbial-laden dust recovered on HVAC filters was used to provide a passive, long-

term sample of the indoor air. Culturing of the microorganisms recovered from the dust 

was the least expensive method tested but provided a limited characterization of the 

microbial community present. qPCR provided the most specific information about the 

presence and quantity of  target microorganisms but this method requires a priori 
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knowledge of the species of interest and specifically designed primers that may not 

enumerate unanticipated species.  Sanger sequencing provided microbial identification at 

the species level but lacked coverage to fully describe the microbial community present.  

Pyrosequencing provided in-depth sequence coverage of the microbial community 

present but the vast dataset generated required increased computational analysis and data 

storage. Nevertheless, pyrosequencing when coupled with qPCR for target species 

quantification represents a viable approach that should become more accessible to 

building professionals as user-friendly software for analyzing sequencing results becomes 

available and more commercial laboratories offer these services.  

 

Key Words: air handlers, filters, commercial buildings, indoor air quality equipment & 

products 
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Introduction 

The indoor microbial community (microbiome) is garnering increased attention 

because of human health concerns associated with microbial exposure including sick 

building syndrome (Burge et al. 1987; Harrison et al. 1992), asthma (Gent et al. 2009; 

Mendell et al. 2011), allergies (Horner et al. 1995), and infectious disease transmission 

(Chang and Chou 2011; Rudnick and Milton 2003).  Asthma due to residential dampness 

and mold exposure is attributed to  approximately 4.6 million people in the United States 

at an annual health-care cost of $3.5 billion (Mudarri and Fisk 2007).  To mitigate 

adverse human health effects due to microbial exposure, building professionals need to 

understand what types and concentrations of microorganisms are present in a given 

facility.  Fortunately, there has been an unprecedented expansion of methods available to 

characterize the microbial community (both bacteria and fungi) present in the built 

environment.  The two most common general approaches for microbiological biological 

assessment are culturing where microorganisms are grown and enumerated on a growth 

media, and molecular techniques where DNA is extracted from particles.  However, 

limited information is available for building professionals to select the most appropriate 

biological method. 

Separate from the biological approach is the sampling approach,  the microbial 

community in buildings has been investigated via a number of approaches designed to 

capture microorganism in the air (Bowers et al. 2011; King and McFarland 2011) or to 

sample microorganisms that settle with dust onto surfaces and floors (Rintala et al. 2008; 

Vesper et al. 2007).  An alternative method to sample the indoor air is to recover the dust 
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collected on heating, ventilation, and air conditioning (HVAC) filters in the building 

(Noris et al. 2011).  Many facilities in the United States have a ventilation system that 

requires an HVAC filter.  These filters provide a repository of the particles and 

microorganisms aerosolized in the indoor environment (Möritz et al. 2001; Noris et al. 

2011; Stanley et al. 2008; Tringe et al. 2008). The microbial-laden filter dust provides a 

long-term representative sample of the air (Farnsworth et al. 2006; Kemp et al. 2001).  

Several concerns regarding the use of HVAC filter dust as a sampling location include 

microbial viability (if culture-based), potential growth, and potential inhibition of the 

DNA amplification step needed in many of the molecular methods.  A reduction in 

culturable microorganisms in a filter environment has been documented by other studies 

(Kemp et al. 2001; Maus et al. 2001; Moritz et al. 1998) but no known studies have 

investigated the effects of DNA recoverability after cells are no longer culturable.  

However, the use of HVAC filters as a sampling location eliminates the requirement for 

additional equipment and provides a rich source of microbial-laden dust that may be 

shipped to a laboratory for analysis.  The choice of sampling location, equipment, and 

procedures may have an influence on the microbial community observed thus all the 

samples in the present study were from HVAC filter dust. 

Once a sample is collected, there are numerous biological methods available to 

characterize the microorganisms present in the indoor built environment including but not 

limited to culturing and molecular techniques including quantitative polymerase chain 

reaction (qPCR), Sanger sequencing, and pyrosequencing.  These methods can yield 

significantly different results, so it would be beneficial for building professionals to have 
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a prior baseline understanding of what each method can provide.  The objective of this 

study is to delineate the potential application of each of four bioanalytical methods for 

building professionals seeking to characterize the indoor built environment.  In addition 

to a review of past studies, this analysis uses results obtained from four retail buildings to 

highlight the differences between the microbial methods. 

Background 

 The indoor environment contains a collection of bacterial and fungal 

microorganisms that are influenced by building occupants, building design, building 

function, occupant activities, and outdoor sources, among other factors.  While most 

microorganisms do not cause adverse health effects, harmful bacteria and fungi have 

been detected indoors.  For example, pathogenic bacteria encountered in indoor 

environments include Legionella pneumophila (Legionnaire’s’ disease; (Chang and Chou 

2011; Deloge-Abarkan et al. 2007)), Mycobacterium tuberculosis (tuberculosis; (Sterling 

and Haas 2006)), and Mycobacterium avium (pneumonia and infections; (Angenent et al. 

2005)).  Similarly, certain fungi detected indoors can be harmful to human health 

including Aspergillus flavus (allergen; (Hedayati et al. 2007)), Alternaria alternata 

(asthma; (Halonen et al. 1997)), and Aureobasidium pullulans (infections; (Gostinčar et 

al. 2011)). 

Traditionally, environmental samples have been analyzed by culturing the 

microorganisms (Berhane et al. 2006) found in indoor environments. Culturing 

microorganisms began 100 years ago and is still a standard technique used in many 

microbial investigations.  Culturing provides a bulk measure of the culturable 
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microorganisms present in a sample based on growth of the organisms under laboratory 

conditions. Culturing provides a semi-quantitative (concentration-based) enumeration of 

culturable microorganisms present in the sample; identification of the microorganisms is 

also sometimes possible based on cell morphology and/or growth conditions.   However, 

even a carefully designed study will be biased because the microorganisms that can be 

cultured may represent as little as 0.3% of the actual community present, depending upon 

the species (Rintala et al. 2008),  Likewise, diversity of the cultured microorganisms is 

often low due to the dominance of fast-growing microorganisms and biases associated 

with nutrient/substrate concentrations in the growth medium (Amann et al. 1995; Toivola 

et al. 2002).  Despite these disadvantages, one advantage of culture-based studies is the 

substantial dataset of culture-based results available in the published literature which are 

useful for comparison purposes.  Also, if a microorganism can be cultured, then it often 

can be isolated for further study if desired.   

To overcome the inherent limitations of culturing, molecular techniques that 

utilize a DNA-based approach are gaining acceptance in many environmental studies.  

One such technique is quantitative PCR (qPCR) which provides a semi-quantitative 

measure of the microbial community present.  Other techniques, such as Sanger 

sequencing and pyrosequencing delineate the composition of the microbiome present by 

sequencing the DNA extracted from the samples.  These molecular techniques are newer, 

more technically demanding, and potentially less accepted by building professionals who 

are accustomed to culturing methods.  Most studies utilize one biological method without 
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consideration to the possible bias of the applied method or insight into which method 

provides the best actionable information for the building professional. 

Three molecular techniques were considered further in this study (qPCR, Sanger 

sequencing, pyrosequencing) and the basics of each technology are outlined below.  

Quantitative PCR (qPCR) is one of three molecular methods investigated in this study. 

qPCR selectively targets and amplifies (i.e. copies) regions of microbial DNA.  The 

initial quantity of environmental DNA (as cell equivalents) is estimated by comparing the 

DNA copies to the known concentration of a microbial isolate (standard).  The major 

advantage of qPCR is that it can rapidly detect the presence of a specific microbial 

species.  It also quantifies the DNA (and thus the number of microbial cell equivalents) 

associated with the target species (or target groups of organisms) (Pietarinen et al. 2008).  

However, this method requires a priori knowledge of the target species and specific 

assays must be developed for each target species prior to implementation.  In addition, 

qPCR can have biases due to the primers utilized to target the specific DNA regions of 

interest, DNA amplification conditions, and the presence of inhibitors in the sample 

which may limit the ability to amplify sufficient microbial DNA to analyze via qPCR 

(Feinstein et al. 2009; Lebuhn et al. 2004; Suzuki and Giovannoni 1996).  Also, the 

ability to quantify all of the DNA in a sample is limited by the extraction efficiency.  

Hospodsky et al. (2010) used qPCR and recovered only 4 – 10% of three known bacterial 

and fungal isolates from aerosolized samples. 

Sanger sequencing uses a chain termination sampling technique (Sanger et al. 

1977) to identify DNA bases in the sample.  This method results in a relatively long 
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strand of DNA (i.e “reads”) which can be used to improve the accuracy of identifying the 

species present in an environmental sample.  Sanger sequencing has been successfully 

used for identifying the indoor microbial communities for bacteria (Noris et al. 2011; 

Täubel et al. 2009; Tringe et al. 2008) and fungi (Fierer et al. 2008; Pitkaranta et al. 

2008). However, the method is labor-intensive and can be expensive which limits the 

number of reads typically prepared for a given sample.  That, in turn, limits the number 

of species identified in samples and underestimates the true diversity of the 

microorganisms present (Tedersoo et al. 2010; Tringe and Hugenholtz 2008).  As with 

qPCR, Sanger sequencing can also be biased by difficulties associated with the primers, 

amplification, and inhibitors.   

Pyrosequencing is a DNA sequencing method that enables a vast number of 

sequences to be processed simultaneously (Ronaghi 2001).  Currently, the average length 

of DNA sequences obtained by pyrosequencing is approximately half that of Sanger 

sequencing making consistent species identification challenging although genus level 

identification is achievable in most reads (Liu et al. 2012; Liu et al. 2008).  The major 

advantage of this method is the sheer number of sequences provided in the results (on the 

order of 3,000 thousand unique DNA sequences per sample, for instance).  In addition to 

being subject to the same potential biases as the other two molecular methods (qPCR and 

Sanger sequencing), pyrosequencing also requires high-end analytical instruments that 

are not routinely available.  The drawback of generating on the order of 3,000 to 10,000+ 

sequences per sample is the vast dataset that is generated can be computationally 

challenging and requires specialized programs and expertise to interpret the results and 
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minimize error rates.  Nevertheless, pyrosequencing provides a depth of sequencing 

which provides a much better representation of the relative abundance of the microbial 

species present in a sample.   

Methodology 

 To illustrate the types of data that can be attained by utilizing the bioanalytical 

techniques described above, dust samples were collected from HVAC filters removed 

from four different retail stores in Texas and Pennsylvania.  Stores selected for the study 

varied in type, location, size, and number of air handling units (Table 1).  A new filter 

(MERV 7-8 from ASHRAE Standard 52.2) was placed into an HVAC unit with outdoor 

dampers closed and removed after 30 days of operation.  As with other samplers which 

operate over time, the microbial community may alter over time but that aspect was not 

investigated for this study.  The filter collected from the Pennsylvania site was insulated 

immediately after removal from the unit to maintain a temperature of 4
o
C (39

o
F) or less; 

it was then shipped overnight to Texas for analysis.  The filters retrieved in the Austin 

area were stored for one night in a 4
o
C (39

o
F) room to mimic the shipping conditions. 

Sterile techniques were utilized to handle the filters. 
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Table 1.  Retail Store Information 

Site Label Type of Store Location 
Sampling 

Dates  

Area  

m
2
 (ft

2
) 

Volume 

m
3
 (ft

3
) 

Number of 

Air 

Handling 

Units 

HaT 
Home 

Improvement 
Texas 

18 Jun-19 Jul 

12 

12,300 

(133,000) 

91,700 

(3,240,000

) 

20 

MbT1 
General 

Merchandise 
Texas 

21 Jul-23 Aug 

12  

8,700 

(94,000) 

61,100 

2,160,000 
23 

ScP 
Small 

Grocery 
Pennsylvania 

9 Sep-13 Oct 

12 

830 

(9,000) 

3,340 

(118,000) 
2 

ScT 
Small 

Grocery 
Texas 

4 Aug-15 Sep 

12 

1,200 

(13,000) 

5,380 

(190,000) 
2 

 

 The HVAC filter dust samples from the four buildings were analyzed utilizing 

culturing, qPCR, Sanger, and pyrosequencing methods.  The microorganisms (and DNA) 

were extracted from the HVAC filter dust as described by Noris et al (2011).  Briefly, 

nine 2.5-cm
2
 (1 in

2
) evenly spaced pieces were removed from the loaded filter and 

submerged in 50 mL of DNA-free phosphate buffer solution (PBS; 10 g/L NaCl, 0.25g/L 

KCl, 1.43 g/L Na2HPO4, 0.25 g/L KH2PO4).  The solution containing HVAC filter pieces 

was sonicated and vortexed for ten minutes each.  An aliquot of liquid was retained for 

culturing and the remaining liquid was passed through a 20 µm pore size filter (Whatman 

Ltd., Maidstone United Kingdom). An initial pre-filtration step was required to reduce 

inhibition of the DNA amplification step in the downstream processing.   

 For bacterial enumeration, 0.1 mL aliquots of the liquid reserved for culturing 

were placed on R2A agar plates containing 0.04% cycloheximide (an anti-fungal agent).  

For fungal enumeration, 0.1 mL aliquots were placed on Sabouraud Dextrose Agar 

(SDA) plates containing 0.01% chloramphenicol (an anti-bacterial agent).  Bacterial 
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plates were incubated at 30
o
C (86

o
F) for 4-7 days and fungal plates were incubated at 

room temperature, approximately 23
o
C (73

o
F).  All plates and dilutions were repeated in 

triplicate.   

 The remaining solution that had been processed through the prefilter was vacuum 

filtered through a 0.2 µm hydrophobic filter (Millipore, Billerica MA).  The filter, 100 µL 

lysozyme (3mg/mL) and 300 µL Phenol-Chloroform-Isoamyl Alcohol (24:24:1) were 

placed into a bead tube (lysing beads and 750 µL lysing solution) provided in the 

PowerSoil DNA Isolation Kit (Mo-Bio Laboratories Inc., Carlsbad CA).  Bead beating 

was conducted in the FastPrep-24 homogenizer (MP Biomedicals LLC, Solon OH), 

following manufacturer recommendations of 30 seconds at 5.0 m/s, one repetition for 

bacteria and two repetitions for fungi.  All DNA recovered were quantified using a 

NanoDrop spectrophotometer (Thermo Fisher Scientific Inc., Waltham MA) and stored at 

-20
o
C (-4

o
F) for the duration of the project. 

 For qPCR analysis, the HVAC filter dust remaining on the filter after removal of 

the nine pieces was vacuumed directly to a certified DNA-free HEPA filter container and 

sent for analysis to a private certified lab (EMSL Analytical Inc., Cinnaminson NJ).  

qPCR results are presented in cell equivalents/mg dust.  For Sanger sequencing, three 

pooled sets of amplified DNA were cloned (i.e. inserting target DNA into a living cell) 

using Zero Blunt Topo PCR Cloning Kit with One Shot TOP10 Chemically Competent 

Escherichia coli cells (Life Technologies, Grand Island NY).  Individual clones (with one 

target DNA) were placed in 160 µL LB broth and grown statically in a 96-well plate at 

37
o
C (99

o
F) for 12 hours.  Glycerol was then added to 10% final volume and the plates 
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were stored in -80
o
C (-112

o
F) until shipped on dry ice for sequencing.  Sanger 

sequencing was performed in one direction on a 3730xl platform (Life Technologies, 

Grand Island NY) by an external lab (Beckman Coulter Genomics, Danvers MA).  A 

total of 96 clones were analyzed for each sample.  A total of 40 µL of the same DNA 

extract was sent to an external lab for pyrosequencing (Research and Testing 

Laboratories Inc., Lubbock TX) using a barcoded, multiplex method on a 454 FLX+ 

Titanium Genome Sequencer (454 Life Sciences, Branford CT).  At least 3,000 

sequences were obtained per sample from the pyrosequencing efforts.  The extraction 

efficiency was not calculated for this study but has been estimated to be 5-13% from 

indoor air particulate filters (Hospodsky et al. 2010). 

Results 

In this study, enumeration of culturable bacterial cells at the four sites ranged 

from approximately 130 – 1,400 colony forming units per milligram of dust (CFU/mg 

dust).  The culturable fungal cells ranged from approximately 5 - 7000 CFU/mg dust.  

Fungi had fewer CFUs/mg dust compared to bacteria in three of the four buildings 

(Figure 1).  These results are similar to other published studies of the indoor environment 

for bacteria (Möritz et al. 2001; Noris et al. 2011; Stanley et al. 2008) and fungi (Berhane 

et al. 2006; Koch et al. 2000; Noris et al. 2011; Pitkaranta et al. 2008).  
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Figure 1.  Culture-based concentrations (CFU/mg dust) for bacteria and fungi recovered 

from the HVAC dust at each of the four study sites.  

 

Quantitative PCR measurements of 36 fungal species were based on the U.S. 

Environmental Protection Agency commercialized test for a dust matrix (Vesper et al. 

2008).  The qPCR assay targets species of Aspergillus (n=11) and Penicillium (n=7) as 

well as several others.  Only eight of the thirty-six possible species in the qPCR fungal 

assay were among the five most abundant species detected at the study sites (Figure 2).  

Aspergillus niger, Aureobasidium pullulans, Cladosporium cladosporioides, Eurotium 

amstelodami (teleomorph of Aspergillus amstelodami), and Wallemia sebi were the most 

prevalent species detected at the highest concentrations in the samples. All four are 

common fungal species of limited health concern to humans (Harris 2000).  
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Figure 2.  Top five most abundant fungal species detected at each retail site via the 36-

species qPCR assay.   

For the Sanger sequencing, a total of 96 possible sequences were analyzed for 

each site.  Sanger sequencing followed by taxonomic identification utilizing a reference 

database (NCBI) found an average of 33 unique bacterial species and 35 unique fungal 

species per sample (Figure 3). The top four most abundant bacterial phyla detected via 

Sanger sequencing (ranked by the percentage of sequences they represented in the 

samples) were as follows: Proteobacteria (39%), Firmicutes (19%), Bacteroidetes (16%), 

and Actinobacteria (9%).  Proteobacteria was the dominate phylum detected in two other 

HVAC filter dust studies (Noris et al. 2011; Tringe et al. 2008), while gram-positive 

phyla such as Firmicutes and Actinobacteria dominate in settled dust studies (Pakarinen 
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et al. 2008; Rintala et al. 2008; Täubel et al. 2009).  The top three fungal classes, again 

based upon the sequences detected most frequently in the Sanger technique, were 

Dothideomycetes (32%), Eurotiomycetes (13%), and Sordariomycetes (10%).  The 

dominance of Dothideomycetes concurs with a previous HVAC filter dust study 

conducted in residential homes (Noris et al. 2011).  The Dothideomycetes class contains 

Alternaria spp., which include potential human allergens (Horner et al. 1995).  For 

comparison purposes, the pyrosequencing results are also shown in Figure 3.  A statistical 

estimation called Chao 1 richness (Chao 1987) was employed to estimate the total 

number of sequences that were likely present in the samples.  This analysis revealed that 

the samples had potentially ten times more bacterial species and 2.4 times more fungal 

species than were identified by Sanger sequencing. 
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Figure 3.  Average number of unique species detected via Sanger sequencing and 

pyrosequencing for bacteria and fungi (shaded) and estimate of total number of bacteria 

and fungi present in the samples (white).   

 

Pyrosequencing followed by taxonomic identification determined an average of 

141 unique bacterial species and 124 unique fungal species per sample.  The Chao 1 

richness estimation indicates the bacterial samples had over five times as many unique 

species than were actually identified and fungal samples had 1.6 times more unique 

species.  Of the species that were identified, the top four bacterial phyla ranked by 

percent occurrence were Proteobacteria (56%), Actinobacteria (22%), Firmicutes (14%), 

and Bacteroidetes (3.5%).  In the only other known analysis of HVAC filter dust with 

pyrosequencing, Hospodsky et al. (2012) found a predominance of Streptophyta phylum, 
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probably sourced from outdoor air as it is related to a chloroplast (plant) gene.  The phyla 

present in relative abundance in our study samples are similar to those detected in an 

indoor hospital environment (Kembel et al. 2012) and contain less Firmicutes than an 

outdoor air study (Bowers et al. 2011).  The top three fungal classes by percent 

occurrence identified at our four pyrosequencing samples were Dothideomycetes (51%), 

Agaricomycetes (22%), and Sordariomycetes (13%).  In a world-wide study of settled 

dust, Amend et al. (2010) also found that Dothideomycetes was detected at the highest 

relative abundance, however at approximately half the relative abundance we observed in 

our samples. 

Discussion 

To our knowledge, this is the first known study to compare culturing, qPCR (36-

species fungal assay), Sanger sequencing, and pyrosequencing of the same indoor 

environmental samples for bacteria and fungi.  Our results show that each of the four 

biological methods reveals information about the microbial community in the built 

environment.  The following section provides a detailed discussion of what each method 

provides a building professional as compared to the other methods and concludes with 

the relative cost and approximate time required for each method. 

 The culture-based results provide a bulk and semi-quantitative measure of the 

culturable microbial community.  These data would be adequate for a quick comparison 

between buildings and a gross understanding of how the culturable portion of the 

microbiome is changing if sampled over time in a building.  When comparing the fungal 

culturing results to the qPCR results of just 36 species, it is apparent that culturing greatly 
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underestimates the concentrations of microorganisms present; the culture-based 

concentrations represented only 0.1 – 1.3% of the fungal concentrations detected via 

qPCR for the 36 species included in qPCR.  This large difference is most likely due to the 

culturing bias described above and non-culturable microorganisms which can be detected 

via qPCR but not via culturing.  Non-culturable microorganisms are still important to 

building investigators because they can be harmful; for instance, some bacteria contain 

exotoxins and toxic proteins (Salyers 2002) and fungi can contain cell walls with 

inflammatory agents and mycotoxins (Verhoeff and Burge 1997).  The impact of 

sampling for 30 days may reduce the culturability of microbes retained earlier in the 

sampling period and therefore be an influential parameter in the smaller enumeration 

observed in the culturing results. 

The 36-species fungal qPCR assay provides an in-depth, semi-quantitative 

investigation into a subset of the fungal microbiome.  In our study of four retail samples, 

the number of culturable fungal CFU/mg dust determined via culturing was correlated to 

the sum of the species concentrations detected via qPCR (Mann-Whitney non-parametric 

p-value 0.061).  Although the dataset is limited, this result indicates that the qPCR test is 

potentially a proxy test for determining the general trends in culturable fungi.  qPCR 

utilizes species-specific markers for DNA and thus is considered more accurate than 

Sanger sequencing or pyrosequencing for species identification.  Overall, Sanger 

sequencing only identified 24% of the fungal species detected via qPCR while 49% of the 

fungal species detected via qPCR were also detected in pyrosequencing.  A similar trend 

is found at the genus level, with a 52% match between the qPCR results and the Sanger 
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sequencing results.  At the genus level, 72% of the identifications made via 

pyrosequencing matched positive detections determined via qPCR. For the fungal 

species, higher fungal concentrations determined via qPCR did not increase the number 

of matching species detected via Sanger sequencing or pyrosequencing.  This result is 

contrary to what was observed by Pietarinen et al. (2008), but that study only investigated 

nine of the 36 fungal sequences presented in this study.  If a building professional is only 

interested in detecting a specific species of interest, qPCR may be the best technique.  

However, the building professional would need to know in advance the targeted species.  

Sampling for all potential species with qPCR is cost and time prohibitive so the results 

will inevitably be limited in scale.   

Sanger sequencing and pyrosequencing both investigate sample sequences of 

communities without previous knowledge of which species may be present and thus are 

presented here together.  In our sample set, pyrosequencing cost less, yet yielded 

approximated thirty times more sequences as compared to Sanger sequencing.  One 

hypothesis is that the smaller number of Sanger sequencing reads might represent a 

subset of the larger sequence reads in pyrosequencing.  However, Sanger sequencing 

identified only 9.3% of the bacterial species detected via pyrosequencing and only 41% 

of the fungal species detected in pyrosequencing.  The comparison is better at the genus 

level where Sanger sequencing matched 78% of the bacterial and fungal genera identified 

via pyrosequencing.  From these results, it does appear that at a higher taxonomic level 

(e.g., genus level vs. species level), Sanger sequencing covers a subset of the sequences 

yielded by pyrosequencing.  However, an analysis based on the evolutionary distance 
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between the sampling methods shows Sanger sequencing and pyrosequencing are not 

yielding the same communities.  The principle component analysis (PCA) graphs of the 

bacteria and fungal samples cluster related samples closer together (Figure 4).  For both 

graphs, the first principle component, PCO1 (horizontal axis) appears correlated with the 

sequencing method and the second principle component, PCO2 (vertical axis) appears to 

be related to the retail store sampled.  PCO1 explains more of the variation in both plots 

suggesting that the bioanalytical method may have a significant effect on community 

interpretations.  Overall, the results suggest that pyrosequencing is useful to gain a 

broader understanding of the microbial community present and qPCR should be 

employed if the building professional is interested in the relative abundance of specific 

microorganisms in an environment.  Sanger sequencing does not appear to have value 

over the other molecular techniques for building investigations. 

 
Figure 4.  PCA of the bacterial and fungal communities detected in each of the four 

study buildings (Weighted UniFrac used to analyze the relationship between samples, 

percent variance explained by that axis shown in axis label). 
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The relative time and cost required for each of the four biological techniques 

investigated in this study are presented in Table 2.  This table was developed based upon 

our experience with the procedures, material costs, and shipping. Costs are presented in a 

ranked form due to the dynamic nature of pricing.  For instance, over the past few years, 

molecular methods have become much less expensive and affordable for routine 

investigations (Peccia et al. 2011). Time estimates provided in Table 2 include the time 

required for the lab procedures and analytical time.  The values given here are a reference 

point, however it is acknowledged the actual cost and time can vary depending upon the 

laboratory performing the analysis.  As is evident in the table, culturing is the least 

expensive of the four processing methods followed by qPCR 36-species assay, 

pyrosequencing, and Sanger sequencing.   

Table 2.  Cost and Time Comparisons between the Four Biological Methods Investigated 

in this Study 

Method Cost  Time (days) Results Obtained 

Culturing $     7-10 Total culturable bacteria and fungi 

qPCR  $$     7-10 Concentration of 36 fungal species 

Pyrosequencing $$$      30+ 

Identity of bacteria and fungi (from 

3,000 reads each) and diversity 

estimates 

Sanger 

Sequencing 
      $$$$       30+ 

Identity of bacteria and fungi (from 

96 reads each) and diversity estimates 

 

Conclusions 

Greater knowledge of interactions between the built environment and the indoor 

microbiome is required for building professionals seeking to design buildings that are 

both sustainable and healthy for building occupants. This knowledge is essential to 
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support the decision making process necessary to remediate the indoor environment in 

existing facilities and to develop the next generation of sustainable buildings.  Results of 

previous studies as well as those of our current HVAC filter study indicate that the choice 

of bioanalytical technique can have a significant impact on the results obtained.  For 

instance, culturing is the lowest cost method, however only the fraction of the community 

that grows under the laboratory incubation conditions provided will be counted and in 

most situations, the culture results provide limited actionable information.  The qPCR 

method in this research focused on a commercially available test which results in 

concentration estimates for 36 fungal species.  This method provided sensitive, semi-

quantitative data on the species present but was limited in breadth.  Sanger sequencing 

provides better identification to a species level compared to pyrosequencing but at a 

higher cost for fewer sequences.  Pyrosequencing identifies the greatest number of 

species per sample but advanced instruments and bioinformatics programs are required.  

Overall, though, the molecular sequencing techniques, particularly if they are coupled 

with qPCR, are advantageous because they provide a much more accurate view of the 

microbiome present and they do not depend on the culturability of the microbial cells 

present.   

Rapid improvements in technology are making molecular techniques a more 

popular option for investigating the phylogenetic composition of environmental samples, 

including those collected from the built environment.  Decreasing costs, increased 

throughput, and increased ability to identify to the species level are making it easier to 

use pyrosequencing (or similar next generation sequencing techniques) in indoor 
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environmental studies.  New molecular techniques, such as pyrosequencing and Illumina, 

are expected to become available in certified labs which will expedite their adoption by 

building professionals.  The sequencing technologies are also benefiting from an 

expansion in bioinformatics software to organize and interpret the immense sequencing 

datasets these techniques yield (e.g., MG-Rast, QIIME, VAMPS).  In addition, efforts are 

underway by researchers across the country to characterize the microbiome in the indoor 

environment (www.microbe.net).  These datasets are becoming publically available (e.g. 

via EBI, QIIME, SRA) to allow quick comparisons between study sites, with added value 

when metadata (e.g. building parameters such as air exchange rate, relative humidity, 

occupant density) are also provided.  Indeed, the indoor microbiome cannot be fully 

understood without this metadata, solidifying the ties between microbiologists and 

building professionals seeking to provide and maintain healthy buildings. 
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(In-preparation) 

Abstract  

Recognition of potential health effects of microorganisms in the indoor environment 

paired with recent advances in sampling and microbial sequencing techniques have led to 

an expansion in indoor microbial studies using a multitude of sampling approaches.  

Sequencing techniques like pyrosequencing provide an in-depth analysis of the bacterial 

and fungal communities present in a sample and this newer technology may provide 

insight into potential differences between sampling approaches.  The use of 

pyrosequencing to compare the microbiota recovered in different indoor air samplers is 

novel and provides considerably more community depth compared to past culture-based 

investigations (e.g. 335K+ sequences in this investigation).  The overarching purpose of 

this study was to compare the microbial communities recovered from six different 

samplers (two passive and four active) placed in the same building over two consecutive 

sampling events spaced one week apart.  The microbial communities collected from the 

passive samplers (settled dust and heating, ventilation, and air-conditioning filter dust 

samplers) were much more diverse than the shorter term samples collected by four active 

bioaerosol samplers.  There were significant differences in the microbial community 

structures recovered by the six samplers.  The microbial communities recovered from a 

given sampler were most closely related to samples collected at different times from the 
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same sampler versus those collected during the same sampling event with a different 

sampler.  These results indicate that when comparing between multiple studies, caution is 

recommended as each sampler may be collecting a different microbial community. 

Keywords: Indoor microbiome; Air sampling; Bacteria; Fungi; Pyrosequencing 
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Introduction  

Rapid advancements in DNA-based molecular analyses coupled with 

improvements in computational software and data storage have led to a renewed focus on 

indoor sampling, and with it, the capability for direct cross-comparison studies (1, 2).  

Next-generation sequencing (e.g. pyrosequencing) efforts have yielded an increasing 

number of bacterial and fungal datasets for a wide range of indoor environments 

including residences, hospitals, classrooms, and offices (3-6).  These sequence sets are 

readily downloadable from several depositories (e.g. NCBI, QIIME, MG-RAST, EBI) 

and yield useful insight into the indoor microbiome, particularly if datasets from one 

indoor environment can be compared to those obtained from another indoor environment 

(4, 7, 8).  However, the sampling techniques employed in indoor studies are not 

standardized and, in some cases the detailed sampling protocols are not readily available.  

Thus, while pyrosequencing may provide considerable insight into the microbial 

community, the effect of sampling methodology on the indoor microbiome observed 

from a given building via pyrosequencing is not well understood. 

Both active and passive sampling approaches have been utilized in 

microbiological studies of the indoor environment (3, 5, 9).  Active samplers include 

bioaerosol samplers that draw an air sample through a capture device for a selected 

period of time. Many of these samplers are limited to relatively short sampling periods 

(e.g., 5-30 minutes) and generally sample only a small fraction of the total air volume 

present in an indoor environment.  In an outdoor study utilizing one such active sampler 

(BioSampler®) with Sanger sequencing, significant temporal differences in the airborne 
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microbial communities were detected indicating that repeated sampling would be 

required to more accurately reflect the biological community present (10).  Such temporal 

variability in the bioaerosol composition is also expected indoors where occupant activity 

can significantly increase the airborne load of microorganisms (5).  Some active samplers 

address this concern by altering the design to yield higher sample airflow rates.  For 

example, a wetted-wall cyclone can now be operated at 1,250 L/min (11) as compared to 

many bioaerosol samplers which operate at 4 to 10 L/min.  In contrast to most active 

bioaerosol samplers, collection of microbial-laden dust provides a passive, time-

integrated sample of the microbial community collected over experimental periods 

ranging from days to months or even longer.  Settled dust samples are the most common 

indoor sample collected in many exposure studies (12-14). More recently, the dust 

recovered from heating ventilation and air conditioning (HVAC) filters has been utilized 

as another passive sampling approach for assessing the airborne microbial community (3, 

15).  

Culture-based analytical methods have been utilized to compare the indoor 

microbial communities collected in different types of active and passive samplers (16-

19).  However, culture-based studies potentially skew the analysis since as few as 0.3% 

of the bacterial species present in the samples may be recovered via culturing (12).  The 

advent of molecular methods and specifically pyrosequencing allows further 

investigation into the microbial community structures recovered in different samplers.  

Using molecular sequencing methods, Noris et al. (2011) and Hospodsky et al. (2012) 

compared two sampling locations, settled dust and HVAC filter dust.  They both found 
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that the phyla distribution HVAC filter dust differed considerably from that found in 

settled dust samples recovered from residences and a classroom, respectively.  The 

variability may in part be due to differences in aerodynamic diameter which can 

selectively alter the microorganisms observed in the air versus settled dust (20, 21).  

Among active samplers, collection efficiency is nonstandard and likely dependent upon 

particle size (18).  For example, in a qPCR-based study of four active samplers deployed 

in the same indoor environment (laboratory), Li (2011) observed that the total bacterial 

counts varied by a factor of one to five between the samplers.  Another potential 

difference between samplers is their effect on DNA integrity, which is not uniform across 

samplers (23). 

In the present study, the microbial communities delineated via pyrosequencing in 

four simultaneously collected, active bioaerosol samples and two passive samples were 

investigated in an indoor environment over two consecutive sampling weeks.  This study 

is the first to use pyrosequencing to compare the bacterial and fungal microbiome 

recovered from four collocated active bioaerosol samples  These active samplers included 

a BioSampler® (BIO), a button sampler (BS), a personal environmental monitor with a 

nominal pore size of 2.5 µm (PEM), and a wetted-wall cyclone (WWC).  In addition, 

settled dust collected from a high surface (SD) and airborne dust recovered from an 

HVAC filter (HVAC) were collected to compare the communities recovered from these 

longer term passive samples to those recovered from the active bioaerosol samplers.  The 

objective of this study was to use pyrosequencing to provide a more thorough comparison 
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of the bacterial and fungal communities recovered from six samplers in an indoor 

environment to delineate the effect of sampler selection on the microbiome recovered. 

Materials and Methods  

Sample Collection.  Microbial sampling was conducted at a 55,000 m
3
 retail store over 

two consecutive weeks.  For the passive HVAC filter sample, a new MERV 7 HVAC 

filter (Tri-Dim Filter Corporation, Louisa VA) was placed in an air handling unit (AHU) 

at the beginning of each week of testing.  Airflow across the filters was primarily from 

recirculated indoor air because the outdoor dampers were closed during sampling.  After 

collecting particulate matter and microorganisms for seven days, the HVAC filter was 

removed from the AHU and the dust was recovered for DNA extraction and sequencing.  

For the second passive sampler, high surface dust was collected from the highest shelf on 

the retail floor (2.5 m off floor), adjacent to the active samplers.  The dust was vacuumed 

into a DNA-free 3-piece dust sampling cassette preloaded with a 0.47 µm nominal pore 

size filter on the same day the HVAC filter was removed.  No attempt was made to clean 

the shelf before sampling so, as with most settled dust samples collected in indoor 

studies, the time of dust collection on the shelf was unknown.  With respect to the active 

samplers, four collocated active indoor air samplers were operated for three consecutive 

15-minute intervals on day seven of the HVAC filter testing each week.  The three 15-

minute samples were composited into one sample for DNA analysis representing 45 

minutes of sampling time in total.  The active samplers included the button sampler (4 

L/min; SKC Inc., Eighty Four PA), BioSampler® (12.5 L/min; SKC Inc., Eighty Four 

PA), personal environmental monitor 2.5 µm (10 L/min; SKC Inc., Eighty Four PA), and 
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wetted-wall cyclone (100 L/min; prototype manufactured by TSI Inc. (Burnsville, MN) 

for Texas A&M).  It is recognized that normalizing by the sampling time results in the 

samplers collecting different volumes of air.  However, due to possible temporal 

variability in the airborne microbial communities, it was desirable for all the active 

samplers to collect samples simultaneously.  The BS and PEM samplers were loaded with 

a DNA-free gelatin filter with a nominal pore size of 3.0 µm (SKC Inc., Eighty Four PA), 

and sampled for 15 minutes.  Immediately following the 15 minute sampling time, the 

filters were placed into DNA-free phosphate buffer solution (PBS; 10 g/L NaCl, 0.25g/L 

KCl, 1.43 g/L Na2HPO4, 0.25 g/L KH2PO4) in a DNA-free 50 mL centrifuge tube 

(Thermo Fisher Scientific Inc., Waltham MA).  The BIO sampler was filled with 20 mL 

PBS during each 15 minute sampling period and, after each sampling period, the solution 

was deposited into DNA-free 50 mL centrifuge tubes.  The WWC uses tangential 

impaction into a DNA-free 0.01% Tween-20 liquid, condensing the sample to a few 

milliliters per 15 minute sampling period.  The liquid sample from the WWC for all three 

15-minute samples was combined into one DNA-free 50 mL centrifuge tube.  All the 

samples were stored at 4 °C for less than three days prior to DNA extraction. 

Sample Processing.  DNA extraction for all samples was standardized to minimize 

potential variations associated with different DNA extraction protocols.  The protocol in 

this study was standardized to that developed for HVAC dust (3).  Dust from each HVAC 

filter was extracted from nine evenly spaced 2.5-cm
2
 pieces of the filter and transferred 

into 45 mL PBS in a 50 mL vial.  The filter container with dust recovered from the high 

surface was placed directly into 45 mL of PBS in a 50 mL vial.  The BS, PEM, BIO, and 
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WWC active samples remained in the same 50 mL vials from the field.  The PBS vials 

from all samplers were sonicated and vortexed for 10 minutes each.  The samples were 

then passed through a 20 µm pore size filter (Whatman Ltd., Maidstone United Kingdom) 

as a prefiltration step.  The three consecutive 15-minute samples collected from each 

active sampler were passed through the same prefilter to yield a composite sample.  The 

filtered solution was split into two even aliquots and vacuum-filtered individually 

through two 0.2 µm hydrophobic DNA-free filters (Millipore, Billerica MA).  One filter 

was used for bacterial DNA extraction and the other filter for fungal DNA extraction.  

Each filter, 100 µL lysozyme (3mg/mL) and 300 µL Phenol-Chloroform-Isoamyl 

Alcohol (24:24:1) was placed into a bead tube (lysing beads and 750 µL lysing solution) 

provided in the PowerSoil DNA Isolation Kit (Mo-Bio Laboratories Inc., Carlsbad CA).  

Cell lyses was conducted in the FastPrep-24 homogenizer (MP Biomedicals LLC, Solon 

OH), following manufacturer recommendations of 30 seconds at 5.0 m/s, one repetition 

for bacterial DNA and two repetitions for fungal DNA.  All DNA recovered was 

quantified using a NanoDrop spectrophotometer (Thermo Fisher Scientific Inc., Waltham 

MA) and stored at -20°C for the duration of the project. 

Sample Analysis.  A total of 20 µL each of bacterial and fungal DNA from all six 

samplers were sent on dry ice to an external lab for pyrosequencing (Research and 

Testing Laboratories Inc., Lubbock TX). The analysis was performed using a barcoded, 

multiplex method on a 454 FLX+ Titanium Genome Sequencer (454 Life Sciences, 

Branford CT).  Bacterial DNA was amplified using universal primers sets over variable 

regions 1-3 as described by Van de Peer et al. (1996).  Fungal DNA was amplified in two 
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target loci, the ITS (25) and the D1/D2 region of the large subunit (26).  The ITS region 

was used for taxonomic analyses and the D1/D2 sequences were used for phylogenetic 

analyses (27).  All sequences were denoised (28) and chimeras were removed in 

UCHIME (29).  Sequences under 250bp were deleted from the analysis.  The sequences 

were taxonomically identified by a BLASTn search of a curated NCBI database.  

Sequence analysis for bacteria and fungi was conducted in the QIIME open-source 

software package (30).  The microbial community present in each sample was evaluated 

on the basis of taxonomy, operational taxonomic units (OTUs), and beta-diversity. Based 

on the protocols used in the present investigation, OTU and beta-diversity are taxonomic-

independent measurements.  Sequences of 97% similarity were binned into the OTUs 

using de novo clustering (29), since no clear percentage corresponds to a taxonomic level 

(31).  Alignment of sequences was based on the PyNAST algorithm (32) for bacteria and 

MUSCLE (33) for fungi.  The bacterial sequences were filtered against the Greengenes 

16S core set database (34).  All samples were rarefied to 1,500 bacterial and 1,000 fungal 

sequences to reduce sample depth bias (35, 36).  The beta-diversity analysis was 

calculated with the weighted UniFrac algorithm (37).  After quality control and filtering, 

a total of 193K bacterial and 142K fungal sequences were used for analysis in this study. 

Results and Discussion 

Community Analysis.  The microbial community analysis (i.e., beta-diversity) enables a 

comparison of the samples as an aggregated microbial community. The method analyzes 

communities by considering taxonomic-independent OTUs (97% similarity), visualized 

in a principle coordinate analysis plot (PCoA).  The bacterial PCoA as shown in Figure 1 
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revealed that the communities recovered from the same samplers were in general more 

similar to communities from the same sampler than to communities recovered during the 

same sampling period.  Of the six samplers, the only exception was the PEM sampler in 

Week 2 which had a different microbial community compared to any other sample.  The 

collocated active samplers did not observe the same microbial community when sampling 

at that same time (i.e. week 1 or week 2). 

 
Figure 1.  Bacterial community Week 1 (black) and Week 2 (gray), (HVAC = 

HVAC filter dust, SD = settled dust, BIO = biosampler, BS = button sampler, 

PEM = personal environmental monitor, WWC = wetted-wall cyclone). 
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 The fungal community analysis is presented in Figure 2 and yielded different 

results than the bacterial community.  Again, the HVAC and SD communities group 

together regardless of the sampling week.  However, the BS, PEM, and BIO samples also 

clustered together as an out-group for Week 1.  These three active samplers collect at the 

lowest volumetric flow rate (e.g., 5-12.5 L/min) as compared to the other samplers which 

may have been a factor.  However, this result was not observed in the Week 2 fungal 

results or in either week for the bacterial communities recovered from these samplers.  

The BS and PEM use the same gelatin filters which may account for some of the 

community similarity; however this similarity was not observed as strongly during the 

second week.  Indeed, for Week 2, it appears that all the active samplers besides the BS 

are closely related and grouped near the SD samples. 

 The two passive samplers, HVAC and SD, cluster across the sampling events for 

both the bacterial and fungal communities.  These two time-integrated approaches may 

normalize temporal fluctuations in the indoor microbial community to provide a more 

stable measurement of the microbiome.  For the active samplers, different designs with 

various aerodynamic cut-off values could have impacted the communities selected.  

Indeed, bacterial and fungal microbes have been connected to different aerodynamic 

particles sizes (20, 38, 39).  That may explain the grouping of communities by sampler in 

the bacterial results but does not fully explain the fungal results.  It is probable that other 

factors in sampler design are influential including collection efficiency (40), particle 

bounce (41), or other yet characterized parameters. 
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Figure 2. Fungal community Week 1 (black) and Week 2 (gray), (HVAC = 

HVAC filter dust, SD = settled dust, BIO = biosampler, BS = button sampler, 

PEM = personal environmental monitor, WWC = wetted-wall cyclone) 

 

Taxonomic Identification.  Taxonomic classification of the sequences provides 

information on the diversity of the samples and the identity of the taxa observed.  The 

average read length was 461 bp for bacteria and 427 bp for fungi.  Due to the short read 

lengths obtained in pyrosequencing, taxonomic identification was conducted at the 

genera level or higher (42, 43).  Fungal sequences for taxonomic identification were 

classified based on amplification of the ITS barcode which provides better taxonomic 

resolution compared to the D1/D2 region of the large subunit (44). 
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Proteobacteria was, on average, the most abundant phylum recovered from the 

samplers across both weeks (highest in 10/12 samples, representing nearly 57% of the 

sequences recovered).  Proteobacteria has been the dominate phylum observed in other 

indoor environments (3, 5, 45, 46).  Other sequences were primarily classified into 

Actinobacteria, Firmicutes, or Bacteroidetes phylum as shown in Figure 3. 

 
Figure 3.  Relative abundance of bacterial phyla for all samplers over both weeks 

(HVAC = HVAC filter dust, SD = settled dust, BIO = biosampler, BS = button 

sampler, PEM = personal environmental monitor, WWC = wetted-wall cyclone) 

 

The five most abundant genera detected in each sample are shown in Table 1.  

Since fewer genera overall were detected in the active samplers, the five most abundant 

genera detected in these short-term bioaerosol samplers represented a much higher 
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fraction of the total sequences as compared to the community recovered from the dust 

samples. This difference may reflect that a wider variety of microorganisms are able to 

persist in a dust matrix as compared to airborne microorganisms (47, 48).  In Week 1, 

Propionibacterium spp. (Phylum: Actinobacteria) was among the five most abundant 

genera in the four active samplers (BIO, BS, PEM, and WWC).  The other most abundant 

genera found in multiple samples were Ralstonia in BIO, BS, PEM and 

Methylobacterium in HVAC, PEM, SD.  For Week 2, the most abundant shared genera 

included again Methylobacterium (BS, HVAC, PEM, SD) and also Sphingomonas 

(HVAC, PEM, SD).  Methylobacterium, Sphingomonas, and Propionibacterium have 

been sequenced from the human microbiota (49) suggesting that these genera may 

originate from human occupants.  It is noteworthy that these species were not detected in 

all four of the active samplers which were in the closest proximity to the occupants.  

Another measure of human occupancy influence on the indoor bacterial microbiome is to 

investigate select taxa associated with the human microbiota as described by Hospodsky 

et al. (2012).  The four active samplers had a 26% and 11% average abundance of the 

five taxa for Week 1 and Week 2, respectively.  Each of the four active samplers shared 

the same trend with higher abundance of the human taxa in Week 1 compared to Week 2.  

In a classroom Hospodsky et al. observed 17-20% of these human associated taxa.  It is 

interesting the abundance in retail stores was close to classroom given the retail store 

contained over 600 times more volume. 
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Table 1.  The Five Most Abundant Genera Detected in the Samplers over Both 

Weeks 

Sampler           

(%  Sequences)
Genera

Sampler              

(%  Sequences)
Genera

Propionibacterium Propionibacterium

Ralstonia Rhizobium

Staphylococcus Conexibacter

Corynebacterium Achromobacter

Micrococcus Variovorax

Stenotrophomonas Deinococcus

Ralstonia Acinetobacter

Propionibacterium Methylobacterium

Acidovorax Ralstonia

Streptococcus Actinotelluria

Pseudomonas Methylobacterium

Methylobacterium Sphingomonas

Sphingomonas Pseudomonas

Terriglobus Roseomonas

Rhizobium Acinetobacter

Ralstonia Methylobacterium

Lactococcus Ralstonia

Methylobacterium Propionibacterium

Propionibacterium Sphingomonas

Bacillus Stenotrophomonas

Streptomyces Bacillus

Bacillus Sphingomonas

Methylobacterium Microbacterium

Pseudomonas Methylobacterium

Sphingomonas Geobacillus

Mycobacterium Burkholderia

Hymenobacter Ochrobactrum

Propionibacterium Xanthomonas

Roseomonas Corynebacterium

Bacillus Mycobacterium

Week 1 Week 2

HVAC (56% )

BIO (83% )

BS (54% )

SD (30% )

WWC (64% )

BIO (94% )

BS (83% )

HVAC (54% )

WWC (93% )

SD (32% )

PEM (97% )PEM (92% )

 
*Percent sequence is the summation of the relative abundance of the five most abundant genera detected in each sampler; 

white for active samplers, and gray for passive samplers 

 

From a health perspective, several genera that were detected may contain 

potentially pathogenic species (2, 38, 50).  However, those genera were not detected in all 
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the samples.  For example, Bordetella was only detected in the HVAC and SD samples; 

Mycobacterium was detected in the PEM, SD, and WWC samples, Clostridium was 

detected in the BIO, BS, HVAC, and SD samples; and Fusobacterium was detected in the 

BS and SD samples.  These results indicate that the choice of sampler impacts the 

microbial community detected and it may fail to identify potentially important genera. 

For the fungal communities at the class level, the most abundant taxa were 

Dothideomycetes, Agaricomycetes, and Sordariomycetes as shown in Figure 4.  

Dothideomycetes was present at the highest relative abundance in all of the samples 

except the HVAC sample, which detected more Agaricomycetes, a mushroom-forming 

fungi (51).  Specifically, the Agaricomycetes genera of Trametes sp. and Coprinellus sp. 

were dominant in the HVAC dust samples.  These two genera were present at a lower 

abundance in HVAC filter samples filtering outdoor air that were collected from the same 

building during the study (data not shown).  Alternatively it might simply reflect the fact 

that the HVAC filter captured a different fungal community than the rest of the samplers 

in this study. 
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Figure 4.  Relative abundance of fungal class for all samplers over both weeks 

(HVAC = HVAC filter dust, SD = settled dust, BIO = biosampler, BS = button 

sampler, PEM = personal environmental monitor, WWC = wetted-wall cyclone) 

 

The three most abundant fungal genera recovered from the samples represented 

an average of 86% of the total sequences recovered from the samples as shown in Table 

2.  Alternaria spp. was found in nearly all of the samples at a high relative abundance.  

Alternaria spp. are associated with asthma and allergies (52) and are ubiquitous in indoor 

studies probably due to their resistance to desiccation (53).  No other genera were as 

universally present in the samples. 
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Table 2.  The Three Most Abundant Fungal Genera Detected in the Samplers over 

Both Weeks 

 
*Percent sequence is the summation of the relative abundance of the five most abundant genera detected in each sampler; 

white for active samplers, and gray for passive samplers 

 

Sampler           

(%  Sequences)
Genera

Sampler              

(%  Sequences)
Genera

Propionibacterium Propionibacterium

Ralstonia Rhizobium

Staphylococcus Conexibacter

Corynebacterium Achromobacter

Micrococcus Variovorax

Stenotrophomonas Deinococcus

Ralstonia Acinetobacter

Propionibacterium Methylobacterium

Acidovorax Ralstonia

Streptococcus Actinotelluria

Pseudomonas Methylobacterium

Methylobacterium Sphingomonas

Sphingomonas Pseudomonas

Terriglobus Roseomonas

Rhizobium Acinetobacter

Ralstonia Methylobacterium

Lactococcus Ralstonia

Methylobacterium Propionibacterium

Propionibacterium Sphingomonas

Bacillus Stenotrophomonas

Streptomyces Bacillus

Bacillus Sphingomonas

Methylobacterium Microbacterium

Pseudomonas Methylobacterium

Sphingomonas Geobacillus

Mycobacterium Burkholderia

Hymenobacter Ochrobactrum

Propionibacterium Xanthomonas

Roseomonas Corynebacterium

Bacillus Mycobacterium

Week 1 Week 2

HVAC (56% )

BIO (83% )

BS (54% )

SD (30% )

WWC (64% )

BIO (94% )

BS (83% )

HVAC (54% )

WWC (93% )

SD (32% )

PEM (97% )PEM (92% )
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The samplers identified several different fungal genera which may be of relevance 

from a health perspective including Aspergillus, Cryptococcus, and Fusarium.  The 

Aspergillus clade was detected in four of the six samplers (HVAC, PEM, SD, and 

WWC).  However, Cryptococcus was only detected in the HVAC and SD samples and 

Fusarium only in the HVAC sample.  As with the bacterial results, the HVAC and SD 

samples contained a more diverse fungal community, including genera with potentially 

pathogenic species.   

Operational Taxonomic Units.  Analysis of the operational taxonomic units (OTUs) 

recovered in the different samplers eliminates potential taxonomic identification errors.  

The SD samples yielded the highest number of unique bacterial and fungal OTUs, 

followed by the HVAC samples.  These results were consistent in both sets of 

experiments carried out over two consecutive weeks as shown in Figure 5.  Hospodsky et 

al. (2012) investigated the indoor environment in a classroom via pyrosequencing and 

also observed a higher number of OTUs in settled dust as compared to HVAC dust.  In 

our study, the greater diversity represented by additional OTUs in the settled dust is 

hypothesized to be a product of infrequent cleaning of the high surface SD.  All four 

active samplers yielded significantly lower numbers of unique OTUs as compared to the 

SD and HVAC samples for both bacteria and fungi, most likely due to the shorter 

sampling period.  Also, the estimated total flow through the HVAC filter pieces from 

which the HVAC dust samples were recovered was 3-4 orders of magnitude higher than 

the flows through the active samplers.  The limited diversity observed in the active 
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sampler OTU results is consistent with the findings based on taxonomic identification 

(Table 1 and Table 2). 

Within the group of active samplers, the BS sampler collected the highest number 

of unique bacterial OTUs and the WWC sampler collected the greatest diversity of fungal 

OTUs (Figure 5).  The wetted-wall cyclone showed versatility in sampling the two 

different kingdoms, capturing the second highest number of unique OTUs for bacteria as 

well.  The BS sampler and PEM sampler utilized a gelatin filter that has been shown to 

effectively capture microorganisms in previous studies (40, 54).  Based on the number of 

OTUs captured on the PEM sampler and 2.5 µm cut-off,  the fungi were probably 

suspended in the air as spores which are smaller than fungal cells (55) and more resistant 

to drying (56). 

The occurrence of the shared phylotypes between the active samplers was 14% 

for bacterial OTUs and 44% for fungal OTUs.  The highest overlap between two 

individual active samplers was BIO-PEM for week 1 and BS-PEM for week 2, consistent 

for both bacterial and fungal datasets.  The BIO has been reported to capture particles at 

higher efficiency under 3 µm (57), the same general range as the PEM in the present 

study which may explain in part the correlation between the two samplers.  Gelatin filters 

in the PEM and BS have been observed to capture 90% or more biological particles in the 

0.7 to 0.9 µm range (40, 58)  Interestingly, the WWC had the fewest overlap with fungal 

OTUs to the other active samplers at only 18% compared to 62% for the other three 

active samplers.  A previous study from McFarland et al. (2010) shows that WWC has 

50% collection of 1.2 µm particles and 80% or higher efficiency for 2-10 µm particles.  
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Despite the apparent common size range distributions for capturing particles, the 

collocated samplers did not share the same OTUs.  Therefore, it is probable the other 

parameters may be influencing the microbes retained in the samplers. 

 
Figure 5.  Number of unique bacterial and fungal OTUs delineated as a function 

of sampler type, for both weeks (HVAC = HVAC filter dust, SD = settled dust, 

BIO = biosampler, BS = button sampler, PEM = personal environmental monitor, 

WWC = wetted-wall cyclone). 

 

A comparison of the OTUs recovered from the SD samples, the HVAC samples, 

and all the OTUs recovered from the four active samplers is shown in Figures 6 and 7.  

Due to the limited diversity recovered in the active samplers, the OTUs from all four 

active samplers were combined for comparison with the passive HVAC and settled dust 
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samples.  The results show that settled dust, HVAC filter dust, and the combined active 

samplers do not capture the same bacterial or fungal OTUs.  In fact, the fraction of 

bacterial OTUs common between the SD and HVAC samples and all four active 

samplers was only slightly over 1%.  For fungal OTUs, the shared OTUs were higher, 

near 6%.  SD captured was the most diverse sampling method but did not capture the 

same OTUs found in either the HVAC sample or the active samplers. 

Although the active samplers were collocated and run simultaneously, only 13-

16% of the detected bacterial OTUs were common in all four samplers and only 33-34% 

of the detected fungal OTUs were common across the bioaerosol samplers.  The large 

difference in shared OTUs, despite collocated sampling efforts, indicates that factors such 

as sampler design and operation alter the microbial community sampled, thus varying the 

sequences recovered and affecting the microbiome inferred from the results.  This finding 

is consistent with a similar study that used Sanger sequencing and observed that only 

25% of the bacterial OTUs detected were common among all the four active bioaerosol 

samplers they tested (59). 
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Figure 6.  Shared bacterial OTUs for settled dust, HVAC filter dust, and active 

samplers (combined) for Week 1(A) and Week 2 (B). 

 

 
Figure 7.  Shared bacterial OTUs for settled dust, HVAC filter dust, and active 

samplers for Week 1 (A) and Week 2 (B). 

 

Conclusions 

This study analyzed the microbial community recovered from six different indoor 

air samplers collected in the same building over two consecutive weeks to identify 
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potential differences in the fungal and bacterial communities captured by each sampler.  

In terms of beta-diversity, the bacterial communities appear to be more affected by the 

sampler used than the fungal communities.  The microbial structure identified was more 

influenced by sampler type that by the sampling event.  Both the taxonomic and OTU 

analyses revealed that the six samplers did not detect the same microbial communities.  

The HVAC and SD samplers were able to capture the most diverse microbial 

communities; however, few shared OTUs were observed across the samplers.  Perhaps 

most surprising, the microbial diversity and community in the active bioaerosol samplers 

were not similar despite sampling at the same location and at the same time.  Even at the 

genera level, highly abundant taxa in some samplers were not detected in others.  With 

the advent of molecular technologies such as pyrosequencing, additional work is needed 

to adequately characterize indoor samplers.  Factors such as aerodynamic diameter, air 

volume sampled, collection liquid, sampling time etc. must be addressed to standardize a 

sampling protocol that can be used in future indoor microbiome studies, enabling better 

cross-comparison of results.  Until that time, caution is required when comparing studies 

using different samplers because it is evident from this study that the choice of samplers 

can significantly affect the microbial community recovered. 
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ASHRAE RP-1596 REPORT – MICROBIAL SECTIONS 

The following appendix contains the microbial sections in the ASHRAE RP-1596 

report (Siegel et. al, in-preparation, see citation below).  ASHRAE provided funding for 

the culturing investigations and qPCR 36-panel fungal assay tests.  The microbiological 

sections includes a background and literature review (2.2.4), sample approach (3.4.7), 

laboratory sample analysis (3.5.5), quality assurance approach (3.8.9), indoor air quality 

measurement results (4.2.5), and lessons learned (6.5.3).  The sections, figures, and tables 

are not relabeled for this appendix but instead retain the same numbering as found in the 

ASHRAE report. 

Source Citation 

Siegel, J.,Srebric, J., Crain, N., Nirlo, E., Zaatari, M., Hoisington, A., Urquidi, J., Shu, S., 

Kim, Y., Jareemit, D. (2013). “Ventilation and Indoor Air Quality in Retail Stores,” 

Report prepared for ASHRAE in support of Research Project 1596-RP 

 

2.2.4 Microbiology 

Tringe et al. (2008) characterized bacteria present on HVAC filters in two malls in 

Singapore through genomic DNA sequencing and large scale cloning processes. That 

study also compared bacteria found on HVAC filter dust with water from an adjacent 

river, floor dust samples (inside and outside), soil samples near the mall, and human nasal 

swabs. The microbiome captured on the HVAC filter dust was significantly less diverse 

compared to the soil and water samples. Each of the two malls shared some abundant 

microorganisms, but overall phylotypes were diverse, suggesting the malls have different 

microbiomes. The DNA functional analysis showed genes participating in cell mobility 

and secretion were over-represented, compared to previously reported in other soil and 

oceanic studies. In another study, Li et al. (2001) collected airborne bacteria and used 

culturing to estimate the amount of colony forming bacteria per cubic meter of air in nine 
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shopping malls. Generally they found an increased amount of bacteria on weekends, with 

increased occupant density, as assessed by carbon dioxide measurements.  

3.4.7 Microbiology 

HVAC filters provided the primary sampling location for the microbial portion of this 

investigation. Immediately following the field investigation, new HVAC filters (MERV 

7-8) were installed in at least one air handling unit. If possible, the RTUs for testing were 

selected with outdoor air dampers closed and located away from interior doors. The 

HVAC filters at a given retail site were installed for approximately 30 days. After 

completion of testing, the filters were removed and placed into a loosely sealed bag. All 

of the sampled filters from Pennsylvania were shipped to Texas immediately following 

the required sampling time. For shipping, the filters were wrapped in a static shielding 

bag and shipped overnight in a cooled, insulated container maintained below 4 ºC (39.2 

ºF). The filters retrieved in the Austin area were stored for one night in a 4 ºC (39.2 ºF) 

room to mimic the shipping conditions. The lower temperatures were used to limit the 

ability of the microorganisms to reproduce after removal from the HVAC system (Lauber 

et al, 2010; Li and Lin, 2001). Sterile techniques were used throughout the handling of 

filters. 

3.5.5 Microbiology  

The HVAC filter dust was analyzed similar to the method developed by Noris et al. 

(2011). Briefly, representative sections of each filter were submerged in a buffer solution 

and the microorganisms were extracted from the dust matrix through sonication and 

vortexing. For bacterial enumeration, 0.1 mL aliquots were cultured on R2A agar plates 
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containing 0.04% cycloheximide (an ant-fungal agent). For fungal enumeration, 0.1 mL 

aliquots were cultured on Sabouraud Dextrose Agar (SDA) plates containing 0.01% 

chloramphenicol (an anti-bacterial agent). Another fungal specific set of SDA plates 

included 6% sodium chloride for isolation of salt-tolerant fungi. Bacterial plates were 

incubated at 30
o
C (86

o
F) for 2-3 days and fungal plates were incubated at room 

temperature, approximately 23
o
C (73.4

o
F) for 4-7 days. All plates and dilutions were 

conducted in triplicate and the average resulting colony forming units (CFUs) per sample 

(normalized filter sections sampled at all sites). The culture plates provide a bulk 

measurement of viable bacteria or fungi found in the HVAC filter dust.  To estimate the 

quantity of bacterial and fungal microorganisms that are able to form spores, an aliquot 

was heated to 75
o
C (167

o
F) for 15 minutes, plated, and enumerated (Barbeau et al., 1997; 

Noris et al., 2009). The remaining filter section was vacuumed through a HEPA filter 

attachment to capture the HVAC dust. The filter attachment was sent overnight to a 

laboratory for the 36-panel qPCR assay analysis (EMSL Analytical Inc., Cinnaminson 

NJ). The assay species and methods were developed by the U.S. EPA as a standardized 

test for quantifying select fungal species in indoor dust (Haugland et al. 2004).  The 

species have been divided to fungi that are commonly found in buildings (category 1) or 

associated with buildings with evident moisture damage (category 2). This assay provides 

a quantitative measurement of fungal cells per milligram of dust. The test is DNA-based 

so it is able to detect viable and non-viable cells. A listing of the fungal species in the 36-

panel assay is shown below in Table 3.9.  
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Table 3.1: Listing of the fungal species in the 36-panel assay. 

Category 1   

Acremonium strictum Aspergillus ustus Penicillium crustosum  

Alternaria alternata Chaetomium globosum Penicillium spinulosum 

Aspergillus flavus Cladosporium cladosporioides II Scopulariopsis brevicaulis 

Aspergillus fumigatus Cladosporium herbarum Scopulariopsis chartarum 

Aspergillus niger Epicoccum nigrum Stachybotrys chartarum 

Aspergillus ochraceus Eurotium amstelodami Trichoderma viridei 

Aspergillus penicillioides Mucor and Rhizopus Group Wallemia sebi 

Aspergillus restrictus Paecilomyces variotii  

Aspergillus sydowii Penicillium chrysogenum  

Aspergillus unguis Penicillium corylophilum  

Category 2   

Aspergillus sclerotiorum Cladosporium cladosporioides II Penicillium purpurogenum 

Aspergillus versicolor Cladosporium sphaerospermum Penicillium variabile 

Aureobasidium pullulans Penicillium brevicompactum Rhizopus stolonifer 

 

3.8.9 Microbiology  

3.8.9.1 Microbiology – qPCR: EMSL Analytical (Cinnaminson, NJ) performed the ERMI 

36-panel fungal assay test for all sites. The testing was conducted with a positive control 

to ensure DNA amplification, an internal sample control to check for DNA extraction and 

presence of inhibitors, and a negative control to confirm no laboratory contamination. 

Further quality control was conducted by splitting one vacuumed dust sample for two 

analytical tests. Nine of the thirty-six species were undetected in both samples. The 

coefficient of variation (standard deviation/average concentration) ranged from 0 – 141% 

with an average of 41%. In addition, one filter was sampled by two different vacuum 

attachments and analyzed. The coefficient of variation between those samples ranged 

from 6 – 141% with an average of 77%. These results are comparable to Hospodsky et al. 
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(2010) who analyzed Aspergillus fumigatus and determined the coefficient of variation 

ranged from 28 – 67%. 

3.8.9.2 Microbiology – culturing: Agar plates were poured within one week of sampling 

and all plating was conducted in triplicate. CFUs were included in the range of 30-300 

CFU/plate and counted by the same individual for consistency. 

 

4.2.5 Microbiology  

Culturing and molecular (qPCR) methods were used to assess the microbiome of the 

indoor retail environment. Both methods were applied to filters collected from 

recirculating rooftop units. The United States does not regulate or provide threshold 

suggestions for any microbiological measurement in the indoor environment. The 

culturing techniques selected for bacteria, fungi, and salt-tolerant fungi are based on the 

growth medium and environmental conditions utilized in each case. A pasteurization 

process also allowed for the assessment of spore forming bacteria, fungi, and salt-tolerant 

fungi. The qPCR, conducted by an external lab, measured the concentrations of 36 fungal 

species, subdivided into Category 1 species (commonly found in buildings) and Category 

2 species (found in buildings associated with moisture damage). The results from both 

methods include (1) site-by-site results, (2) associations with store type, location, and 

season, and (3) association with measured air exchange rates. 

4.2.5.1 Cultured sampling: Culturing provides a bulk measurement of the viable 

microorganisms in an environment. The overall culturable microorganisms for bacteria, 

fungi, and salt-tolerant fungi by site are shown in Figure 4.1, Figure 4.2, and Figure 4.3, 
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respectively (note the vertical axes are on log scales).  The highest concentration of 

bacteria and fungi were found at Site FfT1 (furniture, TX) at over twice the concentration 

as the next highest site. Site FfT1 had one large air handling unit from which the filters 

were collected for sampling and another smaller unit that was not sampled.  Due to this 

configuration, it was not possible to close the outdoor air dampers; as a result, the filter 

samples likely included microorganisms collected from outdoor air in addition to the 

microorganisms collected from recirculated indoor air. The highest concentration of salt-

tolerant fungi was found at Site MbP4 (general merchandise, PA). Salt-tolerant fungi 

thrive in a lower water activity environment, making them tolerant to drier conditions. 

The conditions affecting dryness include air handling unit run times, relative humidity 

(indoor and outdoor), and outdoor temperatures among other factors. The concentrations 

of non-spore forming microorganisms were higher than the spore forming 

microorganisms for bacteria, fungi, and salt-tolerant fungi. A higher level of non-spore 

forming bacteria and fungi was also observed by Noris et al. (2011) in residential HVAC 

filter dust. Spores are often formed by microorganisms when they are in stressed 

environments (especially bacteria). The large concentration difference between non-spore 

and spore forming microorganisms is one potential indication that bacteria and fungi 

were not stressed in the HVAC filter dust. 
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Figure 4.1: Culturable bacterial concentrations for all sites. 
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Figure 4.2: Culturable fungal concentrations results for all sites. 
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Figure 4.3: Culturable salt-tolerant fungal concentrations for all sites. 

The concentration of culturable microorganisms varied across the store categories with 

no obvious patterns. On average, the furniture stores had the highest concentrations of 

bacteria and fungi while general merchandise had the highest number of salt-tolerant 

fungi, but there was substantial variation within and between sites. An analysis of 

variance (ANOVA) was not conducted due to the limited number of sampling events in 

each store category for microbial measurements (e.g. ranging from n=9 tests in three 

general merchandise environments to n=1 test in a single office supply store). To increase 

the sample size, the site categories were grouped into those stores that contain groceries 

and those that do not. This approach was selected because microorganisms are present in 
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both food and produce (Abadias et al. 2008; Normanno et al. 2007). No clear association 

was found between the concentration of cultured microorganisms and the presence of 

groceries. Multiple confounding or competing factors are likely, which may influence 

this lack of association.   

In terms of sample location (PA vs. TX), the greatest difference in culturable microbial 

concentrations was observed for the salt-tolerant fungi with PA locations having the 

higher concentrations. However, an ANOVA analysis indicates that location was not 

significantly associated with salt-tolerant fungal concentrations based on actual sites (p = 

0.127). As mentioned previously, salt-tolerant fungi are able to tolerate drier conditions. 

In 2011, the sites in Pennsylvania received over three times more precipitation than the 

Texas sites. However, the average relative humidity was approximately the same at the 

two sites. With the higher temperatures in Texas compared to Pennsylvania, this 

corresponds to higher absolute humidity outdoors. This will increase the condensation in 

the air-handling units in Texas, which occurs past the filters but still located in close 

proximity inside the RTUs. This may have limited the salt-tolerant fungi detected at the 

Texas sites. To our knowledge, no other studies have measured salt-tolerant fungal 

concentrations in an indoor environment and more samples would be required to confirm 

the results. For the culturable bacteria and fungi results, independent ANOVA tests 

revealed no significant correlations with the environmental variable location (p = 0.624 

for bacteria, p = 0.57 for fungi). 
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To avoid concerns that the traditional seasons represent very different conditions in the 

two study locations, the seasons in the microbial results are defined based upon average 

temperatures over the testing period and the month of the year. The results showed the 

lowest average concentrations in the summer for bacteria, fungi, and salt-tolerant fungi. 

However, seasonal variations were not statistically significant given the variability in the 

data. The spore forming bacteria were highest in the summer, possibly due to increased 

airflow rates across the filters during the summer. The spore-forming fungi and salt-

tolerant fungi had the highest concentrations in the winter, possibly due to an increased 

quantity of spores generated from certain fungal species in the winter atmosphere 

(Millington and Corden 2005). Several other studies have investigated the association 

between culturable microbial concentrations in indoor environments as a function of 

season and determined fungal concentrations were the highest in the summer 

(Dassonville et al. 2008; Frankel et al. 2012). Sampling in the HVAC system might have 

had an effect on the seasonal results.  Seasonal changes in the operational time of the air 

handing units may have altered the viable concentrations by increasing airflow rates. The 

reduction in viable microorganisms in a filter environment has been documented by other 

studies (Kemp et al. 2001; Maus et al. 2001; Moritz et al. 1998). However, these studies 

measured reduction in viability on clean particulate filters with smaller nominal pores 

sizes than the HVAC filters, continual airflow, and no dust loading. Filter inspections 

with a scanning electron microscope indicated that HVAC filter dust contains a mixture 

of different size particles and other inorganic material (Figure 4.4) that may protect the 

microorganisms on the HVAC filter as compared to the above mentioned studies. Given 
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the limitations of culturing, it is probable that a more representative view of the HVAC 

filter dust community would be determined with non-viable molecular techniques.  

  

Figure 4.4: Observation of HVAC filter dust from Site GeT2 (left) and Site MbP2 

(right). 

The relationship between the cultured results and air exchange rate are show in Figure 

4.5, Figure 4.6, and Figure 4.7. There is a limitation inherent to this assessment because 

the air exchange rate was measured during a four-hour period and the microorganisms 

were assessed with a month-long integrated sample. Nevertheless, if the measured air 

exchange rate is representative of the average air exchange, than these comparisons still 

might provide insight on impact of ventilation. The spore forming cultured 

microorganisms are not shown due to their low concentrations compared to non-spore 

forming microorganisms. A decrease in concentration of microorganisms with an 

increase in air exchange rate was found in five of the six cultured results. A decrease in 

microbial concentrations with increased air exchange rate might indicate an indoor 

source. Spore forming bacteria was the exception, increasing in concentration with 
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elevated air exchange rates. All of the culturing results were significantly correlated with 

air exchange rates (p values <0.0024), even after Bonferroni corrections, except for spore 

forming salt-tolerant fungi. Frankel et al. (2012) studied Danish residences and found a 

correlation between decreased cultured bacteria and fungi concentrations and increased 

air exchange rate. In another study, a hospital was sampled without an air filter and with a 

HEPA filter varying the exchange rate (Chuaybamroong et al. 2008). Both culturable 

bacteria and fungi decreased with increased air exchange rate increases, for both the no 

filter case and the HEPA filter case.  These literature results, as well as those from this 

investigation, suggest that ventilation may be one strategy to reduce culturable 

microorganisms in the retail environment. However, the caveat of air exchange rate 

measurement period discussed above may be a factor in this finding. 
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Figure 4.5: Culturable bacteria concentrations as a function of air exchange rate. 
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Figure 4.6: Culturable fungal concentrations as a function of air exchange rate. 
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Figure 4.7: Culturable salt-tolerant fungal concentrations as a function of air exchange 

rate. 

4.2.5.2 36-Panel fungal assay: The inherent limits of culturing, namely that it is biased to 

the small subset of species that can be cultured, can be overcome with molecular 

approaches. The U.S. EPA developed a standardized testing procedure for a 36-panel 

assay of fungal species (Haugland et al. 2004). The test is DNA-based, thus both viable 

and non-viable cells are detected. The species are divided into fungi that are commonly 

found in buildings (Category 1) and those associated with buildings with evident 
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moisture damage (Category 2). This assay provides a quantitative measurement of fungal 

cells per milligram of dust.  

The three fungal species detected at the highest concentrations in the 36-fungal panel 

assay for each site are shown in Figure 4.8. Of the 36 possible species, only 14 were 

detected in the top three of any site indicating some amount of consistency within the 

results. In contrast, Penicillium crustosum and Aspergillus sydowii were undetected at all 

the sites.  The highest average fungal concentrations detected included Cladosporium 

cladosporioides, Aerubasidium pullans, Epiccoccum nigrum, Eurotium amestelodami, 

and Wallemia sebi. A study of indoor residential dust in 1,096 homes yielded similar 

results with four of the same fungal species detected in the top five ranking based on 

average concentration (Vesper et al. 2007). Our fifth most abundant fungal species, 

Wallemia sebi was ranked as the 7
th

 most abundant species in the same study. The 

consistency between our study and their study is noteworthy considering the Vesper 

study examined residential units and sampled floor dust and this study focused on retail 

sites and HVAC filter dust samples. Two of the species detected at the highest 

concentrations in the retail study (Cladosporium cladosporioides and Aerubasidium 

pullans) are classified as Category 2 (associated with water damage).  Despite the 

connection with water-damaged buildings, the Cladosporium genus in general is 

ubiquitous in the indoor environment (Pitkaranta et al. 2008; Ren et al. 1999). In previous 

studies, Cladosporium represented a large fraction of the DNA sequences detected in 

residential HVAC dust (Noris et al. 2011) and settled dust collected indoors (Amend et 

al. 2010; Pitkaranta et al. 2008). Aureobasidium pullulans has also been found in many 
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indoor microbial studies, possibly due to an enhanced ability to survive dry environments 

(Haas 2011).  

 

 

Figure 4.8: Three fungal species detected at the highest concentration at each retail site. 

The site by site concentrations of the Category 1 and Category 2 fungal species are 

shown in Figure 4.9. The Category 2 fungal concentrations were higher in 61% of the 

sites although it only contains 38% of the species, compared to Category 1. The sum of 

the fungal cells detected in Category 1, Category 2 and total fungal cells were highly 

variable, ranging over 2 orders of magnitude across the sites. The high fungal 
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concentration variability may be an indicator that to accurately assess the indoor 

fluctuations in the fungal microbiome, multiple measurements may be necessary. Further 

analysis would be required to more fully characterize the indoor fungal microbiome to 

better assess this idea. 

 

Figure 4.9: Category 1 and Category 2 fungal concentrations detected at each site. 

The type of store did not appear to influence the concentration of the fungal species 

detected.  The average Category 1 concentrations ranged from 1,000 – 24,000 cells/mg 

dust across the store types. The average Category 2 concentrations ranged from 3,000 – 

9,000 cells/mg dust with the office supply store as an outlier at 57,000 cells/mg dust. It 

should be noted that office supply site was only tested once and had no visible mold or 

odor present. The spike in concentration is a result of Cladosporium cladosporioides 
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(40,000 cells/mg dust) and is of unknown origin. The ratio between Category 2 and 

Category 1 concentrations was the lowest in the small and medium grocery stores. This is 

contrary to initial projections in which we believed these two categories would have 

increased fungal concentrations related to moisture due to the produce, cooking activities, 

smaller volume stores, and higher occupant densities present at these sites. 

There were no correlations between location and the overall concentration of the fungal 

assay species, Category 1 species, or Category 2 species. Amend et al. (2011) found that 

distance from the equator correlated to the fungal community in indoor dust samples 

however they sequenced the entire fungal community present instead of quantifying a 

subset of 36 fungal species. Therefore, it is possible that fungal communities are 

associated with location, however in our limited analysis of only 36 fungal species that 

correlation was not detected. 

Season was not correlated to Category 1, Category 2, or overall fungal concentrations. 

However, we found increased variability in the total fungal concentrations during the 

spring season. Season was also correlated to the concentration of 21 individual fungal 

species concentrations. Of these correlations, 65% were Category 1 species and 35% 

were Category 2 species. The Category 1 species are ubiquitous to all built environments 

and are more likely to have originated from outdoor air. 

The concentration of fungal species based upon the sum of Category 1 and Category 2 

species were compared to air exchange rate (Figure 4.10 and Figure 4.11). The 

concentration of each of the 36 fungal species was also analyzed for correlation with air 
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exchange rates. None of the species concentrations appeared correlated using the 

Kruskal-Wallis test with Bonferroni corrections for multiple comparisons. If the source of 

fungi is from the outdoor environment (Category 1 fungi), increasing the air exchange 

rate will elevate the indoor concentrations, if all other factors remain constant. However, 

for our results, the Category 1 fungal concentrations decreased with an increased air 

exchange rate (Figure 4.10). In contrast, fungal species that originate and proliferate from 

an indoor source (Category 2) will decrease in concentration as the air exchange rate 

increases, again assuming other factors remain constant. The Category 2 fungal 

concentrations in this study did decrease with an increase in air exchange rates (Figure 

4.11). However, the decrease in concentration with higher air exchange rates was more 

correlated for Category 1 fungi. Therefore, the possible source of the fungal categories 

was not based on air exchange rate in this study. It should be noted that external factors 

may obscure any trends (e.g., fungal growth rates, dispersion in the store, relative 

humidity, etc.), as well as the general limitation of air exchange rate measurement period 

discussed above. 
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Figure 4.10: Category 1 fungal concentrations as a function of air exchange rate. 
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Figure 4.11: Category 2 fungal concentrations vs. air exchange rate. 

A recent residential study investigated if asthma development in children can be 

correlated with any of the 36-panel fungal species (Reponen et al. 2012). Specifically, 

289 infants were visited in homes at age one and house dust was tested for fungal 

concentrations. The children were clinically tested for asthma at age 7. Elevated 

concentrations of three species were significantly associated with asthma development 

including Aspergillus ochraceus, Aspergillus unguis, and Penicillium variabile. These 

results may not directly correlate to our study since they were using floor dust samples in 

residences and the exposure time in residences for small children is much larger 
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compared to a retail store. However, the threshold limit determined in the residential 

study was exceeded for Aspergillus ochraceus in three samples, Aspergillus unguis in 

three samples, and Penicillium variabile in seven samples. There was no statistical 

correlation determined for the samples exceeding the threshold concentration with 

location, season, or store type. No store samples exceeded the threshold concentration for 

all three fungal species.  

4.2.5.3 Summary of microbial results: The culturable microorganisms were determined 

for bacteria, fungi, and salt-tolerant fungi (non-spore forming and spore forming). The 

concentrations were analyzed by site as well as for associations with store type, location, 

season, and measured air exchange rates. The cultured results showed high variability 

across the sites with higher concentration of non-spore forming compared to spore 

forming microorganisms. Store type, location, and season were not significantly 

correlated with culturable concentrations, however, several trends were observed. 

Specifically, salt-tolerant fungi concentrations were significantly higher in Pennsylvania 

and bacteria, fungi, and salt-tolerant fungi had the highest concentrations in the summer. 

Lower air exchange rates were significantly correlated with all culturable concentrations 

with the exception of spore forming salt tolerant fungi. 

A molecular based, qPCR test was also conducted for 36 fungal species. The analysis of 

that test was conducted based upon individual species concentrations, Category 1 species 

(common in built environments), and Category 2 species (found in building associated 

with moisture damage). Similar to culturing, the results were analyzed by site, 

associations with store type, location, and season, and association with measured air 
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exchange rates. The species with the highest concentrations were similar across all the 

sites. Category 2 concentrations were higher than Category 1 concentrations on average. 

Store type and location were not correlated with the fungal concentrations. Season was 

correlated with the concentrations of 21 of the 36 fungal species tests. Category 1 and 

Category 2 concentrations both decreased with an increased air exchange rate. 

Overall, both culturable and qPCR testing found no clear correlations with store type or 

location. Seasonal correlations were only observed with specific species qPCR possibly 

indicating the limited analytical benefits of grouped microbial parameters due to complex 

microbial interactions with the environment and each other. Multiple confounding or 

competing factors are possible which may influence the lack of apparent associations. 

Both culturing and qPCR results showed a lower concentration of microorganisms with 

an increased air exchange rate. That result suggests that ventilation may be one possible 

strategy to reduce microorganisms in retail stores. 

6.5.3 Bioaerosols 

 

Microbiological methods can be broadly divided in two categories: culturing where 

microorganisms suspended in air are cultured on a growth media and then enumerated 

and molecular methods where DNA is extracted from a sample and compared to known 

species libraries. We used both in this investigation. Although the microbiology 

community is well aware of limitations of culturing (and in particular its strong bias 

towards species that grow well in the selected growth media), this message is not 

uniformly understood in the building science community. We believe that ASHRAE 
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should be educating its members on the strengths and weaknesses of different 

microbiological methods. As the PMS knows, we separately received funding from the 

Alfred P. Sloan Foundation to conduct microbial community measurements on the filters 

removed from the retail buildings. As part of the Sloan-funded work, we have prepared a 

manuscript on different microbial measurement and analysis techniques that is targeted 

for the building professional. We intend to submit this to ASHRAE HVAC&R. Also, as 

part of the Sloan-funded work we evaluated seven different sampling methodologies at 

one retail site and analyzed the samples with the same molecular technique 

(pyrosequencing). The findings from that effort were very surprising: there was very little 

overlap between the microbial communities identified with each sampling technique. The 

method selected for bioaerosol sampling will entirely drive the assessment of the 

microbial community. We plan on publishing this work, but it does suggest that 

ASHRAE needs to be part of discussions on indoor microbial sampling and there should 

be an effort to engage members of the ASHRAE community on microbiological 

measurements.  
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QUALITY CONTROL 

Multiple quality control tests were conducted and are presented in this appendix 

separated into investigations that supported protocol development, qPCR of 36-panal 

fungal assay, or HVAC extraction processes. 

 

F1.  PROTOCOL DEVELOPMENT 

Three experiments were conducted in protocol development including verification 

of pyrosequencing reproducibility, comparing microbial communities in prefilters and the 

final filter, and comparing pyrosequencing results from cultured microorganisms and 

non-cultured microorganisms. 

The three replicate samples of same extracted DNA from site SdT showed 

consistently related microbial communities presented in Figure F1 for bacteria and Figure 

F2 for fungi.  The bulk measurement of operational taxonomic units (OTUs) was also 

consistent between the three replicates.  The OTU coefficient of variation for the three 

bacterial replicates was 3.5%, below the overall sampling variation of 83%.  Similarly, 

the fungal OTU coefficient of variation for the three SdT replicates was 9.2%, again 

below the overall sampling variation of 52%.  From this limited sampling size, it appears 

the pyrosequencing results were reproducible and limited error is introduced in this step 

of the process given the rigorous bioanalytical processes undertaken in the present study 

(see Appendix G for details). 

An initial prefilter (20 µm nominal pore size) was included in all DNA extractions 

to reduce the inhibitory artifacts in the dust of the samples.  However, three sites were 

able to achieve amplification of the DNA on the prefilters to include sites FfP, EgP2, and 

MiP.  The bulk measurement of bacterial and fungal OTUs between the prefilter and final 

filters is shown in Table F2.  The results were similar considering the average and 
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standard deviation across all the samples (Bacteria OTU = 202 ± 167 OTU/sample, Fungi 

= 189±98 OTU/sample).  Sites FfP and MiP had consistent bacterial taxonomic 

identifications for the prefilter and final filter with a predominance of the genus 

Methylobacterium. However, at site EgP2 the bacterial phyla level was not statistically 

correlated between the prefilters and final filter (p = 0.111).  The prefilter of EgP2 

contained a higher percentage of Proteobacteria and fewer Firmicutes compared to the 

final filter.  More specifically the final filter included a high percent of Sulfobacillus 

(16.8%).  No other DNA sample in the present study contained over 1% of that 

moderately thermophilic acidophile.  Therefore, it is probable that the final filter for 

EgP2 was contaminated either during DNA extraction or during pyrosequencing.  The 

fungal results at the genus level between the prefilters and final filter were all statistically 

correlated at each of the three samples.  Variability between the prefilters and final filter 

was observed in the principle coordinate plots with the exception of MiP (Figures F1 and 

F2).  In summary of the three samples, the OTU counts were similar for bacteria and 

fungi, the taxa identified were similar for fungi and for two of three bacterial samples, 

and the community comparison was similar for one of the three bacterial and fungal 

samples.  The present study used the protocol with prefilters step for consistency with 

previous results from residence by Noris et al. (2011). 

Blank filters were also sampled to test for initial contamination.  Three new 

HVAC filters were processed with DNA extraction and subject to qPCR using universal 

primers for bacterial and fungi.  The three samples did not show amplification.  Based on 

that finding and the above results, although limited to two species, it is probable that if 

the filters had any contamination before testing it would not be significantly detected 

after the filters were in place for 30 days. 
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Table F1. OTU for Prefilter and Final Filters for Bacteria and Fungi at Three Sites 

 

 

 
Figure F1: Bacterial microbial community comparisons (weighted UniFrac, rarefied to 

1,200 sequences/sample)  

 

Prefilter Final Filter Prefilter Final Filter

FfP 136 110 239 213

EgP2 188 170 206 177

MiP 83 78 427 415

Bacterial OTUs Fungal OTUs
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Figure F2: Fungal microbial community comparisons (Bray-Curtis, rarefied to 1,300 

sequences/sample)  

At sites MbP1 and HaP2 the HVAC filter dust was cultured and the 

microorganisms from the agar plates were removed, the DNA extracted, and processed 

via pyrosequencing to identify the culturable microbial community.  These cultured 

results were compared to the results from pyrosequencing the HVAC filter dust directly.  

Site MbP1 had 11 times fewer bacterial OTUs when culturing (548 vs. 48) and site HaP2 

had almost four times fewer bacterial OTUs when culturing (401 vs. 102).  Similar results 

were observed with fungal OTUs (data not shown).  Taxonomic identification indicated 

the bacterial microorganisms recovered from the agar plates were dominated by the 

phylum Firmicutes (99% MbP1 and 81% HaP2 sequences), primarily from the order of 

Bacillales.  In contrast, the direct pyrosequenced results showed a mixture of 

Proteobacteria, Firmicutes, and Actinobacteria.  The fungal results showed that culturing 
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did not detect any of the fungal taxonomic class of Agaricomyetes, although it 

represented 92% of the direct pyrosequenced results for site MbP1 and 32% of the 

sequences for site HaP2.  The microbial communities between cultured and direct 

pyrosequencing were also observed to be different in the principle coordinate results 

(Figures F1 and F2).  Site MbP1 was excluded from the fungal PCoA plot due to a low 

number of sequences obtained from the cultured results.  The combined analysis of the 

microbial sequences indicates cultured results limit the diversity recovered from an 

HVAC filter dust sample and alter the microbial community.  These results have been 

reported in other studies (Rintala et al. 2008; Zhou et al. 2010) and led to culture-based 

results only being used sparingly for the analysis of the present study. 

 

F2.  36-PANAL FUNGAL ASSAY 

The qPCR 36-panal fungal assay was processed by external certified EPA 

laboratory.  The DNA extraction protocols were not identical to those used in the present 

study for pyrosequencing.  Therefore, DNA extracted for pyrosequencing in three sites 

was submitted to the lab for qPCR testing and compared to the results from the lab 

extraction method.  In addition, one HVAC filter was vacuumed and the dust was split 

and processed as two samples.  For the same filter, another section of the HVAC filter 

was vacuumed to assess the variability of fungal microorganisms on the filter. 

One dust sample, MbP1 from a single HEPA filter was split to check for 

variability in the dust matrix (identified as MbP1-A1 and MbP1-A2).  Those sample 

concentration distributions were not significantly different from zero with an 8% error 

rate for mutual detection/non-detection.  From the limited dataset, variability within the 

vacuumed HEPA filter appears to not considerably alter the results.  In addition, the two 

sets of dust samples (MbP1-A1 and MbP1-A2) were compared to another HEPA filter 
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that vacuumed the same HVAC filter (identified as MbP1-B).  The concentrations of both 

sets of samples were significantly different from zero however, on average only a 12% 

error rate was observed.  It is probable that HVAC filters do not have the same microbial 

communities equally spaced on the filters.  The DNA extraction protocol was developed 

with that probability, compositing nine sections spaced evenly across the filter.  Lastly, 

three HVAC filter sets (MbT3, EgP1, and FfT2) were analyzed from qPCR based on the 

extraction method applied in this study for pyrosequencing and also the qPCR protocol of 

the external lab.  One of those sets of data was significantly different from zero and the 

average error rate between detection and non-detection was 23%.  Overall, it was 

observed that the dust variability on the filter and the different extraction methods can 

alter the resulting concentrations.  However when investigating with a detection or non-

detection, the combined error was 27%.  With consideration of that error rate, qPCR 

results were compared to taxa identified in Sanger sequencing and pyrosequencing in the 

present study. 
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Table F2. Quality Assurance for qPCR 36-Panel Assay Testing (concentrations in 

cell eq./mg dust) 

 

 

F3.  HVAC METHODS 

In addition to the experiments described in section 4.3, the HVAC filter dust was 

also analyzed for extraction efficiency, impact of sonication time on DNA quantity, 

characterization of filter dust in scanning electron microscope, and impact of air handling 

unit selection on the microbial communities. 

MbP1-A1 MbP1-A2 MbP1-B

MbT3                          

(EPA)

MbT3                           

(This Study)

EgP1                               

(EPA)

EgP1                                                         

(This Study)

FfT2                            

(EPA)

FfT2                                   

(This Study)

Acremonium strictum 0 0 0 0 5 5 5 0 0

Alternaria alternata 233 361 89 0 214 12 16 0 164

Aspergillus flavus 22 18 0 0 0 0 3 3 50

Aspergillus fumigatus 131 149 55 0 8 18 12 3 0

Aspergillus niger 1152 1260 238 28 118 12 11 10 15

Aspergillus ochraceus 0 0 0 0 0 0 0 0 0

Aspergillus penicillioides 336 2090 0 24 0 237 70 263 200

Aspergillus restrictus 0 730 0 0 0 0 0 0 0

Aspergillus sclerotiorum 0 0 0 0 2 0 0 0 0

Aspergillus sydowii 0 0 85 0 0 0 0 0 0

Aspergillus unguis 13 0 12 1 0 0 1 1 0

Aspergillus ustus 24 28 4 0 17 8123 0 6097 0

Aspergillus versicolor 0 494 470 0 0 0 0 0 0

Aureobasidium pullulans 27542 23873 9785 0 954 34 309 58 1933

Chaetomium globosum 21 6 0 0 0 0 0 0 0

Cladosporium cladosporioides I 15287 16040 4547 0 1457 177 714 64 753

Cladosporium cladosporioides II 3 2 24 5 0 12 68 5 4

Cladosporium herbarum 654 894 256 429 248 83 0 10 201

Cladosporium sphaerospermum 446 479 185 24 56 59 135 43 108

Epicoccum nigrum 46844 36457 12603 0 344 225 4684 23 1260

Eurotium amstelodami 2485 2132 1110 259 254 576 616 89 268

Mucor and Rhizopus Group 109 93 45 0 7 4 7 6 10

Paecilomyces variotii 246 494 35 2 0 1 0 1 90

Penicillium brevicompactum 1334 1968 888 0 0 15 68 0 21

Penicillium chrysogenum 0 0 0 0 0 4 0 0 0

Penicillium corylophilum 0 375 0 0 0 0 0 0 0

Penicillium crustosum (group 2) 0 0 0 0 0 0 0 0 0

Penicillium purpurogenum 20 11 6 0 3 0 0 0 3

Penicillium spinulosum 0 0 0 0 0 0 40 0 0

Penicillium variabile 0 0 0 0 0 12 10 7 15

Rhizopus stolonifer 4 5 2 0 0 0 0 0 0

Scopulariopsis brevicaulis 9 9 5 7 1 2 9 0 0

Scopulariopsis chartarum 24 18 15 3 7 12 9 0 0

Stachybotrys chartarum 0 0 0 0 0 0 0 0 0

Trichoderma viridei 348 167 228 7 0 14 0 5 0

Wallemia sebi 2209 2122 1380 0 0 0 117 0 35
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The first analysis of extraction efficiency was only to measure the PowerSoil kit.  

In this experiment, two sets of DNA extractions were conducted adding a known 

concentration of Acinetobacter DNA after the cell lyse step without the presence of filter 

dust.  The DNA was analyzed via qPCR and it was observed that the PowerSoil kit had 

an average of a 17% recovery rate.  Although seemingly low, this result is consistent with 

a study conducted by Hospodsky et al. (2010) which found recovery rates of 16.3% for 

Escherichia coli, 8.8% for Aspergillus fumigatus, and 8.3% for Bacillus atrophaeus using 

a modified kit from the same manufacture as the present study.   

Adding HVAC filter dust reduced the recovery rate even further.  The recovery 

rates observed from an Acinetobacter spike were 0.24% for site MbP2, 0.19% for site 

OhT, and 2.61% for MbT4.  The DNA spike was done before cell lyse which may have 

reduced the recovery but is relevant because the percentage of free DNA in the HVAC 

filter dust sample is now known.  This represents a worse-case scenario as the 

unprotected DNA may be damaged during the cell lysing.  The analysis of soil is much 

more developed in terms of molecular techniques and also contains a high degree of 

inhibitors so it is worthwhile to bring to light some of the findings in that field in regard 

to this extracted DNA results from HVAC filter dust.  It has been observed the smaller 

DNA molecules may more readily adhere to soil particles (Pietramellar et al. 2001), 

possibly reducing the recovery rate from this experiment.  Furthermore, DNA is a 

negatively charged anion and reduction in recovery percentages have been associated 

with clay content in soil (Frostegard et al. 1999).  Post DNA extraction issues are related 

to the presence of humic and fulvic acids that can inhibit PCR amplification, further 

decreasing the percentage of DNA recovered (Wilson 1997). 

The effects of period of sonication time were investigated to determine if that 

processing step impacts the amount of bacteria in the DNA extraction of HVAC filter 
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dust.  The processing step was adopted from a residential HVAC filter dust study (Noris 

et al. 2011).  Sonication has been shown to be an effective method for releasing bacteria 

from soil (Epstein and Rossel 1995; Riis et al. 1998; Solon et al. 2011).  The time of 

sonication in the current protocol is supported in part by a soil study (Frostegard et al. 

1999) which found sonication of 7 to 10 minutes was optimal for the highest 

concentration of DNA and largest fragment sizes.   

Sonication produces microscopic bubbles and variance in pressure in a sample 

which causes microorganisms to be removed from a matrix or aggregate (Hua and 

Thompson 2000; Picard et al. 1992).  This process can lead to loss in cell viability, 

particularly in gram-negative bacterial cells (e.g. E.coli, (Foladori et al. 2007)) which 

have less peptidoglycan in the cell wall structure compared to gram-positive bacterial 

cells.  Although this loss of viability may be occurring in the present study samples, 

pyrosequencing of the HVAC filter dust samples resulted in 55% of the sequences from a 

traditionally gram-negative phylum (Proteobacteria), over twice the amount of sequences 

compared to any other phyla. 

HVAC filter samples for the sonication experiment were from sites MbP2, OhT, 

and MbT4.  Of note, site MbP2 and MbT4 filters had had similarly high dust loadings 

compared to a low dust loading observed in site OhT filter.  The results of the sonication 

experiment are shown in Figure F3.  Site MbP2 reaches a maximum value of 16S gene 

copy numbers at ten minutes of sonication.  The other heavily loaded filter, MbT4, has a 

negative trend of copy numbers with increased sonication.  The filter with the least dust, 

OhT has a minimum copy number at five minutes of sonication and increases but never 

reaches the highest level of copy numbers observed at two minutes.  Due to the 

differences that are not readily explainable, it is recommended to continue a sonication 

time of ten minutes for HVAC filter dust samples at this time. 
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Figure F3: Effects of sonication on DNA yield for three retail samples  

 A scanning electron microscope was employed to visualize the dust matrix on the 

HVAC filters from sites GeT2, MbP2, OhT, and MbT4.  As can be seen in Figure F4, the 

dust matrix is not consistent between the sampling sites.  The difference cannot be fully 

explained by the type of filters because sites GeT2, OhT, and MbT4 all sampled HVAC 

filter dust from same filter model.  An analysis of the basic element composition of 

HVAC filter dust using energy-dispersive X-ray spectroscopy (EDX) was deemed 

unreliable due to the high percentage of carbon (54% by weight).  The filter dust was 

adhered to the aluminum SEM stub with double sided activated carbon tape.  In all four 

samples, portions of the tape were exposed to varying degrees which probably caused the 

high levels of carbon and may distort percentages for other elements.   
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Figure F4: Microscopic images of HVAC filter dust recovered from four retail sites  
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Figure F5: Possible biological images observed in HVAC filter dust  

 

Air handling units observed on the roof in retail sites ranged from 2 - 44 

independent units per store.  At two sites, OhT and MbT4, HVAC filters were installed in 

three air handling units located across the store.  At site OhT, a LEED certified facility; a 

filter was installed at the front (AHU 2), middle (AHU 3), and back (AHU 4) of the store.  

The bacterial and fungal OTUs varied (Bacterial OTU 61-262, Fungal OTU 116-243).  

Interestingly, AHU 3 had the most bacterial OTUs and the least fungal OTUs.  The 

bacterial relative abundance at the phylum level was similar with all three filters and 

statistically correlated (p < 0.012).  However, the top five relative abundant taxa from the 

three filters were not the same.  The fungal relative abundance at the class level was also 



 265 

statistically correlated (p < 0.001) but differences in the most abundant genera were 

observed.  At site MbT4, filters were installed at the back (AHU 18 east side, AHU 19 

west side) and front (AHU 20).  Like OhT, the bacterial OTUs were non-uniform across 

the filters for bacteria and fungi.  Fungal OTUs from AHU 18 and AHU 20 were similar.  

AHU 19 only had 4 OTUs which is most likely due to an error in DNA extraction or 

pyrosequencing.  The microbial communities for the filters appear to cluster together for 

both sites, bacteria and fungi (Figures F1 and F2).  The sample furthest way from MbT4 

is AHU 19.  The operating time of the air handling units was considered for a possible 

explanation of why the OTU counts were different.  Measurements of when the air 

handling units were in operation were taken two days prior to the installation of the 

filters.  For site OhT, the number of OTUs decreased with an increased operating time.  

The opposite effect was observed for site MbT4.  Therefore, operating time does not 

appear to be a deciding factor on the number of OTUs observed in HVAC filter dust, 

given this small sampling size. 
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DETAILED METHODS 

This appendix follows the same format as the Methods provided in Chapter 3, and 

provides additional details not included in that brief summary. 

 

G.1 EXPERIMENTAL APPROACH 

Table G1 provides details on the retail sites tested in the present study.  Unless 

otherwise noted, all sites were sampled for culturable bacteria, culturable fungi, 

culturable salt-tolerant fungi, bacterial pyrosequencing, fungal pyrosequencing of both 

ITS and D1/D2 target loci, and qPCR of 36 panel fungal assay. 

 

Table G1.  Retail Site Information 

 

 Site specific information in given below and presented in additional detail in the 

ASHRAE RP-1596 report.  All the retail sites were standalone buildings unless otherwise 

noted. 

 Test sites EgP1 and EgP2 were a large electronics stores in State College, PA.  

Dust was removed from a pleated filtrite 1” thick, 20” x 20” wire backed HVAC filter 

Sample ID Store Type Location Dates Filter in Place Season
Volume                  

(m
3
)

Number Air 

Handling Units

Air Exchange Rate                          

(hr
-1

)

Density 

(Person/100 m
2
)

EgP1 Electronics PA 21 Feb - 14 Mar 12 Winter 20,250 13 0.68 16.1

EgP2 Electronics PA 6 Jun - 5 Jul 12 Summer 20,250 13 1.37 16.6

FfP Furniture PA 20 Mar - 19 Apr 12 Spring 8,168 8 0.55 112.1

FfT1 Furniture TX 17 Oct - 17 Nov 11 Fall 19,822 3 0.25 46.2

FfT2 Furniture TX 15 Feb - 21 Mar Winter 19,822 3 - 56.9

GeP Medium Grocery PA 3 Aug - 4 Sep 12 Summer 25,255 6 0.87 4.8

GeT1 Medium Grocery TX 16 Sep - 17 Oct 11 Fall 14,866 6 1.07 4.1

GeT2 Medium Grocery TX 3 Feb - 5 Mar 12 Winter 14,866 6 1.14 8.6

HaP1 Home Improvement PA 15 Jun - 14 Jul 11 Summer 93,392 20 0.21 23.1

HaP2 Home Improvement PA 8 Nov - 8 Dec 11 Fall 93,392 20 0.2 40.2

HaT Home Improvement TX 18 Jun - 19 Jul 11 Summer 91,812 20 0.3 28.2

MbP1 General Merchandise PA 8 Nov - 8 Dec 11 Fall 99,450 44 0.56 15.6

MbP2 General Merchandise PA 1 Feb - 1 Mar 12 Winter 99,450 44 0.4 16.7

MbP3 General Merchandise PA 15 May - 21 Jun 12 Spring 99,450 44 0.52 17.3

MbP4 General Merchandise PA  27 Jul - 23 Aug 12 Summer 99,450 44 0.51 18.4

MbT1 General Merchandise TX 21 Jul - 23 Aug 11 Summer 61,244 25 0.51 15.5

MbT2 General Merchandise TX 28 Oct - 28 Nov 11 Fall 61,244 25 0.99 15.5

MbT3 General Merchandise TX 3 Feb - 5 Mar 12 Winter 61,244 25 0.42 15.5

MbT4 General Merchandise TX 27 Apr - 27 May 12 Spring 61,244 25 0.49 15.5

MiP General Merchandise PA 30 Mar - 30 Apr 12 Spring 66,800 23 0.54 28.6

MiT General Merchandise TX 7 days in Apr, May 12 Spring 55,200 20 - 18.5

OhT Office Suppy TX 17 May - 19 Jun 12 Spring 20,740 6 0.29 23.5

ScP Small Grocery PA 9 Sep - 13 Oct 11 Fall 3,344 2 0.76 4.2

SdT Small Grocery TX 4 Aug - 15 Sep 11 Fall 5,394 2 0.93 3.8
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(3M, St. Paul MN).  This site is located on a frontage road of a major highway.  At site 

EgP2, additional microbial testing included processing DNA extracted using the same 

protocols as developed for pyrosequencing and analyzed by qPCR 36-panel assay at an 

EPA certified laboratory. 

 Test site FfP was a furniture store in Pittsburg, PA.  The site is the same brand as 

the sites FfT1 and FfT2.  The filters were pleated and 2” thick, 20” x 20” backed by wire 

mesh (Flanders, Washington NC).  This site was observed to be highly pressurized and 

the outdoor air vents were not closable, including AHU #1 which contained the filters.  

At this site additional microbial testing included pyrosequencing of DNA captured on the 

prefilters for bacterial and fungal samples. 

 Test site FfT1 and FfT2 were a furniture store on a frontage road for a major 

highway in Austin, Texas.  The installed filters replaced reusable fiber filters normally in 

place in the air handling units.  The tested filters were 2” thick, 20” x 20” (Air Handler, 

Dallas TX).  This site was the same brand as FfP.  Like FfP, the AHU tested (AHU 2) did 

not allow the outdoor damper to be closed.  At site FfT2, additional microbial testing 

included processing DNA extracted using the same protocols as developed for 

pyrosequencing and analyzed by qPCR 36-panel assay at the EPA certified laboratory. 

 Test site GeP was a grocery store in Pittsburg, PA.  Site GeP was the same brand 

as GeT1 and GeT2.  The 1” thick, 20” x 20” filter (Flanders, Washington NC) was 

installed in AHU 3. 

 Test sites GeT1 and GeT2 were conducted in a grocery store in Austin Texas.  

This site was the same brand as GeP.  This site was the only store that shared a wall with 

another retail space in the present study.  The installed filters replaced existing reusable 

fiber filters.  The filters were 2” thick, 24” x 24” (Air Handler, Dallas TX) and placed in 

AHU 4.  At sample site GeT2, initial filters installed were removed by maintenance 
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contractors.  New filters were installed again for the tests; however the starting date was 

14 days after the ASHRAE sampling occurred (instead of last day of testing). 

 Test site HaP1 and HaP2 were a home improvement store in State College, PA.  

This site is the same brand as HaT.  Site HaP1 used 2” thick, 24” x 24” filters (American 

Air Filter, Louisville KY) from AHU 12.  Site HaP2 used a pleated 1” thick, 16” x 25” 

filter (Flanders, Washington NC) installed in AHU 11.  This site is located near the 

intersection of two major highways.  DNA extracted from site HaP1 was additionally 

analyzed by Sanger sequencing. 

 Test site HaT was a home improvement store on the frontage road for a major 

highway in Austin, TX.  This site was the same brand as HaP1 and HaP2.  Filters were 

installed in AHU 11 and consisted of 2” thick, 20” x 20” wire reinforced filters (Air 

Handler, Dallas TX).  DNA extracted from site HaT was additionally analyzed by Sanger 

sequencing. 

 Test sites MbP1, MbP2, MbP3, MbP4 were a general merchandise store in State 

College, PA.  This site was the largest building in this study and the same brand as MbT.  

The filters were pleated 1” thick, 16” x 20” (Flanders, Washington NC).  Filters for 

MbP1 and MbP2 were installed in AHU 25.  Filters for MbP3 and MbP4 were installed 

in AHU 35.  The AHUs are located in proximity to each other, approximately 100 feet 

apart.  Additional biological testing at site MbP1 included three replicate samples 

processed from the same filter for qPCR 36-panel fungal assay. 

 Test sites MbT1, MbT2, MbT3, MbT4 were a general merchandise store in 

Austin, Texas.  This site was the same brand as MbP1, however it was considerably 

smaller.  Filters were installed in AHU 18 and consisted of 2” thick, 20” x 20” wire 

reinforced filters (Air Handler, Dallas TX).  Additional biological tests included Sanger 

sequencing (MbT1), qPCR 36-panel assay with extraction methods in this study (MbT3), 
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and extracting filter dust from three different AHU to assess variability in a store (MbT4, 

AHU 10, AHU 18, AHU 20). 

 Test site MiP was a general merchandise store in State College, PA.  It was the 

same brand as site MiT.  This site was one of two intervention sites with air exchange 

rate manually adjusted in two weeks.  The filters were not removed during the testing and 

remained in place for 30 days.  The installed filters were located in AHU 8 and consisted 

of 1” thick, 16”x20” pleated filter (3M, St. Paul MN).  At this site additional microbial 

testing included pyrosequencing of DNA captured on the prefilters for bacterial and 

fungal samples. 

 Test site MiT was at a general merchandise store in Austin, TA.  It an intervention 

site and the same brand as site MiP.  Testing at this site was conducted over two 

consecutive weeks.  The installed filters were pleated 2” thick, 24” x 24” (Tri Pleat, 

Louisa VA).  AHU 11 was used for sampling recirculated indoor air with outdoor 

dampers closed.  AHU 9 (week 1) and AHU 10 (week 2) were also sampled with outdoor 

air vents open to capture the outdoor air microbial community.  Testing at this site 

included additional indoor microbial samplers located in proximity to AHU 11, 

pyrosequencing of DNA obtained from condensation water in AHU 11, and 

pyrosequencing of DNA obtained from condensation water from multiple AHUs.  

Test site OhT was an office supply store in Austin, TX.  The filter were installed 

in AHU 4 and consisted of 2” thick, 16” x 25” wire reinforced filters (Air Handler, Dallas 

TX).  Additional testing at this store included analyzing filter dust from two other air 

handling units (AHU 2 and AHU 3).  AHU 2 was located near the front of the store and 

AHU 3 was in the middle of the store. 

 Test site ScP was a small grocery store located on a major downtown street in 

State College, PA.  The site only contained two air handling units thus the dampers were 
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not able to be closed.  The filters installed were pleated 1” thick, 20” x 25” (3M, St. Paul 

MN).  DNA extracted from site ScP was additionally analyzed by Sanger sequencing. 

 Test site ScT was at a small grocery store located in a dense urban area in Austin, 

TX.  Like ScP, this site contained only two air handling units so the outdoor air dampers 

were not closed.  The filters installed were 2” thick, 16” x 25” wire reinforced filters (Air 

Handler, Dallas TX).  Additional biological tests at site ScT included Sanger sequencing 

and triplicate runs of the same extracted DNA using pyrosequencing. 

 

G.2 CHARACTERIZATION OF MICROBIAL COMMUNITIES 

Characterization of the bacterial and fungal microbial communities in the HVAC 

filter dust was conducted at all sites by culturing, pyrosequencing, and qPCR of 36 select 

fungal species.  For each HVAC filter, nine evenly spaced 2.5-cm
2
 filter pieces were 

removed, weighed, and transferred into a presterilized phosphate buffer solution (PBS; 10 

g/L NaCl, 0.25g/L KCl, 1.43 g/L Na2HPO4, 0.25 g/L KH2PO4) in a sterile 50 mL 

centrifuge tube (Thermo Fisher Scientific Inc., Waltham MA).  The PBS was prepared 

with sterile DNA-free water (Thermo Fisher Scientific Inc., Waltham MA).   The solution 

was sonicated and vortexed for 10 minutes each.  An aliquot of the liquid was retained 

for bacterial and fungal enumeration on culture plates.  The remaining liquid was passed 

through a 20 µm pore size filter (Whatman Ltd., Maidstone United Kingdom) as a 

prefiltration step.  The filtered solution was vacuum filtered through a 0.2 µm 

hydrophobic filter (Millipore, Billerica MA).  The filter, 100 µL lysozyme (3 mg/mL) 

and 300 µL Phenol-Chloroform-Isoamyl Alcohol (24:24:1) were placed into a bead tube 

(lysing beads and 750 µL lysing solution) provided in the PowerSoil DNA Isolation Kit 

(Mo-Bio Laboratories Inc., Carlsbad CA).  Cell lyses was conducted in the FastPrep-24 

homogenizer (MP Biomedicals LLC, Solon OH), following manufacturer 
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recommendations of one repetition for 30 seconds at 5.0 m/s for bacteria, two repetitions 

for fungi .  The remainder of the DNA extraction protocol followed the PowerSoil DNA 

instructions.  All DNA recovered was quantified using a NanoDrop spectrophotometer 

(Thermo Fisher Scientific Inc., Waltham MA) and stored at -20°C for the duration of the 

project. 

The culture plates provide a bulk measurement of viable bacteria or fungi found 

in the HVAC filter dust. For bacterial enumeration, 0.1 mL aliquots were cultured on 

R2A agar plates containing 0.04% cycloheximide (an ant-fungal agent). For fungal 

enumeration, 0.1 mL aliquots were cultured on Sabouraud Dextrose Agar (SDA) plates 

containing 0.01% chloramphenicol (an anti-bacterial agent). Another fungal specific set 

of SDA plates included 6% sodium chloride for isolation of salt-tolerant fungi. Bacterial 

plates were incubated at 30°C for 2-3 days and fungal plates were incubated at room 

temperature, approximately 23°C for 4-7 days. All plates and dilutions were conducted in 

triplicate and the average resulting colony forming units (CFUs) per sample (normalized 

filter sections sampled at all sites).  To estimate the quantity of bacterial and fungal 

microorganisms that are able to form spores, an aliquot was heated to75°C for 15 

minutes, plated, and enumerated. 

 An aliquot of 20 uL of each extracted bacterial and fungal DNA was processed 

via barcoded, multiplexed pyrosequencing by an external lab (Research and Testing 

Laboratories Inc., Lubbock TX) on the 454 FLX+ Titanium Genome Sequencer (454 Life 

Sciences, Branford CT). The bacterial and fungal primers are given in Table G2.  The 

barcode and linker sequences are shown in Table G3.  Note that several pyrosequencing 

runs were processed during the testing so repeated barcodes and linker sequencing were 

used.  More details on the run sequences can be found in Appendix H. 
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Table G2.  DNA Primers in Present Study 

 
  

Target Loci Oligonucleotide Sequence (5' - 3') Reference

16S (Bacteria) Forward 27F (AGAGTTTGATCMTGGCTCAG)

16S (Bacteria) Reverse 519R (GWATTACCGCGGCKCTG)

ITS (Fungi) Forward ITS1F (CTTGGTCATTTAGAGGAAGTAA) 

ITS (Fungi) Reverse ITS4 (TCCTCCGCTTATTGATATGC) 

D1/D2 (Fungi) Forward LROR (ACCCGCTGAACTTAAGC) 

D1/D2 (Fungi) Reverse LR3 (CCGTGTTTCAAGACGGG) 

16S (Bacteria) Forward 8F (AGAGTTTGATCCTTGGCTCAG)

16S (Bacteria) Reverse 1492R (GCYTACCTTGTTACGACTT)

ITS (Fungi) Forward ITS1F (CTTGGTCATTTAGAGGAAGTAA)

ITS (Fungi) Reverse ITS4 (TCCTCCGCTTATTGATATGC) 

D1/D2 (Fungi) Forward NL1 (TGCTGGAGCCATGGATC)

D1/D2 (Fungi) Reverse NL4 (TAGATACATGGCGCAGTC)

Bacillus Cereus Forward BcerF (TCGAAATTGAAAGGCGGC)

Bacillus Cereus Reverse BcerR (GGTGCCAGCTTATTCAAC)

Aspergillus Niger  Forward AnigrF (CTGTCCGAGCGTCATTG)

Aspergillus Niger  Reverse AnigrR (TCCTCCGCTTATTGATAT)

Acintobacter sp. BD413  Forward Acinet-137F (GATGCAACGCGAAGAACCTTA) 

Acintobacter sp. BD413  Probe Acinet-159p (FAM-CTGGCCTTGACATAGTAGAAACTTTCC-TAMRA)

Acintobacter sp. BD413  Reverse Acinet-210R (TTCCCGAAGGCACCAATC)

16S (Bacteria) Forward 1369F (CGGTGAATACGTTCYCGG)

16S (Bacteria) Reverse 1492R (GGWTACCTTGTTACGACTT)

qPCR Effiency Tests

Dowd et al. (2008)

Ihrmark et al. (2012)

Cubeta et al. (1991)

Baker et al. (2003)

Ihrmark et al. (2012)

Dowd et al. (2008)

Priha et al. (2004)

Schabereiter-Gurther et al. (2007)

Li et al. (2010)

Schriewar et al. (2010)

Pyrosequencing

Sanger Sequencing

qPCR Air Flow Tests
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Table G3.  Barcode and Linker Primers for Pyrosequencing 

 

 A UNIX based open-source software, QIIME, was used to analyze the 

pyrosequencing datasets.  The general processing steps and input parameters are shown 

for 16S in Table G4, ITS in Table G5, and D1/D2 in Table G6.   

  

Sample ID Test Type Barcode Linker Primer Barcode Linker Primer Barcode Linker Primer

EgP1 14 HVAC AAAAAAAG GAGTTTGATCNTGGCTCAG AAAAAATC CTTGGTCATTTAGAGGAAGTAA AAAAAAGG ACCCGCTGAACTTAAGC

EgP2 20 HVAC AAAAAAGT GAGTTTGATCNTGGCTCAG AAAAAATA CTTGGTCATTTAGAGGAAGTAA AAAAACTA ACCCGCTGAACTTAAGC

EgP2 (Prefilter) 20 HVAC AAAAAATC GAGTTTGATCNTGGCTCAG AAAAAATG CTTGGTCATTTAGAGGAAGTAA AAAAACTC ACCCGCTGAACTTAAGC

FfP 16 HVAC AAAAAAGG GAGTTTGATCNTGGCTCAG AAAAAACC CTTGGTCATTTAGAGGAAGTAA AAAAAAGA ACCCGCTGAACTTAAGC

FfP (Prefilter) 16 HVAC AAAAAAAT GAGTTTGATCNTGGCTCAG AAAAAACT CTTGGTCATTTAGAGGAAGTAA AAAAAAGC ACCCGCTGAACTTAAGC

FfT1 8 HVAC AAAAAACG GAGTTTGATCNTGGCTCAG AAAAAATA CTTGGTCATTTAGAGGAAGTAA AAAAACGA ACCCGCTGAACTTAAGC

FfT2 15 HVAC - - AAAAAAAT CTTGGTCATTTAGAGGAAGTAA AAAAACAA ACCCGCTGAACTTAAGC

GeP 21 HVAC AAAAAAAC GAGTTTGATCNTGGCTCAG AAAAAAAC CTTGGTCATTTAGAGGAAGTAA AAAAAACA ACCCGCTGAACTTAAGC

GeT1 6 HVAC AAAAAACC GAGTTTGATCNTGGCTCAG AAAAAACT CTTGGTCATTTAGAGGAAGTAA AAAAACTT ACCCGCTGAACTTAAGC

GeT2 11 HVAC AAAAAAAC GAGTTTGATCNTGGCTCAG AAAAACTT CTTGGTCATTTAGAGGAAGTAA AAAAAAGA ACCCGCTGAACTTAAGC

HaP1 1 HVAC AAAAAAAC GAGTTTGATCNTGGCTCAG AAAAAAAC CTTGGTCATTTAGAGGAAGTAA AAAAACCC ACCCGCTGAACTTAAGC

HaP2 9 HVAC AAAAAATA GAGTTTGATCNTGGCTCAG AAAAAATC CTTGGTCATTTAGAGGAAGTAA AAAAACGC ACCCGCTGAACTTAAGC

HaP2 (Culture) 9 HVAC AAAAAAGA GAGTTTGATCNTGGCTCAG AAAAAAGA CTTGGTCATTTAGAGGAAGTAA - -

HaT 2 HVAC AAAAAAAT GAGTTTGATCNTGGCTCAG AAAAAAAT CTTGGTCATTTAGAGGAAGTAA AAAAACCT ACCCGCTGAACTTAAGC

MbP1 7 HVAC AAAAAACT GAGTTTGATCNTGGCTCAG AAAAAACG CTTGGTCATTTAGAGGAAGTAA AAAAACTG ACCCGCTGAACTTAAGC

MbP1 (Culture) 7 HVAC AAAAAATG GAGTTTGATCNTGGCTCAG AAAAAATG CTTGGTCATTTAGAGGAAGTAA - -

MbP2 13 HVAC AAAAAAAT GAGTTTGATCNTGGCTCAG AAAAAAAC CTTGGTCATTTAGAGGAAGTAA AAAAAAGT ACCCGCTGAACTTAAGC

MbP3 17 HVAC AAAAACAT GAGTTTGATCNTGGCTCAG AAAAAAAG CTTGGTCATTTAGAGGAAGTAA AAAAACAC ACCCGCTGAACTTAAGC

MbP4 22 HVAC AAAAAAAT GAGTTTGATCNTGGCTCAG AAAAAAAT CTTGGTCATTTAGAGGAAGTAA AAAAAACC ACCCGCTGAACTTAAGC

MbT1 3 HVAC AAAAAAAG GAGTTTGATCNTGGCTCAG AAAAAAAG CTTGGTCATTTAGAGGAAGTAA AAAAACCG ACCCGCTGAACTTAAGC

MbT2 10 HVAC AAAAAATT GAGTTTGATCNTGGCTCAG AAAAAATT CTTGGTCATTTAGAGGAAGTAA AAAAACGT ACCCGCTGAACTTAAGC

MbT3 12 HVAC AAAAACAC GAGTTTGATCNTGGCTCAG AAAAACTG CTTGGTCATTTAGAGGAAGTAA AAAAAAGC ACCCGCTGAACTTAAGC

MbT4 (AHU 10) 19 HVAC AAAAAACT GAGTTTGATCNTGGCTCAG AAAAAACG CTTGGTCATTTAGAGGAAGTAA AAAAACCG ACCCGCTGAACTTAAGC

MbT4 (AHU 18) 19 HVAC AAAAAAGA GAGTTTGATCNTGGCTCAG AAAAAACC CTTGGTCATTTAGAGGAAGTAA AAAAACCC ACCCGCTGAACTTAAGC

MbT4 (AHU 20) 19 HVAC AAAAAAGC GAGTTTGATCNTGGCTCAG AAAAAACT CTTGGTCATTTAGAGGAAGTAA AAAAACCT ACCCGCTGAACTTAAGC

MiP 23 HVAC AAAAACGG GAGTTTGATCNTGGCTCAG AAAAAACG CTTGGTCATTTAGAGGAAGTAA AAAAAAGT ACCCGCTGAACTTAAGC

MiP (Prefilter) 23 HVAC AAAAAACG GAGTTTGATCNTGGCTCAG AAAAAATA CTTGGTCATTTAGAGGAAGTAA AAAAAAGG ACCCGCTGAACTTAAGC

MiT 24 HVAC (1) AAAAAAAC GAGTTTGATCNTGGCTCAG AAAAAACT CTTGGTCATTTAGAGGAAGTAA AAAAAAGT ACCCGCTGAACTTAAGC

MiT 24 HVAC (2) AAAAAAAT GAGTTTGATCNTGGCTCAG AAAAAACG CTTGGTCATTTAGAGGAAGTAA AAAAAAGG ACCCGCTGAACTTAAGC

MiT 24 BS (1) AAAAAACT GAGTTTGATCNTGGCTCAG AAAAAAAC CTTGGTCATTTAGAGGAAGTAA AAAAAATC ACCCGCTGAACTTAAGC

MiT 24 BS (2) AAAAAACG GAGTTTGATCNTGGCTCAG AAAAAAAT CTTGGTCATTTAGAGGAAGTAA AAAAAAAC ACCCGCTGAACTTAAGC

MiT 24 PEM (1) AAAAAATA GAGTTTGATCNTGGCTCAG AAAAAAAG CTTGGTCATTTAGAGGAAGTAA AAAAAAAT ACCCGCTGAACTTAAGC

MiT 24 PEM (2) AAAAAATC GAGTTTGATCNTGGCTCAG AAAAAACA CTTGGTCATTTAGAGGAAGTAA AAAAAATT ACCCGCTGAACTTAAGC

MiT 24 SD (1) AAAAAAGT GAGTTTGATCNTGGCTCAG AAAAAATC CTTGGTCATTTAGAGGAAGTAA AAAAAAGA ACCCGCTGAACTTAAGC

MiT 24 SD (2) AAAAAAGG GAGTTTGATCNTGGCTCAG AAAAAATT CTTGGTCATTTAGAGGAAGTAA AAAAAAGC ACCCGCTGAACTTAAGC

MiT 24 BIO (1) AAAAAAGA GAGTTTGATCNTGGCTCAG AAAAAACG CTTGGTCATTTAGAGGAAGTAA AAAAAACA ACCCGCTGAACTTAAGC

MiT 24 BIO (2) AAAAAAGC GAGTTTGATCNTGGCTCAG AAAAAATA CTTGGTCATTTAGAGGAAGTAA AAAAAACC ACCCGCTGAACTTAAGC

MiT 24 WWC (1) AAAAAATT GAGTTTGATCNTGGCTCAG AAAAAACC CTTGGTCATTTAGAGGAAGTAA AAAAAAAG ACCCGCTGAACTTAAGC

MiT 24 WWC (2) AAAAAATG GAGTTTGATCNTGGCTCAG AAAAAACT CTTGGTCATTTAGAGGAAGTAA AAAAAATG ACCCGCTGAACTTAAGC

MiT 24 HVAC Outdoor (1) AAAAAAAC GAGTTTGATCNTGGCTCAG AAAAAAAG CTTGGTCATTTAGAGGAAGTAA AAAAAATT ACCCGCTGAACTTAAGC

MiT 24 HVAC Outdoor (2) AAAAAAGT GAGTTTGATCNTGGCTCAG AAAAAACA CTTGGTCATTTAGAGGAAGTAA AAAAAATG ACCCGCTGAACTTAAGC

OhT (AHU 2) 18 HVAC AAAAAACA GAGTTTGATCNTGGCTCAG AAAAACGA CTTGGTCATTTAGAGGAAGTAA AAAAACAT ACCCGCTGAACTTAAGC

OhT (AHU 3) 18 HVAC AAAAAACC GAGTTTGATCNTGGCTCAG AAAAAACA CTTGGTCATTTAGAGGAAGTAA AAAAACAG ACCCGCTGAACTTAAGC

OhT (AHU 4) 18 HVAC AAAAAATG GAGTTTGATCNTGGCTCAG AAAAAATT CTTGGTCATTTAGAGGAAGTAA AAAAACCA ACCCGCTGAACTTAAGC

ScP 4 HVAC AAAAAACA GAGTTTGATCNTGGCTCAG AAAAAACA CTTGGTCATTTAGAGGAAGTAA AAAAACTA ACCCGCTGAACTTAAGC

SdT (Rep 1) 5 HVAC AAAAAATC GAGTTTGATCNTGGCTCAG AAAAAACC CTTGGTCATTTAGAGGAAGTAA AAAAACTC ACCCGCTGAACTTAAGC

SdT (Rep 2) 5 HVAC AAAAAAGC GAGTTTGATCNTGGCTCAG AAAAAAGC CTTGGTCATTTAGAGGAAGTAA - -

SdT (Rep 3) 5 HVAC AAAAAAGT GAGTTTGATCNTGGCTCAG AAAAAAGT CTTGGTCATTTAGAGGAAGTAA - -

16 S (Bacteria) ITS (Fungi) D1/D2 (Fungi)
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Table G4.  Processing Steps for Analyzing 16S Pyrosequenced Data in Qiime 

 

 

Step Process Primary Input Files
Primary 

Output Files
Key Parameters Description

1 Check Mapping File Mapping file
Revised 

mapping file
- Verifies mapping file is formatted correctly

2 Split Library
Mapping, quality, and 

fasta files
Fasta file

min sequence = 200 bp, max seqeunce 

= 1000 bp, barcode = hamming 8, 

max barcode errors = 1.5

Assigns multiplexed sequences to a sample, 

removes primer and barcode

3 Pick OTUs Fasta file from step 2
Tab-deliminated 

OTU table

Sequence similiarity = 97%, OTU 

method = Uclust, clustering algorithm 

= furthest, max accept = 20, max 

reject = 500, stepwords = 20, word 

length = 12

Assign sequences into OTU bins using de novo 

clusting 

4
Pick Representative 

Sequences
OTU table from step 3

Fasta file with 

one sequence 

per OTU

-
Assigned most abundant sequence as 

representative of that OTU

5 Align Sequences Fasta file from step 4 Aligned fasta file

Alignment method = PyNAST, 

Template = Greengenes core set, 

pairwise alignment = uclust

Aligns representative sequence for each OTU

6 Assign Taxonomy Fasta file from step 4

Tab-deliminated 

taxa assignments 

to OTUs

Taxonomy = Greengenes, Template = 

Greengenes, Method = RDP

Assigned taxonomy to OTUs (not used in 

taxonomy reported in this investigation)

7 Filter Alignment Fasta file from step 4
Filtered and 

aligned fasta file

Lanemask = Greengenes, Threshold to 

remove sequences = 3 standard 

deviations from mean

Filter sequences since alignment included entire 

16S region

8
Make Phylogenetic 

Tree
Fasta file from step 7

Newick 

formatted tree 

file

Method = fast tree Phylogentic tree in Newick format

9 Make OTU Table OTU table from step 3
Biom formatted 

OTU table
-

Biom formatted OTU table (can convert to tab-

deliminated table with another step if desired)

10 Sequence Statistics OTU table from step 9
Tab-deliminated 

text file
-

Provides average, minimum, maximum 

sequences and bp length for dataset (can also 

provide by counts OTUs/sample if desired)

11 Make heatmap OTU table from step 9
Java script 

heatmap

Minimum sequence in OTU to 

consider = 5

Heat map of OTUs in sample in web-based 

application

12

Rarefy OTU table, 

multiple sequence 

depths

OTU table from step 9
Multiple OTU 

biom tables 

Minimum number of sequences/sample 

= variable (dependent upon step 10), 

step between tables = 10, number 

iterations = 10

Provides rarefied OTU tables required for alpha-

diversity metrics

13
Calculate Alpha 

Diversity

OTU tables from step 

12

Tab-deliminated 

text file of each 

OTU table

Metrics: Chao1, observed species, 

observed OTUs

Determines alpha diversity for metric specified 

on rarefied OTU tables

14
Concatenate Alpha 

Diversity
Text files from step 13

Tab-deliminated 

text file 
- Combines multiple files into one for each metric

15 Plot Rarefaction Text file from step 14 Images files - Creates html rarefaction curves for all metrics 

16
Rarefy OTU table, 

single sequence depth
OTU table from step 9

Tab-deliminated 

text file

Minimum number of sequences/sample 

= variable (dependent upon step 10)

Creates one rarefied OTU table by subsampling 

without replacement

17 Beta Diversity
OTU table from step 9, 

tree file from step 8

Tab-deliminated 

matrix file

Metric = weighted UniFrac and 

unweighted UniFrac

Creates a dissimiliarity matrix file of pairwise 

comparison of all samples (seperate matrix for 

each metric)

18 Principle Coordinates Matrix file from step 17
Tab-deliminated 

coordinates file
-

Performs principle component analysis and 

returns tab-deliminated text file which 

coordinates for each sample and axis eigenvalues 

and percent variation explained

19 3-D PCoA plots
Coordinates file from 

step 18, mapping file

HTML 

kinemage format 

image file

-
Plots three axis that explain the most variation in 

the principle coordinates calcuations

20 Distance Histograms
Tab-deliminated matrix 

file, mapping file
HTML file Monte Carlo Interations = 0

Creates image file that can be opened and 

adjusted in HTML program showing distances 

between categories specified in the mapping file
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Table G5.  Processing Steps for Analyzing ITS Pyrosequenced Data in QIIME 

 
  

Step Process Primary Input Files Primary Output Files Key Parameters Description

1 Check Mapping File Mapping file Revised mapping file - Verifies mapping file is formatted correctly

2 Split Library
Mapping, quality, and 

fasta files
Fasta file

min sequence = 200 bp, max seqeunce = 

1000 bp, barcode = hamming 8, max 

barcode errors = 1.5

Assigns multiplexed sequences to a sample, 

removes primer and barcode

3
Pick Subsampled 

OTUs Pipeline
Fasta file from step 2

Tab-deliminated OTU 

table, Biom formatted 

OTU table, taxonomy 

files

Sequence similiarity = 97%, OTU 

method = reference based Uclust, 

clustering algorithm = furthest, taxonomy 

= ITS qiime alpha release, reference 

sequences = ITS Qiime alpha release, 

max accept = 1, max reject = 8, 

stepwords = 8, word length = 8, enable 

reverse sequencing matching, supress 

alignment and tree construction

Assign sequences into OTU bins using 

reference based clustering, assign taxonomy 

(not used in taxonomy reported in this 

investigation)

4 Sequence Statistics
OTU biom table from 

step 3

Tab-deliminated text 

file
-

Provides average, minimum, maximum 

sequences and bp length for dataset (can also 

provide by counts OTUs/sample if desired)

5 Make heatmap
OTU table from step 

3
Java script heatmap

Minimum sequence in OTU to consider = 

5

Heat map of OTUs in sample in web-based 

application

6

Rarefy OTU table, 

multiple sequence 

depths

OTU table from step 

3

Multiple OTU biom 

tables 

Minimum number of sequences/sample = 

variable (dependent upon step 10), step 

between tables = 10, number iterations = 

10

Provides rarefied OTU tables required for 

alpha-diversity metrics

7
Calculate Alpha 

Diversity

OTU tables from step 

6

Tab-deliminated text 

file of each OTU table

Metrics: Chao1, observed species, 

observed OTUs

Determines alpha diversity for metric specified 

on rarefied OTU tables

8
Concatenate Alpha 

Diversity
Text files from step 7

Tab-deliminated text 

file 
-

Combines multiple files into one for each 

metric

9 Plot Rarefaction Text file from step 8 Images files - Creates html rarefaction curves for all metrics 

10
Rarefy OTU table, 

single sequence depth

OTU table from step 

3

Tab-deliminated text 

file

Minimum number of sequences/sample = 

variable (dependent upon step 10)

Creates one rarefied OTU table by 

subsampling without replacement

11 Beta Diversity
OTU table from step 

3

Tab-deliminated matrix 

file
Metric = Bray Curtis

Creates a dissimiliarity matrix file of pairwise 

comparison of all samples (Bray-Curtis not 

phylogenetic metric so no tree required)

12 Principle Coordinates
Matrix file from step 

11

Tab-deliminated 

coordinates file
-

Performs principle component analysis and 

returns tab-deliminated text file which 

coordinates for each sample and axis 

eigenvalues and percent variation explained

13 3-D PCoA plots
Coordinates file from 

step 12, mapping file

HTML kinemage 

format image file
-

Plots three axis that explain the most variation 

in the principle coordinates calcuations

14 Distance Histograms

Tab-deliminated 

matrix file, mapping 

file

HTML file Monte Carlo Interations = 0

Creates image file that can be opened and 

adjusted in HTML program showing distances 

between categories specified in the mapping 

file
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Table G6.  Processing Steps for Analyzing D1/D2 Pyrosequenced Data in QIIME 

 
 

 Sanger sequencing was conducted on four HVAC filter dust samples.  The filter 

dust and DNA extraction protocol were the same as described above for pyrosequencing.  

Step Process Primary Input Files Primary Output Files Key Parameters Description

1 Check Mapping File Mapping file Revised mapping file - Verifies mapping file is formatted correctly

2 Split Library
Mapping, quality, and 

fasta files
Fasta file

min sequence = 200 bp, max 

seqeunce = 1000 bp, barcode = 

hamming 8, max barcode errors = 1.5

Assigns multiplexed sequences to a sample, 

removes primer and barcode

3 Pick OTUs Fasta file from step 2
Tab-deliminated OTU 

table

Sequence similiarity = 97%, OTU 

method = Uclust, clustering algorithm 

= furthest, max accept = 20, max 

reject = 500, stepwords = 20, word 

length = 12, 

Assign sequences into OTU bins using de 

novo clusting 

4
Pick Representative 

Sequences
OTU table from step 3

Fasta file with one 

sequence per OTU
-

Assigned most abundant sequence as 

representative of that OTU

5 Align Sequences Fasta file from step 4 Aligned fasta file Alignment method = MUSCLE
Aligns representative sequence for each 

OTU

6 Filter Alignment Fasta file from step 4
Filtered and aligned 

fasta file

Threshold to remove sequences = 3 

standard deviations from mean
Filter sequences 

7
Make Phylogenetic 

Tree
Fasta file from step 6

Newick formatted tree 

file
Method = fast tree Phylogentic tree in Newick format

8 Make OTU Table OTU table from step 3
Biom formatted OTU 

table
-

Biom formatted OTU table (can convert to 

tab-deliminated table with another step if 

desired)

9 Sequence Statistics OTU table from step 8
Tab-deliminated text 

file
-

Provides average, minimum, maximum 

sequences and bp length for dataset (can 

also provide by counts OTUs/sample if 

desired)

10 Make heatmap OTU table from step 8 Java script heatmap
Minimum sequence in OTU to 

consider = 5

Heat map of OTUs in sample in web-based 

application

11

Rarefy OTU table, 

multiple sequence 

depths

OTU table from step 8
Multiple OTU biom 

tables 

Minimum number of 

sequences/sample = variable 

(dependent upon step 9), step 

between tables = 10, number 

iterations = 10

Provides rarefied OTU tables required for 

alpha-diversity metrics

12
Calculate Alpha 

Diversity

OTU tables from step 

11

Tab-deliminated text 

file of each OTU table

Metrics: Chao1, observed species, 

observed OTUs

Determines alpha diversity for metric 

specified on rarefied OTU tables

13
Concatenate Alpha 

Diversity
Text files from step 12

Tab-deliminated text 

file 
-

Combines multiple files into one for each 

metric

14 Plot Rarefaction Text file from step 13 Images files -
Creates html rarefaction curves for all 

metrics 

15
Rarefy OTU table, 

single sequence depth
OTU table from step 8

Tab-deliminated text 

file

Minimum number of 

sequences/sample = variable 

(dependent upon step 9)

Creates one rarefied OTU table by 

subsampling without replacement

16 Beta Diversity
OTU table from step 8, 

tree file from step 7

Tab-deliminated matrix 

file

Metric = weighted UniFrac and 

unweighted UniFrac

Creates a dissimiliarity matrix file of pairwise 

comparison of all samples (seperate matrix 

for each metric)

17 Principle Coordinates Matrix file from step 16
Tab-deliminated 

coordinates file
-

Performs principle component analysis and 

returns tab-deliminated text file which 

coordinates for each sample and axis 

eigenvalues and percent variation explained

18 3-D PCoA plots
Coordinates file from 

step 17, mapping file

HTML kinemage 

format image file
-

Plots three axis that explain the most 

variation in the principle coordinates 

calcuations

19 Distance Histograms
Tab-deliminated matrix 

file, mapping file
HTML file Monte Carlo Interations = 0

Creates image file that can be opened and 

adjusted in HTML program showing 

distances between categories specified in 

the mapping file
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Primers for amplification are shown in Table G2.  Amplification through PCR for all 

three target loci was conducted with Primestar HS DNA Polymerase reagents (Takara 

Bio Inc., Otsu Shinga Japan) in a PCR thermocycler (Bio-Rad Laboratories, Hercules 

CA).  Each 50 µL PCR reaction contained 1 x PCR buffer, 200 µM each dNTP, 0.2 µM 

each primer, 4 µL DNA template, and 1.25 U PrimeStar HS DNA Polymerase.  

Thermocycling conditions for ITS and D1/D2 target loci were as follows: 30 cycles of 

denaturing at 98
o
C for 1 min, annealing at 55

o
C for 1 min, and extension at 72

o
C for 1 

min with a final extension of 72
o
C for 10 min.  A longer amplicon necessitated increased 

extension time to two minutes for 16S locus.  Negative controls with DNA-free water 

were run to confirm that no amplification was due to reagent or material contamination. 

Positive controls were verified with DNA extracted from pure cultures of Acinetobacter 

sp. strain BD413 for bacteria and Aspergillus niger for fungi.  Three pooled sets of 

amplified DNA were cloned using Zero Blunt Topo PCR Cloning Kit with One Shot 

TOP10 Chemically Competent Escherichia coli cells (Life Technologies, Grand Island 

NY).  Individual clones were placed in 160 µL sterilized lysogeny broth (LB; Sigma-

Aldrich, St. Louis MO) and grown statically in a 96-well plate at 37°C for 12 hours.  

Glycerol was then added to 10% final volume and the plates were stored in -80°C until 

shipped on dry ice for sequencing.  Sanger sequencing was performed in one direction on 

a 3730xl platform (Life Technologies, Grand Island NY) by an external lab (Beckman 

Coulter Genomics, Danvers MA).  A total of 96 clones were sequenced for each sample.  

Sequences were checked manually for quality control, primers trimmed, and checked 

against the NCBI nucleotide database for taxonomic assignments. 
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The dust remaining from the HVAC filter not removed for DNA extraction was 

vacuumed through a HEPA filter attachment, shown in Figure G1. The filter attachment 

was sent overnight to a U.S. EPA certified laboratory for the 36 panel qPCR assay 

analysis.  The assay species and methods were developed by the U.S. EPA as a 

standardized test for quantifying select fungal species in indoor dust (Haugland et al. 

2004), calculated as fungal cells per milligram of dust.  The fungal species included in 

the qPCR assay were divided into two categories.  Category 1 species are commonly 

found indoors and category 2 species are most associated with water damaged homes.  

No stores reported water damage nor were there any water damage observed during the 

field work.  The list of qPCR species is presented in Table G7. 

 

 

Figure G1:  Collection device to recover dust for qPCR 36-panel assay 
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Table G7.  36 Fungal Species Analyzed in qPCR 36-panel Assay 

 

 

G.3 CORRELATIONS TO BUILDING OR ENVIRONMENTAL FACTORS 

 

The present investigation was in conjunction with an ASHRAE study (RP-1596) 

investigating the indoor air quality in retail stores.  The building and environmental 

parameters investigated for correlation to the indoor microbiome included store type, 

building volume, occupant density, air exchange rate, location, and season.  The store 

Category 1 Fungal Species Category 2 Fungal Species

Acremonium strictum Aspergillus sclerotiorum

Alternaria alternata Aspergillus versicolor

Aspergillus flavus Aureobasidium pullulans

Aspergillus fumigatus Cladosporium cladosporioides I

Aspergillus niger Cladosporium sphaerospermum

Aspergillus ochraceus Penicillium brevicompactum

Aspergillus penicillioides Penicillium purpurogenum

Aspergillus restrictus Penicillium variabile

Aspergillus sydowii Rhizopus stolonifer

Aspergillus unguis Trichoderma viridei

Aspergillus ustus

Chaetomium globosum

Cladosporium cladosporioides II

Cladosporium herbarum

Epicoccum nigrum

Eurotium amstelodami

Mucor and Rhizopus Group

Paecilomyces variotii

Penicillium chrysogenum

Penicillium corylophilum

Penicillium crustosum (group 2)

Penicillium spinulosum

Scopulariopsis brevicaulis

Scopulariopsis chartarum

Stachybotrys chartarum

Wallemia sebi
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type was determined based inspection of the store.  As-built drawings were used to 

calculate the interior volume.  Occupant density was based on transaction numbers 

provided by the retail stores, multiplied by 2.2 to account for additional guests and 

employees, and divided by the total area of the store.  Yuill (1996) investigated 

infiltration of automatic doors in retail and other building sectors and observed on 

average, 2.2 people enter a store each time an automatic door opens.  This result does not 

necessarily preclude the party size to 2.2 people as multiple shoppers may enter on one 

door opening.  Thus this most likely represents an underestimation of the total shoppers.  

However, not all shoppers will buy goods and workers may not enter through the main 

retail doors.  The conversion from transaction number to occupants is proprietary 

information not made available by the retail stores.  The conversion depends upon factors 

including but not limited to conversion rate (shoppers buying/total shoppers) and average 

time in store.  To verify the calculated occupant density was within feasible values, the 

rates were compared to occupancy values reported in the retail categories sales and 

supermarkets of a U.S ventilation standard (ASHRAE62.1 2010).  The results of 

occupant density in this study range from 0.5-12 individuals/100 m
2
, in general 

agreement with sales (15 people/100 m
2
) and supermarkets (8 people/100 m

2
).  The AER 

was calculated based standard methods of SF6 tracer gas release over four hours (E741 

2011).  Additional details on the air exchange rate testing at each site can be found in the 

ASHRAE RP-1596 report.  The locations for testing were based on convenience, close to 

either the University of Texas at Austin and Pennsylvania State University who were co-

funded on the ASHRAE project.  Due to the market size near Pennsylvania State, some 
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stores were tested in Pittsburg to maintain brand consistency.  The seasons were 

determined based on time of the year and weather reported from close NOAA 

meteorological stations over the filter sampling period. 

G.4  EVALUATION OF HVAC FILTER DUST AS MICROBIAL SAMPLERS 

 

 The evaluation of HVAC filter dust as microbial samplers consisted of three 

approaches; (1) compare microbial results to other samplers, (2) quantify effect of airflow 

over filters on cells and DNA, and (3) determine DNA extraction efficiency.   

To compare the results of different samplers, field investigations were conducted 

at a 55,000 m3 retail store over two consecutive weeks (MiT). For the passive HVAC 

filter sample, a new MERV 7 HVAC filter (Tri-Dim Filter Corporation, Louisa VA) was 

placed in an air handling unit at the beginning of each week of testing.  The outdoor 

dampers were closed prior to testing so airflow across the filter was primarily from 

recirculated indoor air.  Another air handling unit in close proximity was loaded with the 

same brand of filter but the outdoor dampers were left open.  After collecting particulate 

matter for seven days, the HVAC filter was removed from the air handling unit and the 

dust recovered for DNA extraction and sequencing. For the second passive sample, high 

surface dust from the top shelf near the active samplers was vacuumed into a 2-piece dust 

sampling cassette preloaded with a sterilized 0.47 µm nominal pore size filter on the 

same day the HVAC filter was removed.  This filter system in the same that was used for 

qPCR 36-panal assay testing.  The shelf was chosen based on the visual appearance of 

dust.  The second week test location for settled dust was adjacent to the first.  The total 

area for settled dust was 13.6 ft
2
.  With respect to the active samplers, four co-located 

active indoor air samplers were operated for three consecutive 15-minute intervals on day 

seven of the HVAC filter testing each week.  Before sampling, the active samplers were 
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autoclaved or swabbed with ethanol for sterilization.  The active samplers included the 

Button Sampler (BS; 4 liters/min; SKC Inc., Eighty Four PA), BioSampler (BIO; 12.5 

liters/min; SKC Inc., Eighty Four PA), Personal Environmental Monitor 2.5 µm (PEM; 

10 liters/min; SKC Inc., Eighty Four PA), and wetted-wall cyclone (WWC; 100 

liters/min; Texas A&M, College Station TX).  For all but the WWC sampler, pumps were 

located off the retail floor in storage area due to noise concerns.  Practically, this resulted 

in the active samplers being located at the very rear of the store, away from many of the 

occupants.  The BS and PEM samplers were loaded with a sterilized gelatin filter with a 

nominal pore size of 3.0 µm (SKC Inc., Eighty Four PA).  Immediately following each 

sampling period, the filters were placed into pre-sterilized PBS in a sterile 50 mL 

centrifuge tube (Thermo Fisher Scientific Inc., Waltham MA).  The BIO sampler was 

filled with 20 mL PBS during each sampling event and, after sampling, the solution was 

deposited into sterile 50 mL centrifuge tubes.   The WWC uses tangential impaction into 

a 0.01% Tween-20 liquid, condensing the sample to 3-4 mL per sampling event 

(McFarland et al. 2010).  All the samples were stored at 4°C for less than three days 

before DNA extraction.  DNA extraction, pyrosequencing, and analysis followed 

protocols described in section 3.2. 
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Figure G2:  Samplers employed at MiT site including (A) HVAC filter, (B) settled dust, 

(C) wetted-wall cyclone, (D) button sampler, (E) PEM, (F) BioSampler
® 

 

 The effect of airflow on microorganisms retained on a loaded HVAC filter was 

tested.  An initial attempt to sterilize the loaded filters included  three freeze thaw cycles 

of 15 minutes each followed by UV crosslink for 10 minutes on each side.  That attempt 

did not eliminate DNA amplification.  Therefore used filter sections from sites GeT2 and 

MbP2 were removed from the cardboard frames and placed in presterilized zip lock bags.  

The filters were shipped overnight and sterilized by irradiation dose of no less than 25 

kGy at the National Center for Electron Beam Research (Texas A&M, College Station 

TX).  Sterilization was confirmed after DNA extraction with qPCR observing no 

amplification.   

 Microorganisms for the spike testing including bacterial cells of Bacillus cereus 

(ATCC 13061) and fungal spores of Aspergillus niger (ATCC 1004).  B. cereus cells 

were placed in 50 mL of sterilized LB broth and incubated at 30°C overnight.  The vial 



 286 

was centrifuged at 5,000 rpm for 10 minutes to form a pellet.  The LB broth was drained 

and 5 mL of sterile PBS was added.  Vortexing at full speed for 2 minutes resuspended 

the pellet.  A. niger cells were inoculated on SDA plates (described previously) and 

grown for 21 days in the dark at room temperature (22-24°C).  After growth, 5 mL of 

sterile 70% ethanol was added to the plates to release the fungal spores.  The ethanol and 

fungal spore mixture was centrifuged and vortexed in the same manner as the B. cereus.   

 Cell concentrations were measured with a 20X fluoresced microscope (blue light, 

471 nm wave length).  Cells were counted using the known area and volume in a 

hemacytometer with a Neubauer improved viewing grid (Cole Palmer, Vernon Hills IL).  

Cell suspensions were each diluted to 10
-2

.  To 1 mL of diluted cell suspension, 4 µL of 

Glutaraldehyde (Sigma-Aldrich, St. Louis MO) was added and placed in the dark.  

Following 20 minutes of incubation, 10 µL of SYBR Gold nucleic acid stain (Life 

Technologies, Grand Island NY) was added and incubated in the dark for an additional 

20 minutes.  For each cell suspension, two viewing chambers were counted for five 

different areas each.  The number of cells observe were averaged and concentrations were 

calculated based on no dilution.  Cell suspensions of no dilution without Glutaraldehyde 

or SYBR stain were added to the sterilized filter sections. 

 Filter sections were cut to fit the sterile 37mm sampling cassettes with the pre-

installed polycarbonate filters removed (Zefon, Ocala FL).  A total of 10
8
 B. cereus cells 

and 10
7
 A. niger cells were added to each filter in aliquots of 10 µL, spaced evenly on the 

filter.  The filters were placed in a biohood for a minimum of four hours before airflow 

began.  Pumps providing the airflow were calibrated to 20-25 L/min flow, automatically 
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controlled to operate for 18 hours followed by a resting period of 6 hours.  Current 

transducers (Veris, Tualatin OR) were installed to verify the operation of the pumps.  The 

temperature and relative humidity inside the testing room and in the biohood were 

measured with a HOBO temperature and relative humidity data logger (Onset, Bourne 

MA), shown for ten days of the experiment in Figure G3.  Temperature increases were 

directly related to when the pumps were running.  Relative humidity does not appear to 

be related to pump operations. 

 

Figure G3:  Temperature and relative humidity in biohood during 10 days of testing 

 

DNA was extracted from the filters on days 0, 1, 4, 7, and 17.  Day 0 filters were 

not exposed to airflow and used to calculate DNA extraction efficiency.  Day 17 DNA 

concentrations were approaching the detection limit for qPCR so the experiment was 

terminated before the planned 30 days.  DNA extraction followed the same protocol as 

pyrosequencing with the following exception.  The DNA was processed with the addition 

of propidium monoazide (PMA) following the filter protocol developed by Hellein et al. 

(2012) for water.  PMA binds to free DNA precluding DNA amplification.  Therefore the 



 288 

results of a PMA treated sample is only the cells with intact membranes are able to 

amplify and be detected.  The final 0.2 µm pore size filter was cut into two equal pieces 

after filtering the dust and microbes.  Each piece was placed in a sterile 60mm dia petri 

dish.  A total of 300 µL of PBS (non-PMA) or 300 µL of PMA (PMA, conc. 100 µM) 

was added to each filter section.  The containers were placed in the dark for 20 minutes.  

Following that the filters were exposed to a 600W light source for 15 minutes at 12” 

distance which triggers the PMA-DNA binding process.  The filters were placed over ice 

to limit heating.  Subsequently, the PMA treated samples were not used in the analysis 

because the results were inconsistent.  It is probable that this process requires additional 

assessment due to the inhibitory nature of HVAC filter dust and the protection from light 

microbial cells are afforded in the dust matrix.  The inhibitors and dust loads are not 

standard across the samples and thus each filter sample would need to be calibrated if this 

process was attempted again. 

Extracted DNA was quantified with the primers listed in Table G2.  Each well 

contained 10 µL including 2 µL DNA, 1 µL BSA, 1.2 µL DNA-free water, 5 µL buffer 

(2X), 0.2 µL each primer (10 µM), 0.2 µL Takara Ex Taq HS (5U/µL), and 0.2 µL ROX 

(50X).  The reagents were all supplied by Takara Bio Inc. (Otsu Japan).  All qPCR 

reactions were processed on site (UT Core Facility, Austin TX) with a ViiA 7 qPCR 

system (Life Technologies, Carlsbad CA).  Thermocycling conditions were 95°C for 30 

seconds followed by 40 cycles of 95°C for 15 seconds and 60°C for one minute.  Melt 

curve analysis was applied after the cycles were complete.  All samples were processed 

in triplicate.  Negative controls showed no amplification.  Results were compared to 
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standard curves developed on the same machine for known DNA concentrations of 

isolates Acinetobacter sp. strain BD413 for bacteria and Aspergillus niger for fungi. 

DNA extraction efficiency was calculated by adding known concentrations of 

DNA from Acinetobacter sp. strain BD413.  Filters from sites MbP2, OhT, and MbT4 

were used for this analysis.  The DNA extraction followed the same protocol as listed for 

pyrosequencing with the exception that 100 µL of DNA was added after the sonication 

and vortex steps.  Processing of qPCR results was conducted on the same machine listed 

above.  Each reaction well contained 10 µL of solution including 5 µL TaqMan mix 

(2X), 1 µL BSA (10X), 1 µL primer/probe, 1 µL DNA free water, and 1 µL DNA 

template.  Thermocycling conditions were 2 minutes at 50°C, 10 minutes at 95°C, and 40 

cycles of 15 seconds at 95°C and one minute at 60°C.  All reactions were conducted in 

triplicate.  Negative controls (DNA free water) showed no amplification. 

Filter sections from the same three sites were also analyzed based on sonication 

times of 2, 5, 10, and 15 minutes.  Universal bacterial primers were used for this test 

(Table G2).  Thermocycling conditions were as follows: 95°C for 10 minutes and 40 

cycles of 95°C for 15 seconds, 56°C for 20 seconds, and 68°C for 30 seconds).  All 

reactions were conducted in triplicate.  Negative controls (DNA free water) showed no 

amplification. 
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DATA STORAGE STRUCTURE 

Along with this dissertation, one external hard drive containing the electronic data 

files was presented to Dr. Kinney.  This appendix outlines the data storage structure in 

that hard drive.  The data is separated into folders labeled pyrosequencing, Sanger 

sequencing, and qPCR 36-panel fungal assay, and other information.  Site identification 

in the experimental efforts was numbered sequentially (i.e. first site tested =1).  Table H1 

outlines the conversion between the experimental site identification and the identification 

used in this dissertation. 

Pyrosequencing 

The folder names pyrosequencing contains the pyrosequencing datasets obtained 

in this study.  The pyrosequencing data was from six runs, conducted throughout the 

experiment.  Barcodes and linker sequences were used multiple times (see Appendix F) 

and therefore analysis using multiple run data should be combined after assignment of 

sequences to samples (i.e. split libraries command in Qiime).  Table H2 identifies the 

retail sites associated with each run.  The active sampler BioSampler (BIO in this 

dissertation) was labelled SKC in the pyrosequencing files.  The pyrosequencing analysis 

files are not provided due to size and they can be created using the methodology given in 

Appendix H.  The folders for the runs 1-6 are organized in the same manner as shown 

below for run 1. 

Run 1  

i. Bacteria 

1. Bacterial Analysis (Taxonomic identifications in counts 

and percentages) 

2. Bacterial Sequences (Fasta, quality, and mapping files) 
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3. Fungal Analysis (Taxonomic identifications in counts and 

percentages) 

4. Fungal Sequences (Fasta, quality, and mapping files) 

Sanger Sequencing 

 This folder contains the Sanger sequencing results from five sites.  Each site has 

bacterial and fungal folders.  Each of those folders has the sequence information 

including the individual sequence fasta files, trimmed sequence fasta files, and sequence 

ab1 files (chromatogram trace). 

qPCR 36-Panel Fungal Assay 

This folder contains all 30 pdf reports received from the EPA certified lab for the 

qPCR 36-panel fungal assay testing.  Also included in this folder is a summary Microsoft 

Excel document with the qPCR 36-panal fungal concentrations at each retail site. 

Other Information 

 This folder has four subfolders which include biohood wind test, culturing, qPCR, 

and SEM. 

 

Table H1.  Conversion Between Site Identification in Electronic Files and Dissertation 

 
  

1=HaP1 7=MbP1 13=MbP2 19=MbT4

2=HaT 8=FfT1 14=EgP1 20=EgP2

3=MbT1 9=HaP2 15=FfT2 21=GeP

4=ScP 10=MbT2 16=FfP 22=MbP4

5=SdT 11=GeT2 17=MbP3 23=MiP

6=GeT1 12=MbT3 18=OhT 24=MiT
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Table H2.  Sites contained in each pyrosequencing run 

 
  

16S ITS D1/D2

Run 1

1, 2, 3, 4, 5 Rep 1, 5 Rep 

2, 5 Rep 3, 6, 7 ,7 Culture, 

8, 9, 9 Culture, 10

1, 2, 3, 4, 5 Rep 1, 5 Rep 

2, 5 Rep 3, 6, 7 ,7 Culture, 

8, 9, 9 Culture, 10

1, 2, 3, 4, 5, 6, 7, 8, 9, 10

Run 2

16, 16 Prefilter, 23, 23 

Prefilter, 24 AHU 9, 24 

AHU 10, 24 WWC roof, 

24 AHU condensation

16, 16 Prefilter, 23, 23 

Prefilter, 24 AHU 9, 24 

AHU 10, 24 WWC roof

16, 16 Prefilter, 23, 23 

Prefilter, 24 AHU 9, 24 

AHU 10, 24 WWC roof

Run 3

11, 12, 13, 14, 15, 17, 18 

AHU 2, 18 AHU 3, 18 

AHU 4, 19 AHU 10, 19 

AHU 18, 19 AHU 20, 20, 

20 Prefilter

11, 12, 13, 14, 15, 17, 18 

AHU 2, 18 AHU 3, 18 

AHU 4, 19 AHU 10, 19 

AHU 18, 19 AHU 20, 20, 

20 Prefilter

11, 12, 13, 14, 15, 17, 18 

AHU 2, 18 AHU 3, 18 

AHU 4, 19 AHU 10, 19 

AHU 18, 19 AHU 20, 20, 

20 Prefilter

Run 4

24 AHU 11 W1, 24 AHU 

W2, 24 BS W1, 24 BS 

W2, 24 PEM W1, 24 

PEM W2, 24 SD W1, 24 

SD W2, 24 SKC W1, 24 

SKC W2, 24 WWC W1, 

24 WWC W2

24 AHU 11 W1, 24 AHU 

W2, 24 BS W1, 24 BS 

W2, 24 PEM W1, 24 

PEM W2, 24 SD W1, 24 

SD W2, 24 SKC W1, 24 

SKC W2

24 AHU 11 W1, 24 AHU 

W2, 24 BS W1, 24 BS 

W2, 24 PEM W1, 24 

PEM W2, 24 SD W1, 24 

SD W2, 24 SKC W1, 24 

SKC W2, 24 WWC W1, 

24 WWC W2

Run 5
24 WWC W1,                   

24 WWC W2

Run 6 21, 22 21, 22 21, 22
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