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CHAPTER 1: INTRODUCTION, OBJECTIVE, AND THESIS ORGANIZATION 
 

Introduction 

In the United States, about 41% of total energy consumption in residential buildings is 

utilized for space heating (EIS 2014). This number is higher (56%) in New York State. New 

York is located in Climate Zone 5A, which is described as a cold and moist climate. Since 1980, 

the U.S. has seen a decrease in the average energy use for residential units from 120 million 

kilojoules per unit to 89.6 million kilojoules per unit (EPA 2012b). This saving is due to more 

energy-efficient appliances, construction of more energy-efficient homes, and a nationwide effort 

to retrofit existing homes to improve energy efficiency. A major component of the latter is the 

Weatherization Assistance Program, which is a federal-funded program for low-income 

homeowners to weatherize their homes. Since implementation, more than 7 million homes have 

been retrofitted through the program (EPA 2012b). 

Weatherization is a combination of modifications to the home to isolate it from outdoor 

environmental conditions. These modifications include insulation by cellulose, and air sealing of 

cracks and holes in the walls and ceilings with spray foam. As a result, the home is more 

thermally insulated, and less drafty. Nationwide, weatherization has seen an average of 10% to 

40% reduction in the building air leakage measurement (Berry and Brown 1994). However, in a 

study of indoor air quality health by the National Institute for Occupational Safety and Health, 53 

percent of the cases were attributed to inadequate ventilation in the home (Sieber et al. 1996). 

This is because reduced ventilation will lead to poor indoor air distribution, trapping of 

contaminants, and oftentimes, uncomfortable temperature and humidity inside the home. 
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Objective 

My objective was to study the effect of weatherization on the indoor environment of 

residential homes in Upstate New York State. I specifically assessed the effect of reduced 

ventilation through weatherization on the following indoor factors: radon concentration, 

particulate matter concentration, airborne bacterial concentration, and the microbial community 

of indoor air, surface, and dust.  

 

Thesis Organization 

In chapter 2, I reviewed the current literature on weatherization efforts and outcomes. 

Additionally, I reviewed current findings in the field of microbiology of the built environment 

that are relevant to the objective of my research. In chapter 3, I described the research on 

weatherization and its effect on the indoor environment. This is prepared in a manuscript format, 

with supplementary information in Appendix A. In chapter 4, I described conclusions from our 

findings and discussed future work. In Appendix B, I have included the questionnaires and 

occupancy log sheet that was created for house surveys. In Appendix C, I have listed citations to 

manuscripts of research that was also conducted during the duration of my master research in the 

laboratory of Largus T. Angenent, Ph.D. The included manuscripts and corresponding 

supplementary information are: 1) a 2016 published manuscript in The ISME Journal of research 

work that was conducted in collaboration with the laboratory of Stefan Worgall, MD, Ph.D at 

Weill Cornell Medical College; 2) a 2016 published manuscript in Water Research of research 

work with primary researcher, Leo A. Kucek, a fellow graduate student in the Angenent Lab; 3) 

a 2016 submitted manuscript in Frontiers in Microbiology of research work with Leo A. Kucek; 

and 4) a 2016 manuscript that is in preparation of research work with Sylvia Gildemyn and 
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Bastian Molitor. In Appendix D, protocols for all methods used in this research project were 

included with credits to the original authors. 

 

  



 4 

CHAPTER 02: LITERATURE REVIEW OF WEATHERIZATION AND THE 
MICROBIOLOGY OF THE BUILT ENVIRONMENT  
 

Introduction and Scope 

In this chapter, I have reviewed literature on weatherization and the microbiology of the built 

environment. In the discussion of weatherization, emphasis was placed on the outcomes of 

weatherization, including indoor air quality and air leakage through the building envelope. The 

discussion on the microbiology of the built environment will focus on studies that aimed to 

characterize the bacterial and/or fungal communities in three specific indoor environments: air, 

floor surfaces, settled dust. 

 

Weatherization 

Since the energy crisis of the 1970s, national policy discussions have been focused on energy 

efficiency and energy conservation (DOE 2012). This led to the establishment of building energy 

codes, specifically the 1975 ASHRAE Energy Code and the Energy Policy and Conservation Act 

(EPCA) (BCAP 2009). Included in the EPCA was the creation of the Weatherization Assistance 

Program (WAP) by the Department of Energy (Kaiser and Pulsipher 2004). Weatherization is the 

practice of protecting a building from environmental fluctuations to reduce energy consumption 

in the building. WAP provides financial assistance to low-income households in a single-family 

dwelling to weatherize their home at a lower cost (Kaiser and Pulsipher 2004). Outside of 

improving the household energy efficiency, weatherization also provides an additional cost-

saving incentive in regards to heating expenses, and improved thermal comfort in the home. 

Since the implementation of WAP in 1976, more than 7 million homes have been weatherized 

(EIS 2014). 
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A major component of weatherization is air leakage control, or the sealing of cracks and 

bypasses in the building envelope to reduce energy loss via air leakage (DOE 2007). Air leakage 

control measures include weather-stripping, air sealing, and/or wall insulation. In 1989, over 

95% of weatherized homes receive one or more of these air leakage control measures. As a 

result, leakage through the building envelope decreased by an average of 500 cubic feet per 

minute (CFM50) nationwide (Berry and Brown 1994). This is the airflow through the house when 

depressurized to 50 pascal. However, as much as 80% of weatherized homes still have a blower 

door leakage higher than the industry standard (Berry and Brown 1994). Air infiltration 

measurement via tracer gas dilution method of sulfur hexafluoride (SF6), which is a greenhouse 

gas, found that weatherization led to only an average of 16% decrease in natural air exchange 

rate (Lamb et al. 1985). Therefore, weatherization usually tightens a house from very leaky to 

moderately leaky, rather than very leaky to airtight. 

 

Weatherization & Indoor Pollutants 

Since the early days of modern public health, housing and health has been tightly linked. For 

homeowners and weatherization programs, there is a complex conflict between the desire to save 

energy and the desire for good indoor air quality. To save energy, a house should be as airtight as 

possible to reduce indoor and outdoor air exchange. In contrast, to establish an indoor 

environment with good air quality, buildings with higher ventilation are ideal to dilute indoor 

pollutants. With billions of public and private spending on weatherization efforts, there is a need 

to study the health outcomes of tightening the home.  
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Radon and formaldehyde are considered two of the most important indoor pollutants. In a model 

that estimates the health effects of residential weatherization on occupant health, complete 

tightening of all residences in four state (Oregon, Washington, Idaho, and West Montana) was 

estimated to have an additional 4 lung cancer cases per year due to elevated radon levels, and one 

additional cancer case every 4 years due to exposure to elevated formaldehyde (Sandusky et al. 

1983). However, studies comparing radon and formaldehyde levels between weatherized and 

non-weatherized homes have not provided a clear correlation between weatherization and 

elevated radon or formaldehyde levels. 

 

Radon 

Radon is an odorless radioactive gas product of uranium. Both nationwide and at the global 

level, radon is identified as the second leading cause of lung cancer (EPA 2011, WHO 2009). In 

most homes, radon originates from natural rock and soil, which then diffuses into the indoor 

when soil gas infiltrates through cracks in the building foundation. Studies have shown that 

lower above-grade radon level in the air (radon in the first floor of a house) is correlated with 

higher air leakage and houses with more stories (Pigg et al. 2014). Both factors lead to an 

increase in building natural ventilation. A recent assessment of single-family homes found an 

average net increase of radon by 0.44 pCi/L after weatherization. However, other studies have 

found no difference, or even a decrease, in home radon level after weatherization (Dyess 1994). 

In New York State, no correlation was found between radon and weatherization of homes in non-

metropolitan areas (Chi and Laquatra 1990). These conflicting findings can be explained by the 

knowledge that radon entry into the home is a complicated process, which is determined by a 
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variety of factors, including season (Arvela 1995), ventilation, frost depth in the soil, and air 

pressure. However, it is widely recognized that airtight homes retain radon longer than well-

ventilated homes (Fleischer et al. 1982). 

 

Formaldehyde 

Formaldehyde is a volatile organic compound that is also common inside the home. It is both an 

irritant and carcinogen, and is known to cause eye and respiratory tract irritations (EPA 2014). 

Currently, there is no enforced standard for residential formaldehyde exposure by the 

Environmental Protection Agency (EPA 2012a). In the home, formaldehyde is emitted from 

building materials and furniture. In weatherized homes, formaldehyde was found to have an 

insignificant net increase of 0.8 ppb after weatherization (Pigg et al. 2014).  

 

The Indoor Microbiome 

 

In addition to non-biological indoor pollutants, occupants are exposed to biological components 

in the residential environment. These biological components include viruses, bacteria, fungi, 

pollen, and microbial products such as endotoxins. These components may originate from the 

outdoor environment, water sources, human shedding, or through pet activities (Fujimura et al. 

2010, Knights et al. 2011). In the indoor environment, these components persist in the air, or 

settle on surfaces and carpets. Various diseases are linked to biological components exposure, 

including respiratory infections and allergy development. However, studies have hypothesized 
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that exposure to microbes in early life can enhance immune system development and protection 

against asthma and allergies development (Blaser and Falkow 2009, Cho and Blaser 2012). 

Twenty years ago, Strachan proposed the hygiene hypothesis, which posits that limiting early-

life infection impedes the development of the immune system, and therein increases the risk of 

the individual to allergic disease (Strachan 2000). Inherent to the hygiene hypothesis is the 

suggestion that microbial diversity in the environment may also influence the immune system. 

Since Strachan, the biodiversity hypothesis has been proposed, which posits that reduced human 

contact with the environment and biodiversity will lead to inadequate development of the 

immune system by adversely affecting the human commensal microbiota (von Hertzen et al. 

2011). 

 

In the past, culture-independent genetic tools have been applied to study microbes in the built 

environment (Kelley et al. 2004, Angenent et al. 2005). Recently, the introduction of next-

generation sequencing allowed robust characterization of microbial communities. The most 

common approach is high-throughput amplicon sequencing of the 16S rRNA gene for bacteria, 

and ITS/18S genes for fungi. The onset of rapid and low-cost culture-independent studies has 

changed our view of bacterial diversity (Hugenholtz et al. 1998), leading to many studies of the 

built environment (Humphries 2012, Konya and Scott 2014), specifically the indoor residential 

environment. In the following paragraph, these studies are summarized based on the specific 

indoor environment (surface, dust, or air) sampled in the study. 

 

The Microbiome of Floor Surfaces 
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Built environment floor surfaces are barren and resource-poor. Therefore, it is not unexpected 

that most studies have found low biomass on these surfaces (Gibbons et al. 2015). Very little 

research has explored the microbiome of indoor surfaces without perturbation. Several studies 

have explored fungal community on damp surfaces (Hyvärinen et al. 2002) and the effect of 

cleaning on surface communities (Bright et al. 2010). Studies of floor surfaces in normal living 

conditions suggests that human skin is the most likely source of microbes on floor surfaces, and 

contributions from other environmental sources, such as soil, are less important. On the floors of 

public restroom, skin- and outdoor-associated microbiota were found to be dominant, with a core 

microbiota that was composed of mainly human gut-associated bacteria (Gibbons et al. 2015). 

Lax et al. (2014) found that the human bacterial signature on indoor home surfaces decays or is 

replaced rather quickly. Surprisingly, a study of fungal community on public restrooms found 

many soil- and plants-associated species on restroom floor surfaces, but very few skin-associated 

fungi (Gibbons et al. 2015).  

 

Flores et al. (2013) studied the bacterial community of residential kitchen surfaces, and found 

four bacterial phyla dominant in this community: Actinobacteria, Bacteroidetes, Firmicutes, and 

Proteobacteria, which is a profile similar to other areas of the indoor environment. Many of the 

dominant taxa found on kitchen surfaces appear to be able to persist on dry surfaces for a 

prolonged period of time (Flores et al. 2013). In addition, floor surfaces that are cleaned 

infrequently generally exhibit higher microbial communities. Compared to other surfaces in the 

kitchen, the floor was found to be among the most diverse in regards to microbial composition 

(Flores et al. 2013).  
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The Microbiome of Settled Dust 

Settled dust in the indoor environment is considered as a long-term sample of previously 

airborne particles. Dust is a complex mixture of particles from soil, fibers, skin flakes, 

atmospheric dust, combustion particles, and animal hairs (Macher 2001). A study of 1200 homes 

across the United States found that indoor fungal communities varied with geographical region 

and climate, whereas indoor bacterial communities was influenced by occupancy and the 

presence of pets (Barberán et al. 2015). Similar to the surface fungal community, the fungal 

community in settled dust is dominated by outdoor-associated fungi. In a study of 35 homes in 

Cincinnati, Ohio, fungal richness was positively correlated with age of home, moldiness, and 

relative humidity. In contrast, bacterial diversity of dust samples was only correlated with dog 

ownership. Specifically, homes with dogs are more likely to have Nocardioides spp. and 

Patulibacter spp. (Kettleson et al. 2015). Interestingly, fungal evenness was only correlated with 

the age of homes. Evenness is the relative distribution of each species within a community; the 

more equal the distribution, the higher the evenness of that community. This suggests that in 

older homes, fungal communities in settled dust appear to reach uniformity over time. 

 

The Airborne Microbiome 

Microbial community in the air has been the focus of many studies in the microbiology of the 

built environment. However, there has not been a clear consensus regarding the role of building 

characteristics and occupancy on the indoor air microbiome. In particular, research findings on 

the relative contributions of outdoor air versus occupants to the indoor air microbial community 
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have been conflicting. It is likely that the contribution balance of these two sources is governed 

by house ventilation rate.  

 

Fungal community composition in the air was found to have a strong seasonal pattern, as well as 

higher fungal load in the outdoor compared to the indoor air. In addition, no particular fungi 

species was found as an indicator of indoor air. Adams et al. (2013) concluded that the main 

source of airborne fungi is from the migration of outdoor fungi into the built environment, and 

not resident behavior or building structure. However, Qian et al. (2012) quantified the emission 

of fungi from occupants to be 7.3x106 genome copies per person per hour. Although the 

estimated emission rate from occupants appear to be quite high, a possible reconciliation of these 

two studies is that the effect of outdoor fungal contribution is magnitudes more than emissions 

from human source, thereby, masking the occupant emission effect. A chamber study 

demonstrated that in a well-ventilated space, which was not densely occupied, the contributions 

to airborne fungal community from occupants and occupant activity were smaller than expected 

from previous studies (Adams et al. 2015). Therefore, it is likely that ventilation may play a role 

in the magnitude of occupant contribution to indoor fungal community. 

 

In a study of households in Hong Kong, bacterial community richness and diversity were lower 

in naturally versus mechanically ventilated homes, and ventilation strategy did not impact 

bacterial community structure (Wilkins et al. 2015). This is in contrast to Kembel et al. (2014) 

who concluded that mechanically ventilated hospitals exhibit bacterial communities that are less 

diverse, and were indeed affected by ventilation strategy. However, it is agreed that skin-
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associated bacterial taxa are dominant in air communities (Hospodsky et al. 2012, Kembel et al. 

2012, Kembel et al. 2014, Wilkins et al. 2015). Though, the presence of environmental genera, 

such as Methylobacterium spp. and Rhodobacter spp., indicates that there is also contribution 

from the outdoor air. A comparison of outdoor and indoor air shows no distinct difference 

between the indoor and outdoor communities (Miletto and Lindow 2015). This study showed 

that bacterial load increased with occupant density, frequency of natural ventilation, and 

occupant activity, while no compositional differences between indoor and outdoor air was found 

(Miletto and Lindow 2015). Hospodsky et al. (2012) also calculated similar elevated increase in 

skin-associated bacteria load with occupancy, and in any setting, the load of skin- associated 

bacteria was higher indoors compared to outdoors (Kembel et al. 2012, Kembel et al. 2014). In a 

review of indoor bioaerosols, Nazaroff (2016) suggested that nearly all of bioaerosols flowing 

through leaks in the building envelope would penetrate into the indoor environment. In addition, 

the chamber study conducted by Adams et al. (2015) also found a higher contribution of outdoor 

bacteria to the indoor community compared to occupant contribution. This was also observed by 

Kembel et al. (2014). 
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CHAPTER 03: WEATHERIZATION OF RESIDENTIAL HOMES LEADS TO 
INCREASED RADON LEVEL AND MINIMAL CHANGES IN INDOOR 
PARTICULATE MATTER, AIRBORNE BACTERIA, AND THE INDOOR 
MICROBIOME 
 

Mytien Nguyen, Eric C. Holmes, Largus T. Angenent 

To be submitted to: Environmental Health Perspectives 

 

Abstract 

Background: Weatherization of residential homes is a popular retrofit procedure to improve the 

energy efficiency of older homes by reducing building leakage. Several studies have evaluated 

the effect of weatherization on indoor pollutants such as formaldehyde and radon. Few studies 

have evaluated the effect of weatherization on indoor particulates and microbial exposures. 

Objective: We compared the effect of change in building leakage on indoor pollutants and 

bacterial community in weatherized compared to non-weatherized residential homes. 

Methods: Nine weatherized and eleven non-weatherized single-family homes in Tompkins 

County, New York were sampled twice: before and after the weatherization procedures for case 

homes, and at least 3 months apart for control homes that were not weatherized. We measured 

radon levels, environmental conditions, and collected air, carpet dust, and floor surface samples 

to assess the indoor microbiome. 

Results: We found a significant increase in living area and basement radon levels of weatherized 

homes compared to control homes (p = 0.03, 0.019). The indoor microbiome also became less 

similar to the outdoor community after weatherization. Compared to the changes in ventilation 
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rate, temperature, relative humidity, and occupancy, season was a more predictive measure of 

indoor bacterial concentration. 

Conclusion: Ventilation rate reduction from weatherization procedures led to an increase in 

indoor radon levels. However, it did not affect indoor particulate mass concentration, indoor 

airborne bacterial load, and have very minimal effect on the microbiome of residential homes. 

Changes in bacterial concentration are more sensitive to shifts in season, whereas radon levels 

are more sensitive to ventilation rate. 

 

  



 15 

Introduction 

Twenty-two percent of the total U.S. energy consumption is used in residential buildings, mainly 

to heat and cool homes (EPA 2012b). Statewide Weatherization Assistance Programs across the 

country assists homeowners toward home energy efficiency by a combination of procedures 

including insulation and fixture repairs (Berry and Brown 1994). One of the main outcomes of 

weatherization is to increase building airtightness (Berry and Brown 1994). As a result, indoor-

sourced pollutants, such as radon, formaldehyde, and biological pollutants can accumulate in 

indoor air (Turiel et al. 1983). Current research shows varying impact of weatherization on 

indoor pollutants and particulate matter, especially for radon concentration. Radon is a 

radioactive gas that is the leading cause of lung cancer among non-smokers (EPA 2012a). 

Studies have found that weatherization leads to an 0.44 pCi/L increase in radon concentration 

(Dyess 1994) or did not significantly affect radon concentration when controlled for 

environmental parameters (Chi and Laquatra 1990). 

 

Logue et al. (2015) identified 31 chemical pollutants, and 9 priority chemical pollutants that are 

important in considerations of indoor residential health. Radon is among the 31 pollutants 

identified, though it is not a priority pollutant. Among the 9 priority chemical pollutant is 

particulate matter of 2.5 µm and smaller in aerodynamic diameter (PM2.5) (Logue et al. 2011). 

PM2.5 concentrations in the home can originate from outdoor air. It is also generated from indoor 

activities, including combustion (Thatcher and Layton 1995, Wallace 1996, Jones et al. 2014). 

The contribution of outdoor PM2.5 to indoor concentrations can range from 23% to 70% (Wallace 

1996, Qing Yu et al. 2005, Turpin et al. 2007). Other epidemiological studies have also 

considered PM10 to be a more relevant indicator for health effects (Janssen et al. 2013). Both 
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PM10 and PM2.5 are widely considered to be associated with decreases in lung function and 

exacerbations of respiratory diseases (Gilmour et al. 1996). 

 

The small number of previous studies on the non-energy outcomes of weatherization has led to a 

continued concern for the impact of weatherization on health (Brent Stephens et al. 2011, 

Manuel 2011, Hoisington et al. 2015). A relatively new consideration of indoor health is the 

microbiome of indoor air. The indoor residential microbial community has become a growing 

consideration in public health because of its proposed role in shaping the human immune system 

development in allergies and asthma (Blaser and Falkow 2009, Cho and Blaser 2012). The 

biodiversity hypothesis states that reduced human contact with the microbial biodiversity in early 

life will lead to inadequate immune development (von Hertzen et al. 2011). Studies of the indoor 

microbiome has shown that ventilation and occupancy are important drivers of indoor microbial 

community. Skin-associated bacteria have been commonly found in the indoor airborne 

microbiome (Hospodsky et al. 2012, Kembel et al. 2012). In addition, bacterial community 

diversity and richness were found to be lower in naturally ventilated homes compared to 

mechanically ventilated homes. In a study of mechanical versus window ventilation in a hospital, 

Kembel et al. (2012) concluded that mechanical ventilation leads to higher diversity of the 

indoor environment compared to natural ventilation. In addition, Miletto and Lindow (2015) 

compared the outdoor and indoor communities and found no distinct differences between mode 

of ventilation on bacterial load. Instead, indoor bacterial load concentration was found to 

increase with occupancy and frequency of ventilation (Miletto et al. 2011). 

 

Methods 
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Study design 

The study was conducted in Tompkins County, New York, which is an area of approximately 

101,000 inhabitants located in the International Energy Conservation Code (IECC) Climate Zone 

5A (cold and moist). Twenty single families with residential homes that were located in 

Tompkins County, New York were recruited for this study. All study homes included a 

basement, and were constructed before the 1960s. All home visits and sampling were conducted 

between November 4, 2014 and May 6, 2016. Each home was sampled twice. Control homes are 

defined as houses that did not undergo a retrofit or any structural changes between sampling 

campaigns. The two sampling campaigns for control homes were at least 3 months apart. 

Weatherization homes are defined as houses that underwent a retrofit. Weatherization homes 

were sampled before the retrofit, as well as after the retrofit, with at least 3-months of buffer time 

between retrofit completion and sampling for the home environment to stabilize. 

 

Each sampling campaign spanned 3-4 continuous days. Equipment and samplers were installed 

on the first day. Upon arrival to the study home, we conducted a survey of the house with the 

homeowner to identify ideal locations for equipment placement, and to note air quality concerns 

and water damage. Homeowners were instructed in details about the sampling setup and 

protocol. Homeowners were also given a questionnaire package that included: building survey; 

occupant health and activities survey for each occupant; and an hourly occupancy log sheet for 

each level of the house (Appendix B). After initial set up, all equipment and samplers were left 

on for 3-4 days. After 3-4 days, equipment and samplers were turned off and removed from the 

house. During this visit, we also collected household samples of dust and floor surfaces, and 

measured building dimensions. This was replicated for the second sampling campaign. 
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Building leakage and natural ventilation measurement 

During each sampling campaign, the air exchange rate was measured via tracer gas decay. A 9 

kg tank of food-grade CO2 (Airgas, Elmira, NY) was placed on the first level of the building and 

programmed to release for two, 15 minutes intervals per day with an automatic gas regulator 

(Airgas). CO2 tanks were stabilized for occupant safety on a Radnor® MIG Welding Cart 

(Airgas). The indoor and outdoor CO2 level was simultaneously measured with a Li-COR CO2 

Monitor (Li-COR Biosciences, Lincoln, NE) and a SBA-5 CO2 Gas Analyzer (PP Systems, 

Amesbury, MA), and recorded with data loggers (HOBO 4-Channel Analog Data Logger, Onset 

Computer Corporation, Bourne, MA). After sampling, air change rate per hour was calculated as 

an average of the decay rates during the 3-4 days sampling period, using the following equation 

from Laussmann and Helm (2011): 

! = #$%& − #$%(
)& − )(

 

where: 

λ = air changes per hour (h-1) 

Ci = Initial CO2 concentration (ppm) 

Cf = Final CO2 concentration (ppm) 

ti  = Initial time (h) 

tf = Final time (h) 

 

We also measured building leakage via the blower-door test (Retrotec, Everson, WA) to obtain 

building leakage measurement in cubic meter per hour at 50 pascal (CMH50). To ensure no 

interference with sample collection, blower-door tests were conducted well before each sampling 

campaign or after each sampling campaign was completed. Air change rate at 50 pascal was 

calculated by normalizing CMH50 by building volume: 
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where: 

ACH50 = Air changes per hour at 50 pascal (h-1) 

CMH50 = Building leakage (m3h-1) 

Vhouse = House volume (m3) 

 

Environmental conditions and radon concentration 

Both indoor and outdoor environment conditions were recorded during each sampling period. 

Indoor temperature and relative humidity in 11 locations inside the house was recorded every 

minute with temperature and relative humidity loggers (HOBO UX100-003 

Temperature/Relative Humidity data logger, Onset Computer Corporation). Locations included 

bedroom areas, bathroom(s), living room area, and the basement. Outdoor temperature and 

relative humidity was recorded at least one meter away from the house exterior with the HOBO 

U12-013 data logger (Onset Computer Corporation). In addition, precipitation (rain and snow) 

and wind speed was recorded from the nearest weather station, which was always less than one-

mile distance from the study home. Lastly, both basement and living area radon levels were 

measured simultaneously during each sampling campaign. The basement radon levels were 

measured with the Short Term Liquid Scintillation Kit (AccuStar, Medway, MA). The living 

room radon levels were measurement hourly with the RadStar RS800 Continuous radon monitor 

(AccuStar). 

 

Sample collection 
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Indoor and outdoor air samples were collected through impaction onto 0.2 µm pore sized 

polycarbonate membrane filters (Nucleopore Track-Etched Polycarbonate Membrane, GE 

Healthcare Biosciences, Pittsburgh, PA) at 60-70 lpm in a 4-stage Andersen cascade impactor 

(Tisch Environment Inc., Cleves, OH), with size bins (µm): <2.1, 2.1-4.7, 4.7-9.0, and >9.0. All 

90 mm diameter membranes were cut to 81 mm diameter in a laminar flow hood with flame- and 

ethanol-sterilized scissors to fit the Andersen impactor. One field blank was included for each set 

of air samples. Indoor air sampler was located in the living room area, and at least 1 m elevated 

from the floor surface. Most indoor air samplers were elevated to eye-level, at approximately 1.5 

m from the floor surface. Outdoor air sampler was placed between 0.6 m to 2 m from the 

building exterior, and elevated between 0.5 m to 2 m from the ground. After sampling, field 

filters were placed in a temperature-controlled environment (20.6±0.2°C temperature and 

24.8±1.1% relative humidity) for 24 h before weighing. All filters were weighed before and after 

sampling using a Mettler Toledo Microbalance (Columbus, OH) with a resolution of 0.01 mg. 

Filters were handled with a flame- and ethanol-sterilized tweezer. The microbalance was cleaned 

with 70% ethanol before and after weighing each filter. Laboratory blanks were weighed 

alongside field samples. Each filter was stored in a sterile 100 x 15 mm petri dish (VWR 

International, Radnor, PA). 

 

Floor surface samples were collected using sterile wipes. A 529 cm2 pre-wetted wipe with 6% 

isopropyl alcohol (Vectra® QuanTex™ polyester wipers, Texwipe, Kernersville, NC) was 

pushed on a 45.72 cm by 45.72 cm square area of the floor in multiple directions, then folded 

and placed in a sterile 50 mL sterile centrifuge tube (VWR International) for storage. Floor 
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surface samples were taken as close to the center of the room as possible. If a room is fully 

covered in carpet, no floor surface sample was collected.  

 

Carpet dust samples were collected using a 3-stage sampling cassette. The 3-stage cassette 

(Zefon International Inc., Ocala, FL) was assembled in a sterile, DNA-free laminar flow hood 

with sterile 37 mm 0.4 µm pore size polycarbonate membrane filter (Steriltech Corporation, 

Kent, WA). During sample collection, the top stage was removed and the outflow was connected 

to a vacuum pump with a flow rate of 60 lpm. The cassette was held vertically face down on a 

carpet area while moving horizontally over an approximate 0.01 m2 carpet area for 30 s. The top 

stage was then placed back on the cassette for sample storage. Carpet dust samples were taken as 

close to the center of the carpeted area as possible. If a room has more than carpets, the carpet 

that is closer to the room center was selected. If a room has no carpeted area, no dust sample was 

collected. All air, dust, and floor surface samples were stored at -20°C prior to further 

processing. 

 

Sample processing and DNA extraction 

Sample processing and DNA extraction was conducted in a laminar flow hood to prevent 

laboratory contamination. Surface samples from wipes were eluted using a method described in 

Yamamoto et al. (2011). Wipes were submerged in 100 mL of autoclaved- and UV-sterilized 

phosphate buffer saline (PBS) with 0.1% Tween-80, then shaken at 250 rpm for 6 h. The eluted 

liquid was filtered through a 0.2 µm pore size, gridded Supor® membrane filter funnel (Pall 

Corporation, Port Washington, NY). Both air and wipe filters were individually cut with flame-
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sterilized scissors and tweezers. One quarter of each air and wipes filter, and approximately 100 

mg of coarse dust from the sampling cassette, was added directly to DNA extraction tubes. 

 

DNA extraction for dust, surface, and air samples was conducted in laminar flow hood on 

separate days. The hood was allowed to flush, then sterilized with DNA AWAY™ Surface 

Decontaminant (Thermo Scientific, Waltham, MA) and UV-sterilized for at least 1 h between 

extraction days. Field, processing, and extraction blanks without samples added were also 

extracted with each set of samples. The DNA extraction method for all samples was described 

previously (Boreson et al. 2004, Hospodsky et al. 2010). All DNA extraction solutions were UV-

sterilized for 30 min prior to use. Briefly, samples were bead-beat for 30 s to elute biomass from 

filters, then cell walls were broken down with lyzosyme (15 mg/mL) at 37°C for 30 min, and 

proteinase K (0.4 mg/mL) in SDS at 56°C for 60 min. DNA was further extracted with bead-

beating at room temperature for 3 min, then purified with a 1:1 ratio of phenol-

chloroformisoamyl alcohol (25:24:1 ratio). DNA concentration and purification was completed 

with the MO BIO PowerSoil solutions C2 to C6 (MO BIO Laboratories Inc., Carlsbad, CA).  

 

Enumeration of total airborne bacterial load 

Indoor airborne bacterial load is quantified using a B. subtilis standard in a quantitative 

polymerase chain reaction (qPCR) targeting the V3-V4 region of the universal 16S rRNA gene, 

as previously described by Nadkarni et al. (2002). Reactions were carried out in duplicates in 96-

wells optical plates (MicroAmp® Optical 96-Well Reaction Plate, Applied Biosystems, Foster 

City, CA). Amplification and detection was performed on an ABI 7300 real-time thermocycler 
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system (Applied Biosystems). Each reaction had a total volume of 20 µL containing: 2 µL 

template DNA, TaqMan® Universal PCR Master Mix (Applied Biosystems), 80 ng/µL bovine 

serum albumin (New England Biolabs Inc., Ipswich, MA), and 100 nM each of the probe (5’-

/56-FAM/CGTATTACC/ZEN/GCGGCTGCTGGCAC/3IABkFQ/-3’), forward primer (334F: 

5’-TCCTACGGGAGGCAGCAGT-3’), and reverse primer (806R: 5’-

GGACTACCAGGGTATCTAATCCTGTT-3’). Amplifications from field blanks were 

subtracted from sample amplifications. The total bacteria load was divided by the total volume of 

air collected to determine the total bacterial concentration in air. 

 

PCR and sequencing 

To analyze the bacterial community of air, dust, and surface samples, the V4 variable region of 

the 16S rRNA was amplified and sequenced. DNA was amplified using the Earth Microbiome 

Project protocol (www.earthmicrobiome.org), using 192 Golay-barcoded 806 reverse primers (R: 

5’-GGACTACHVGGGTWTCTAAT-3’) and the 515 forward primer (F: 5’-

GTGCCAGCMGCCGCGGTAA-3’) (Caporaso et al. 2012). Each 50 uL PCR reaction consisted 

of: 2 µL template DNA, 20 µL 5 Prime Universal PCR Mastermix (5 Prime Inc., Gaithersburg, 

MA), 1 µL 515F primer, and 1 µL 806R primer. The reaction condition was: 1) 94°C for 8 min; 

2) 94°C for 45 s; 3) °C for 60 s; 4) 72°C for 90s; 5) repeat steps 2 to 4 31 times for a total of 32 

cycles; and 6) 72°C for 10 min. Duplicate 50 uL PCR reactions were performed for each sample. 

The 100 uL combined amplicon volume were purified using magnetic beads with the MagBind 

RxnPure (Omega BioTek, Norcross, GA). All 573 samples were quantified with the Quant-iT™ 

PicoGreen® dsDNA Assay (Promega, Eugene, OR) with the lambda standard (Invitrogen, 

Carlsbad, CA), and pooled into three separate libraries at 4 ng amplicon dsDNA per sample. The 
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3 pooled libraries were sequenced with the 2 x 250 bp paired end Illumina MiSeq platform at the 

Cornell Genomics Facility (Cornel University Institute of Biotechnology, Ithaca, NY).  

 

Bacterial community analysis 

Raw sequences were quality filtered, demultiplexed in QIITA (qiita.microbio.me) and QIIME 

v1.9.0 (Caporaso et al. 2010b). Sequences were clustered into operational taxonomic units 

(OTUs) based on 97% similarity using the sortmerna method (Kopylova et al. 2012). OTUs were 

aligned against the Greengenes database v13.8 (McDonald et al. 2012) using PyNAST 

(Caporaso et al. 2010a). Further analyses were performed with MacQIIME 

(www.wernerlab.org). Rare taxa (singletons) were removed. The diversity of the bacterial 

community within each sample was calculated using the Shannon index (Shannon 1948). There 

are two components of alpha diversity: the distribution of each group of bacteria (evenness); and 

the number of unique bacteria in the community (richness). The Shannon index calculates both 

the richness and evenness of a community. However, it should be noted that the Shannon index 

skews towards richness. In addition, relationship between samples were visualized using 

Principal Coordinates Analysis (PCoA) of weighted and unweighted UniFrac distance matrices 

(Lozupone and Knight 2005). To explore the relationship between the airborne microbiome and 

environmental variables, we performed constrained ordination analysis using the capscale 

method of the vegan R package (Okansen et al. 2013). Constrained ordination is a multivariate 

analysis of community composition and environmental (or explanatory) variables, using 

ANOVA to determine statistically significant variables that explains differences in community 

composition. Distance-based redundancy analysis is performed on the weighted UniFrac distance 

matrix. The capscale function first ordinates the matrix (similar to a PCoA), then complete a 
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redundancy analysis between the ordination eigenvalues and set of input constraining 

(explanatory) variables. Variables that were not significant (p > 0.05), or had high collinearity 

with another variable (variance of inflation factor (VIF) > 5) were removed from the constraining 

variables set. The constrained ordination analysis was repeated until all variables in the 

constraining (explanatory variables) set were significant (p < 0.05) and non-collinear (VIF < 5). 

 

Statistical analysis 

Bacterial concentration in air was log-normalized to account for skewness in bacteria counts 

prior to correlation tests. Group comparisons were tested using student’s paired and unpaired t-

tests. P-values less than 0.05 are considered significant. Correlations between samples was 

determined by calculating the Pearson r using the function cor.test() in R. ANOVA was 

utilized to determine significant environmental parameters in multiple linear regressions. 

 

Results 

The study included 9 case and 11 control single-family homes. Among study homes, the size of 

the building and number of floors varies from smaller family dwellings of 272 m3 house volume 

to larger homes with 1518 m3 house volume (Table 1). These houses also have varying range of 

carpeted areas, but no more than one quarter of the house surface area was covered. Both groups 

of control houses had different heating types, including hot air circulation, wood stove, hot 

water, and electric (Table 1). Most basements were unfinished, with the exception of 2 case 

homes and 3 control homes. Indoor plants were present in all control homes and most case 

homes, with the exception of 3 case homes. One control home and three case homes had 
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occupants with asthma, while seven control and six case homes had occupants with allergies 

(Table 1). In addition, in 7 control and 7 case homes, occupants reported having respiratory 

symptoms, including: sinusitis, regular sneezing and sore/dry throat when inside the house 

(Table 1). 

 

Air sealing effectiveness of weatherization: In the 9 case homes, air sealing resulted in an average 

decrease of 1690 m3h-1 (±887 m3h-1) in the building leakage (Table 1), corresponding to an 

average of 21.84% (±9.68%) decrease from the pre-retrofit building leakage measurement 

(Figure 1A). The most and least effective retrofit procedures led to a decrease by 1.19 and 5.37 

ACH50, respectively (Figure 1A). Natural ventilation rate during the sampling period was 

calculated via CO2 tracer gas decay (ACHCO2). The decrease in natural ventilation rate in the 9 

case homes was significantly greater than the control homes (p = 0.004) (Figure 1B). Natural 

ventilation in control homes fluctuated between ±1 air changes per hour (Figure 1B). In contrast, 

the natural ventilation rate of all 9 case homes either did not change or decreased after 

weatherization (Figure 1B). 

 

Occupant health survey: Occupant-reported surveys of health symptoms indicated no changes in 

respiratory symptoms when inside the home, such as sneezing, sore/dry throat, coughing, and 

symptomatic exacerbations of pre-existing respiratory diseases, between sampling periods 

(Table 1). Interviews with homeowner of case homes indicated increased thermal comfort in 5 

homes and noticeably less heating required. In 4 case homes, there was no difference in heating 

regularity and thermal comfort reported (Table 1).
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Table 1. Characteristics of study homes and weatherization. Case homes are shaded in grey, and control homes are in white. 

Building 
Volume (m3) 

# 
Floors4 

Building 
Leakage 
(m3h-1) 

∆ 
Building 
Leakage 
(m3h-1) 

Est. % 
Carpet3 Heating Basement Indoor 

Plants Asthma2 Allergies2 Respiratory 
Symptoms2 

∆ 
Respiratory 
Symptoms 

∆ Thermal 
Comfort 

448 2 4460 -1400 5 Hot air Unfinished No 0 0 2 No Yes 
777 2 5862 -850 25 Hot air Unfinished No 0 2 2 No Yes 

1336 2 17364 -1682 15 Hot air Unfinished Yes 1 1 1 No Yes 
352 1 3364 -595 15 Wood Finished1 Yes 0 2 2 No No 
285 2 10704 -3058 10 Hot air Unfinished No 2 2 2 No Yes 
272 2 13592 -3058 5 Hot water Unfinished Yes 0 1 2 No Yes 

1518 1 3367 -987 15 Electric Finished Yes 1 2 3 No No 
509 3 7985 -1954 5 Wood Unfinished Yes 0 0 0 No No 
553 2 8835 -1631 15 Hot air Unfinished Yes 0 0 0 No No 
378 2 4018 -- 5 Wood Unfinished Yes 0 2 3 No No 
527 3 7747 -- 10 Hot water Unfinished Yes 0 2 0 No No 
513 2 9531 -- 5 Hot air Unfinished Yes 0 1 1 No No 
464 1 3041 -- 5 Hot air Finished Yes 0 1 2 No No 
618 2 3933 -- 5 Wood Unfinished Yes 0 0 1 No No 
499 2 3169 -- 5 Hot air Finished1 Yes 0 1 1 No No 
715 2 10534 -- 5 Hot water Unfinished Yes 1 0 2 No No 
570 1 4749 -- 5 Hot water Finished Yes 0 2 2 No No 
523 2 14136 -- 1 Wood Unfinished Yes 0 0 0 No No 
778 2 3203 -- 5 Wood Unfinished Yes 0 0 0 No No 
412 2 5649 -- 20 Hot air Unfinished Yes 0 1 3 No No 

1 Partially finished basement 
2 In number of occupants 
3 Percent of total floor area that are covered by rugs and carpets 
4 Does not include basement 
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Figure 1. Building leakage and air change rate. A) Change in building leakage (dark blue; left y-axis) 
and air changes per h at 50 pascal depressurization (light blue; right y-axis) for each case home, measured 
by the blower-door test. The order presented is by increasing building leakage. Building leakage is 
presented as a percent of pre-weatherization building leakage in each case home. Percent change in 
blower door leakage (m3 per h) ranges from -10% to -30%. Building leakage effectiveness was not 
correlated with ACH50 changes. B) Air change rate per h under normal pressure conditions measure by 
carbon dioxide tracer gas decay. Black indicates case homes, and orange indicates control homes. A 
negative change indicates greater decrease in ventilation rate. The change in measured ACHCO2 in 
weatherized homes was significantly higher than changes in control homes (p = 0.004). **: p < 0.01.

 

Analysis of indoor pollutant concentrations 

Radon level in the living area and basement: Baseline comparison of case and control homes 

during the first sampling period prior to retrofits found no significant differences in their living 

room and basement radon levels (Figure 2A,B). Living area radon levels between the first and 

second sampling periods were not significantly different in both case and control homes (Figure 

2A). The basement radon level was found to increase significantly in case homes (p = 0.045), 

whereas no significant change was found in control homes (Figure 2B). The change in radon 

level for individual homes between sampling periods was also computed (Figures 2C,D). 

Changes in both living area and basement radon levels fluctuated between ±2 pCi/L, with the 

exception of one house where the radon level decreased by 4.5 pCi/L. Changes in both living 

area and basement radon levels in case homes were significantly higher than those in control 
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homes (∆RadonLiving: p = 0.030; ∆RadonBasement: p = 0.019) (Figure 2). The average increase in 

basement radon (∆RadonBasement = 1.30 pCi/L) was very similar to the increase in living area 

radon level (∆RadonLiving = 1.28 pCi/L).  

 

 
Figure 2. Radon levels in residential homes. Radon levels (A,B) and change in radon levels (C,D) in 
the first floor living area (A,C) and basement (B,D) between sampling periods. A,D) The average radon 
level during each sampling period is shown for the living room area (A) and the basement (B), with black 
points corresponding to case homes and orange points corresponding to control homes. Triangles 
represent the first sampling period, and circles represent the second sampling period. Significance 
between sampling periods were tested with the paired t-test, while significance between the 1st sampling 
periods of case and control homes were tested with the unpaired t-test. Only the basement radon level in 
case homes was found to change significantly (p = 0.045) between sampling periods. C,D) The change in 
radon levels is colored by house, with black for case homes, and orange for control homes. A positive 
value indicates that radon level increased in the second compared to the first sampling period. Both the 
changes in radon levels in the living area and basement are significantly different via the unpaired t-test 
between case and control homes (∆RadonBasement: p = 0.019; ∆RadonLiving: p = 0.030). ns: no significance; 
*: p < 0.05. 
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Airborne particulate matter: Indoor particulate matter mass concentration in most houses were 

less than 5 µg per m3, with a few outliers (Figure S1). The highest mass concentration was seen 

for PM2.1 during the second sampling period of a control home, with 12 µg per m3 mass 

concentration (Figure S1D). Overall, indoor particulate matter mass concentration was not found 

to significantly increase after weatherization in all size bins (Figure S1). To evaluate the 

contribution of outdoor particulate mass concentrations to indoor mass concentrations, we 

calculated the Pearson correlations for the change in mass concentrations between sampling 

periods of each indoor particulate matter size bins with their corresponding outdoor size bins 

(Table 2). In both case and control homes, there were very low positive and negative 

correlations between the indoor and outdoor concentrations for all size bins. These correlations 

were not found to be significant. In addition, the indoor-outdoor (IO) ratios of each size bin were 

computed for each house and sampling period by dividing the indoor particulate mass 

concentration by the outdoor particulate mass concentration (Figure S2). In control homes, no 

significant changes in IO ratios were found in all size bins. In case homes, a brief overview of 

the IO ratios pre- and post-weatherization in case homes shows a slight increase in IO ratio with 

weatherization. Though, these trends were not significant in any size bins (Figure S2). 

 

Outdoor particulate matter mass concentration did not appear to be a significant predictor of 

indoor mass concentration, indicating that other parameters may govern particle concentration 

indoors. Pearson correlations were performed to determine the relationship between indoor mass 

concentration and potential governing factors, such as air change rate, occupancy rate, indoor 

temperature, and indoor relative humidity (Figure 3A). Changes in indoor mass concentrations 
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in each size bins were correlated with changes in potential governing factors between the first 

and second sampling period. In case homes, no significant correlation was found (Figure 3A). In 

control homes, the only significant correlation was between change in PM4.7-9 mass 

concentration and indoor temperature. This correlation is negative, indicating that if temperature 

increases, the mass concentration of PM4.7-9 will decrease. Negative Pearson correlations were 

also seen for other size bins (Figure 3A), though they were not significant.  

 

Table 2. Indoor-outdoor Pearson correlations of particulate matter mass and airborne bacterial 
concentrations in case and control homes. 
Correlation Case Control 
Particulate mass concentration Pearson r p-value Pearson r p-value 

∆PM9+ (indoor) - ∆PM9+(outdoor) 0.16 0.68 0.17 0.62 
∆PM4.7-9 (indoor) - ∆PM4.7-9 (outdoor) -0.28 0.46 0.32 0.33 

∆ PM2.1-4.7 (indoor) – ∆ PM2.1-4.7 (outdoor) 0.01 0.98 -0.29 0.38 

∆PM2.1 (indoor) - ∆PM2.1(outdoor) 0.22 0.57 -0.21 0.54 

Airborne bacterial concentration     
∆PM9+ (indoor) - ∆PM9+(outdoor) -0.36 0.33 0.09 0.77 

∆PM4.7-9 (indoor) - ∆PM4.7-9 (outdoor) 0.78 0.01 -0.28 0.40 
∆ PM2.1-4.7 (indoor) – ∆ PM2.1-4.7 (outdoor) -0.25 0.51 0.03 0.93 

∆PM2.1 (indoor) - ∆PM2.1(outdoor) -0.15 0.68 0.03 0.91 
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Figure 3. Heatmap of Pearson correlation coefficients for indoor air particle mass concentration (A) 
and airborne bacterial concentration (B). The Pearson correlation coefficients r is calculated for 
pairwise linear correlations of environmental variables with particulate mass concentrations (µg per m3 

air) (A) and airborne bacterial concentration (16S gene copies per m3 air) (B). Delta (∆) is defined as the 
value at the 2nd sampling minus the value at the 1st sampling. ∆ACHCO2 is the change in the measured 
natural air change rate (h-1). ∆Occ. Rate is the change in rate of occupancy in the house, in people per 
hour. ∆TemperatureIN and ∆RHIN are temperature and relative humidity changes in the living area. 
Pearson r values close to 1 (orange) or -1 (blue) marks strong correlations, with zero (white) being no 
correlation. Negative r marks negative correlations between the two variables. Significant correlations are 
boxed in purple (p < 0.05). Only one correlation was found to be significant: changes in PM4.7-9 indoor 
mass concentration compared to changes in indoor temperature (p = 0.008). 

 

Airborne total bacterial concentrations: The average concentration of bacteria in each particulate 

matter size bin was approximately 200 per m3 of air (Figure S3). The total bacterial 
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concentration in indoor air did not change between sampling periods for both case and control 

homes (Figure S3). To evaluate the outdoor contribution to indoor airborne bacterial 

concentrations, the change in indoor bacterial concentration was correlated to the change in 

outdoor bacterial concentration. Indoor airborne bacterial concentration did not significantly 

correlate with outdoor bacterial concentration in most size bins for both case and control homes. 

Only one indoor-outdoor correlation was found to be significant: the change in PM4.7-9 in case 

homes. Interestingly, unlike other indoor-outdoor bacterial concentration correlations which 

were close to zero or negative, the PM4.7-9 correlation is highly positive (Table 2). The 

corresponding correlation of indoor-outdoor mass concentration in PM4.7-9 was also negative, 

though it was not significant (Table 2). 

 

We next evaluated how indoor environmental conditions, occupancy, and ventilation rate affect 

changes in indoor bacterial concentrations (Figure 3B). No significant correlation was found 

between the above variables and changes in indoor bacterial concentrations in all size bins 

(Figure 3B). However, when we consolidated all air samples from both case and control homes, 

we found that season is a major determinant of the bacterial concentration. Overall, indoor 

bacterial concentration was lower in Summer, though this was significant only in PM2.1-4.7, but 

not in other size bins (Figure 4). In PM2.1-4.7 , the indoor airborne bacterial concentrations during 

the Summer were significantly lower compared to the airborne concentrations during Spring, 

Autumn, and Winter (p < 0.05).  
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Figure 4. Airborne bacterial concentration in indoor air. Concentration of bacteria in indoor air across 
all homes, in 16S gene copies per m3. All air samples from both sampling periods and all stages were 
consolidated and categorized by season based on time of sample collection. Bars are colored based on 
season, with the following grouping: Spring: green, n = 14; Summer: blue, n = 6; Autumn: pink, n = 10; 
Winter: purple, n = 10. The unpaired t-test was used to determine significance between season. Only 
significant differences are shown. *: p < 0.05, **: p < 0.01. 

 

Microbiome analysis of indoor dust, surface, and indoor and outdoor air bacterial communities 

Assessment of bacterial community diversity: The Shannon alpha diversity metric was chosen for 

its robustness in calculating both the evenness (the distribution of species within a community), 

and richness (the number of unique species in a community). A community with many different 

species that are evenly distributed will have a high Shannon index. The difference in indoor and 
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outdoor alpha diversity was calculated for each corresponding pairs of indoor and outdoor 

particulate matter air samples (Figure S4A). Smaller particulate matter size bins had greater 

differences between indoor and outdoor community diversity, with PM2.1 showing higher 

diversity indoors compared to outdoors. There were no differences in indoor-outdoor diversity 

comparison between case and control homes (Figure S4A). To map the alpha diversity within 

the indoor environment, we compared changes in alpha diversity between sampling periods in 

air, dust, and surface samples. There was no significant change in alpha diversity of all 4 

particulate matter size bins (Figure S4B). The change in alpha diversity of carpeted areas within 

the living area of case homes was slightly greater than the change in carpeted area alpha diversity 

in control homes (p = 0.090), though it was not significant (Figure S5). The change in bedroom 

alpha diversity of case homes appeared to be less than control homes. No significant difference 

was observed for changes in alpha diversity of floor surface samples (Figure S5). To further 

elucidate potential factors of alpha diversity in the indoor environment, the Shannon indices of 

all air samples were included in a multiple linear regression to correlate changes in airborne 

microbial diversity and environmental factors. Parameters for occupancy, ventilation rate, 

temperature, relative humidity, and season were included in the regression. Only ACH50 was 

found to be significantly correlated with PM4.7-9 (p = 0.003). No environmental parameter was 

correlated with PM9+, PM2.1-4.7 , or PM2.1. 

 

Relationship between air, surface, and dust bacterial communities 

The relationship between samples was calculated using the weighted UniFrac metric, which 

calculates a distance of dissimilarity based on the differences in bacterial composition and 

abundance between samples. An overview of all air, dust, and floor surface bacterial community 
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shows that air and dust samples are very similar (Figure S6). The bacterial composition of floor 

surface samples was distinctly different from both dust and air samples. 

 

Dissimilarity in microbial communities of different environments in the home was calculated as 

a change in the UniFrac distance. The UniFrac distance during the first sampling period was 

subtracted from the UniFrac distance during the second sampling period for the following pairs 

of microbiome samples: indoor air and living area surface; indoor air and living area carpet dust; 

indoor air and outdoor air. This enables a comparative analysis of the relatedness between indoor 

air communities to their proximal dust and floor surface communities. Changes in UniFrac 

distance between corresponding pairs of indoor and outdoor air samples increased in case homes 

(Figure 5). In control homes, there is no difference in UniFrac distances between surface-indoor 

air, dust-indoor air, and indoor-outdoor air samples (Figure S7). Within case homes, there was a 

significant difference between the change in dissimilarity of surface-indoor air and indoor-

outdoor air. This indicates that after weatherization, the indoor air bacterial community diverges 

from the outdoor air community. This was not seen in control homes (Figure S7). 
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Figure 5. Changes in similarities between air, dust, and floor surface bacterial communities in case 
homes. Indoor airborne bacterial communities in each air particles size bins were compared to their 
corresponding outdoor airborne bacterial communities (turquoise). The same indoor air samples were also 
compared to living room floor surface (yellow) and living room carpet dust (blue) communities. Positive 
values indicate that two communities are more dissimilar in the second sampling period compared to the 
first sampling period. Negative values indicate that the two communities became more similar. Changes 
in indoor-outdoor air were significantly greater than zero (p < 0.05). ns: no significance; *: p < 0.05. 

 

Determinants of indoor air microbiome 

To determine environmental factors that drives the indoor airborne microbiome, we consolidated 

all air samples from case and control homes. Constrained ordination is a model of multiple linear 

regression that is used to correlate shifts in the microbiome communities with changes 

continuous variables. Constrained ordination was utilized to identify environmental conditions 

that drive the airborne bacterial community within the house. All indoor air samples were used in 

this ordination to elucidate factors that not only drives compositional changes in the airborne 
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bacterial community between sampling periods, but also compositional difference between 

particle size bins, if any, as evaporation and condensation occurs. The following explanatory 

variables were used in the ordination analysis: indoor/outdoor temperature, indoor/outdoor 

relative humidity, occupancy rate, occupant density, percent of time the house is occupied, 

ventilation rate, average wind speed, and average rain/snow. Of these variables, only four 

environmental conditions were found to significantly drive changes in the indoor airborne 

bacterial composition: ACH50, occupant density, indoor relative humidity, and indoor 

temperature (p < 0.001) (Figure 6). 

 

 
 

Figure 6. Constrained ordination analysis of indoor air samples. The weighted UniFrac metric that 
was calculated from bacterial composition and abundance was used to present dissimilarity between 
samples. Pairwise distances between air samples of both case and control homes were constrained against 
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all collected environmental parameters to elucidate significant predictors of changes in indoor airborne 
bacterial composition. Each samples are colored by house, with black for case homes and orange for 
control homes. Samples are also shaped by air particle size bin. Four environmental parameters were 
found to significantly explain bacterial community shifts between air samples: indoor relative humidity (p 
= 0.002), indoor temperature (p = 0.001), occupant density, defined as the number of occupants per 1000-
ft3 house volume (p = 0.001), and ACH50 (p = 0.001).  

 

Discussion 

This study evaluates the impact of weatherizing single-family homes in climate region 5A by 

comparing changes in case homes compared to baseline changes in control homes that did not 

undergo weatherization retrofit between sampling periods. Weatherization led to a reduction in 

air infiltration by an average of 21.8 percent (Figure 1). This is similar to previous evaluations of 

weatherization effectiveness across the United States (Berry and Brown 1994). After 

weatherization, some homes were thermally more comfortable, but this was not seen consistently 

across all case homes. In addition, in the short time after weatherization, no change in respiratory 

symptoms or exacerbation of pre-existing symptoms was reported by occupants when inside the 

house. Larger studies of health outcomes of weatherization have shown both improved health 

(Wilson et al. 2014), as well as no effect on health after energy conservation efforts (Berry and 

Brown 1994). With 9 case homes, we found that weatherization did not lead to adverse health 

effects in the short-term.  

 

Indoor pollutant changes after weatherization is a good indicator for potential long-term health 

effects. Logue et al. (2011) identified multiple compounds that are important in indoor 

respiratory health, including radon and particulate matter below 2.5 µm. We found that increase 

in indoor radon concentration was significantly greater in case homes compared to control homes 

in both the living area and basement. In the living area where exposure to radon is more relevant, 
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there is minimal weatherization effect on radon level in all but 2 case homes where radon level 

reached above the EPA action level of 4.0 pCi/L (Figure 2). These homes had building leakage 

decrease of 14% and 30%. Therefore, living room radon level was not correlated with how 

effective weatherization was, or how much retrofit was completed in the basement. Thus, it is 

necessary for homeowners to measurement the homes’ radon levels after weatherization, 

regardless of how effective the retrofit was. 

 

Airborne particulate matter concentrations have been implicated in many epidemiological studies 

on human health (Schneider et al. 2003). In the absence of indoor sources, a significant amount 

of the daily variations in indoor particulate matter can be explained by the variation of outdoor 

particulate matter (Cyrys et al. 2004). In fact, the IO mass concentration ratio is lower when 

indoor sources are removed, and higher when indoor sources are present (Long et al. 2001, 

Isaxon et al. 2015). Our study evaluates occupant residential exposure in natural settings, which 

include daily occupant activities. The average IO mass ratio in both case and control homes were 

greater than one, indicating significant indoor contribution to residential exposure (Figure S2). 

Indoor sources could mask the contribution of outdoor air to the indoor air mass concentration. 

We saw no significant correlation between changes in indoor and outdoor mass concentrations 

(Table 2). Surprisingly, we also saw no significant correlation between changes in indoor mass 

concentrations and environmental parameters, including occupancy rate (Figure 3). The 

contribution factor by different indoor sources, such as combustion, heating, and occupant 

activities, varies with the type of activity (Hussein et al. 2006, Géhin et al. 2008, Bhangar et al. 

2014, Isaxon et al. 2015). In addition, the effect size of certain activities may be different for 

varying particulate matter size bins (Géhin et al. 2008). In this study, though occupancy rate and 



 41 

density were recorded, occupant activity and the duration of these activities were not. We 

observed no significant correlation between indoor residential particulate matter concentration 

with outdoor mass concentrations, ventilation rate, environmental conditions, and occupancy. 

We believe that these non-correlations could be explained by the diverse range of activities and 

duration of each activity across household and sampling time points. 

 

Airborne bacterial concentration is an important consideration in public health (Gehring et al. 

2001, Douwes et al. 2003, Schram-Bijkerk et al. 2005, Turpin et al. 2007). In respiratory health, 

both the concentration of inhaled microbes and its size distribution poses significant roles in 

determining health effects (Reponen et al. 1996). Previous studies have shown indoor 

concentrations of bacteria to range from 101 to 103 colonies forming units per cubic meter of air, 

as well as conflicting size distributions (Reponen et al. 1996, Nasir and Colbeck 2010, 

Balasubramanian et al. 2012). Our average bacterial concentration of 200 16S gene copies per 

m3 air is within the range found in previous research (Figure S3). Dissimilar to previous studies 

(Nasir and Colbeck 2010, Balasubramanian et al. 2012), we found that airborne bacterial 

concentration is relatively uniform throughout all size bins (Figure S3). However, this may be 

due to the differences in sample collection methods used in each study. 

 

Previous studies have implicated temperature, relative humidity, ventilation rate, and occupancy 

as determinants of microbial concentrations in the residential environment (Reponen et al. 1996, 

Frankel et al. 2012, Hospodsky et al. 2012, Meadow et al. 2014, Nazaroff 2016). We found that 

bacterial concentration did not change with weatherization (Figure S3), and did not correlate 
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with temperature, relative humidity, ventilation rate, or occupancy rate. We observed that there is 

a seasonal effect on airborne bacterial concentration (Figure 4). In the summer, there appears to 

be a lower concentration of bacteria in the air compared to other seasons. This trend is most 

clearly seen in PM2.1-4.7 (Figure 4C). This seasonal effect on bacterial concentration indoors was 

also previous described by Frankel et al. (2012). In this study, the effect of season was also 

found to be of greater impact to indoor bacterial concentration compared to indoor 

environmental conditions, occupancy, and ventilation rate. 

 

Characterization of the indoor bacterial community shows that the diversity of the airborne 

bacterial community did not change with weatherization (Figure S4). Previous studies have 

found conflicting results on the effect of ventilation on bacterial community richness and 

diversity (Kembel et al. 2012, Kembel et al. 2014, Wilkins et al. 2015). Here, we observed that 

retrofit and the corresponding reduced ventilation rate, does not significantly change the 

diversity of the airborne bacterial community. Understanding what drives the airborne bacterial 

community could aid us in shaping our residential bioaerosols dynamics. We aggregated air 

samples from all particulate matter size bins and homes to determine the environmental factors 

that drive the compositional changes between airborne communities. Season was not a 

significant determinant of the changes in the indoor microbiome, though it had a significant role 

in indoor bacterial exposure (Figure 4). We found that indoor relative humidity, temperature, 

occupant density, and the airtightness are the main drivers of community differences between air 

samples. In two preliminary studies, we also identified relative humidity and ventilation rates as 

major determinants of bacterial communities in residential homes (Figure S8). Similar 
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determinants of bacterial community composition was found in other studies (Adams et al. 2015, 

Miletto and Lindow 2015).  

 

Conclusion 

In this study, we demonstrated that airtightness achieved by weatherization of single-family 

houses does not in itself lead to changes in particulate matter concentration, airborne bacterial 

load, or bacterial community. There was no difference observed for particulate mass 

concentration, indoor-outdoor mass concentration ratio, and airborne bacterial load. In residential 

homes, occupant activities are an important determinant of indoor particulates. We did not 

observe significant correlations between indoor particulates and outdoor particulates mass 

concentrations or occupancy rate, suggesting that other factors may be driving the indoor 

concentrations. We hypothesize that occupant activity is a major determinant of indoor mass 

concentration. 

Airborne bacterial concentration was also not correlated with ventilation rate or occupancy rate. 

Rather, seasonality held a strong effect on the indoor airborne bacterial concentration, reaching a 

low during the summer months. However, despite the non-correlation of total bacterial 

concentration and ventilation rate, occupancy, and indoor environmental conditions, such as 

temperature and relative humidity, the composition of indoor air is governed by these factors. 

This suggests that the effect size of certain factors on indoor bioaerosols is not equivalent for 

abundance and composition. The residential indoor environment is considered very complex, and 

here we demonstrate the complex dynamics of building characteristics. We saw that the effect of 

weatherization on the indoor microbiome is not linear, nor predictable. This extends to the 

concentration of indoor pollutants. We also observed that radon does increase with 
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weatherization, but the largest increase in radon level did not correspond to the most effective 

weatherization retrofit. These observations suggest that individual household exhibit unique sets 

of characteristics that govern how the indoor environment shift with weatherization.  
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CHAPTER 4: CONCLUSION AND FUTURE RESEARCH 
 

The home is a complex system of many networks that alter and shape the indoor 

environment. In our research, we demonstrated that it is necessary to consider both the direct 

(reduced ventilation rate), and indirect (changes in temperature and relative humidity) effects of 

weatherization to determine the outcome for each home. We also show that weatherization does 

not significantly reduce ventilation rate to an airtight condition. This enables the continued 

facilitation of exchange between indoor and outdoor air in weatherized homes. 

The limitation of this study is its results are limited to a small subset of the general 

population. New York State is known to have higher than national average levels of radon. In 

addition, this study was taken place in climate region 5A (cold and moist) with four distinctive 

seasons. The effect of weatherization in different climate regions will most likely differ. 

In future work, we suggest larger studies of weatherization to further evaluate the 

correlation between effectiveness of weatherization (reduction in building leakage) and its 

impact on the indoor environment. In addition, continual monitoring of weatherized homes over 

a longer period of time will enable us to evaluate both short and long term effects of 

weatherization. This is most important when assessment occupant health as many health 

outcomes of poor indoor air are gradual.  

Lastly, evaluation of fungal community in addition to bacterial community could provide 

a more comprehensive microbiome of the built environment assessment. We also suggest 

evaluation of non-viable biological contaminants such as allergens and endotoxin.  
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APPENDIX A: CHAPTER 03 SUPPLEMENTARY INFORMATION 
 

 

 

 

 

 

 
 

 

Supplementary Table 1. Pearson correlation coefficients r between ventilation rates, occupancy, and environmental conditions. 
 ∆ ACH50 ∆ ACHCO2 ∆ Occupancy Rate ∆ TemperatureIndoor ∆ RHIndoor ∆ TemperatureOutdoor 

 Cases Controls Cases Controls Cases Controls Cases Controls Cases Control
s Controls Cases 

∆ ACHCO2 -0.15 
(0.7) 

-- -- -- -- -- -- -- -- -- -- -- 

∆ Occupancy Rate 0.2 
(0.63) 

-- -0.44 
(0.28) 

0.51 
(0.11) 

-- -- -- -- -- -- -- -- 

∆ TemperatureIndoor -0.33 
(0.39) 

-- -0.59 
(0.1) 

-0.36 
(0.28) 

0.44 
(0.27) 

0.21 
(0.54) 

-- -- -- -- -- -- 

∆ RHIndoor -0.34 
(0.37) 

-- -0.75 
(0.02) 

0.08 
(0.82) 

0.21 
(0.62) 

-0.31 
(0.35) 

0.87 
(0) 

-0.1  
(0.78) 

-- -- -- -- 

∆ TemperatureOutdoor -0.05 
(0.9) 

-- -0.61 
(0.08) 

-0.03 
(0.93) 

0.14 
(0.73) 

-0.02 
(0.96) 

0.79 
(0.01) 

0.45 
(0.16) 

0.88 
(0) 

0.69 
(0.02) 

-- -- 

∆ RHOutdoor -0.28 
(0.47) 

-- -0.69 
(0.04) 

0.25 
(0.46) 

0.21 
(0.62) 

-0.26 
(0.44) 

0.38 
(0.31) 

-0.17 
(0.62) 

0.59 
(0.09) 

-0.24 
(0.48) 

0.23 
(0.55) 

-0.54  
(0.08) 
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Supplementary Figure 1. Particulate matter mass concentration of case and control homes during 
each sampling period. Mass concentration of particulate matter size bins (A: PM9+; B: PM4.7-9; C: PM2.1-

4.7; D: PM2.1) across all homes and sampling periods. Points are colored based on house type, with case 
homes as black points and control homes as orange points. Triangles represent the first sampling period, 
and circles represent the second sampling period. Significance test via the paired t-test indicated no 
significant difference between sampling periods in both case and control homes. 
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Supplementary Figure 2. Particulate matter mass concentration indoor-outdoor (IO) ratio. Indoor-
outdoor ratio of particulate matter size bins (A: PM9+; B: PM4.7-9; C: PM2.1-4.7; D: PM2.1) across all homes 
and sampling periods. IO ratio is defined as the indoor particulate matter mass concentration over the 
outdoor mass concentration. Black points represent case homes and orange points represent control 
homes. Triangles represent the first sampling period, and circles represent the second sampling period. 
Significance test via the paired t-test indicated no significant difference between sampling periods in both 
case and control homes. 
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Supplementary Figure 3. Airborne bacterial concentration in case and control homes during each 
sampling period. Airborne bacterial concentration in four particulate matter size bins (A: PM9+; B: PM4.7-

9; C: PM2.1-4.7; D: PM2.1) across all homes and sampling periods. Black points represent case homes and 
orange points represent control homes. Triangles represent the first sampling period, and circles represent 
the second sampling period. Significance test via the paired t-test indicated no significant difference 
between sampling periods in both case and control homes. 
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Supplementary Figure 4: Alpha diversity changes of indoor and outdoor airborne bacterial 
communities. Community diversity is reported as a change in the Shannon Index for airborne bacteria 
samples in both the case (black) and control (orange) homes. A) Indoor-outdoor alpha diversity 
comparison of airborne bacterial communities, separated into particle size bins. Change in Shannon Index 
was calculated as outdoor air minus indoor air alpha diversity. Therefore, negative values indicate greater 
diversity indoors compared to outdoors. No significance was found between case and control homes. B) 
Difference in alpha diversity of indoor air bacterial community, calculated by subtracting the first 
sampling alpha diversity from the alpha diversity of the second sampling. There is no significance 
between case and control homes across all air particle size bins.  



 
 

 59 

 

 

 

 
 

Supplementary Figure 5. Alpha diversity changes of surface and carpet dust samples. Community 
diversity is reported as a change in the Shannon Index for airborne bacterial samples in both the case 
(black) and control (orange) homes. Difference in alpha diversity of surface and dust bacterial 
communities, calculated by subtracting the first sampling alpha diversity from the alpha diversity of the 
second sampling. There is no significance between case and control homes across all surface and dust 
samples. It should be noted that there is an increase in alpha diversity in living area dust samples between 
sampling periods in case homes (p = 0.090). 
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Supplementary Figure 6. Beta diversity analysis of all air, surface, and dust samples. Principal 
coordinates analysis with the weighted UniFrac dissimilarity metric of all air, dust, and surface samples. 
Only the first two axes are shown. Dissimilarity distances are calculated from the differences in 
taxonomic composition and abundance between samples. Each point represents one sample, colored by 
sample source: air (turquoise), carpet dust (yellow), and floor surface (blue). Samples with similar 
bacterial composition and abundance are closer together, and samples with different bacterial community 
and abundance are further apart. This two dimensional representation of between-samples differences 
shows 30.5% of the variations between samples. 
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Supplementary Figure 7. Changes in similarities between air, dust, and floor surface bacterial 
communities of control homes. Indoor airborne bacterial communities in each air particles size bins 
were compared to their corresponding outdoor airborne bacterial communities (turquoise). The same 
indoor air samples were also compared to living room floor surface (yellow) and living room carpet dust 
(blue) communities. Positive values indicate that two communities are more dissimilar in the second 
sampling period compared to the first sampling period. Negative values indicate that the two communities 
became more similar. No significant difference from zero was seen in changes in dust-indoor air, surface-
indoor air, or indoor-outdoor air sample comparisons. 
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Supplementary Figure 8. Constrain ordination of two preliminary residential homes studies. Data 
from two preliminary analyses of airborne bacterial communities in residential homes. A) A small study 
of two homes. Each home was sampled multiple times throughout the year, with samples representing 
every season (Summer, Spring, Autumn, and Winter). Bacterial community was analyzed from PM10, or 
particulate matter with diameters lower than 10 µm. The results from constraining bacterial community 
differences against environmental parameters and building characteristics are shown. RH is relative 
humidity (%); AER is air exchange rate (h-1). B) Bacterial community analysis of a small group of 4 
homes: 2 case and 2 control homes. Air samples were also constrained against environmental parameters 
and building characteristics. In this set of sample, air exchange rate, relative humidity, and building 
leakage were found to be significant drivers of community composition. All variables shown in (A) and 
(B) have low variance of inflation factors (VIF < 5), indicating non-collinearity, and p-values less than 
0.05. 
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APPENDIX B: WEATHERIZATION STUDY SAMPLING DOCUMENTS 
	
PART I. BUILDING INFORMATION 

This	survey	asks	several	questions	regarding	your	residence	that	is	critical	in	forming	a	complete	
picture	of	indoor	air	quality	in	your	home.	All	information	is	treated	in	the	strictest	confidence.	
	
1.	Occupancy	
	
Is	the	basement	occupied?						Full-time						Occasionally						Rarely						Almost	never	
	
What	is	the	general	use	for	each	floor?	
	
Level	 General	use	of	each	floor	(family	room,	bedroom,	laundry,	
workshop,	office,	storage,	etc.)	
Basement	 	
1st	floor	 	
2nd	floor	 	
	
2.	Type	of	heating	system(s)	used	in	this	building	(circle	all	that	apply—	and	note	primary):	
	
		
Hot	air	circulation	
Space	heaters	
Electric	baseboard	
Wood	stove	
Hot	water	baseboard	
Other:	________________		
	
3.	Primary	type	of	fuel	used	(circle	one):		
Natural	gas	
Electric	
Wood	
Propane	
Coal	
Solar	
		
	
4.	Air	conditioning	(if	applicable):						Central	air					Window	units					Open	windows						None	
	
5.	Is	there	a	kitchen	exhaust	fan?							Yes							No	
	
6.	Is	there	a	clothes	dryer?							Yes							No	
	
7.	Is	there	an	attached	garage?							Yes							No	
	
8.	During	the	past	three	months,	have	any	of	the	following	taken	place	in	your	home?	
	
□	New	carpeting	
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If	so,	where	and	when?	_________________________________________________	
□	Cleaned	carpet	
If	so,	where	and	when?	_________________________________________________	
□	Walls	painted	
If	so,	where	and	when?	_________________________________________________	
□	New	furniture	(sofa,	desks,	etc.)	
If	so,	where	and	when?	_________________________________________________	
□	New	wall	covering/paper	
If	so,	where	and	when?	_________________________________________________	
□	Water	damage	
If	so,	where	and	when?	_________________________________________________	
□	Room(s)	rearranged	
If	so,	where	and	when?	_________________________________________________	
□	Pesticide	application	
If	so,	where	and	when?	_________________________________________________	
	
9.	Are	any	of	the	following	regularly	used	in	your	home?	
	
	 If	so,	room(s)	used	in:	
□	Spray	disinfectant/deodorizers	 	
□	Plug-in	or	gel	air	fresheners	 	
□	Spray	cleaners	 	
□	Cosmetic	products	 	
□	Dry	cleaning	 	
□	Candles	 	
□	Live	plants	 	
	
	
10.	Are	there	any	persistent	odor?	If	so,	when	and	how	often	are	they	notice	and	can	you	describe	
the	odor	(smells	like	paint,	musty,	exhaust,	chemicals,	etc.)?	
	
	
	
	
11.	Are	there	any	other	conditions	of	note,	or	other	comments	which	you	would	like	to	share?	For	
example,	mold	growth,	pest	infection,	etc.	
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PART II. OCCUPANT INFORMATION 

	
This	survey	inquires	about	each	occupant’s	health	and	experiences	in	the	home.	This	information	is	
important	in	identifying	possible	correlations	between	indoor	pollutants	and	health	symptoms.	All	
information	is	treated	in	the	strictest	confidence.	
	
Name	(optional):	______________________________________________________________________		
	
Age:	______________	
	
Gender	(circle	one):								Female								Male	
		
	
Language	fluency	(circle	all	that	applies):								English							Spanish							Chinese							Other:	
_________________	
	
Race/ethnicity:							Non-Hispanic	white								Non-Hispanic	black								Hispanic								Asian	
	
1.	How	many	hours	do	you	work/are	out	of	the	house	per	week?	____________			
Do	you	work	on	the	weekends?				Yes					No	
1a.	Do	you	use	solvents	at	work?	(e.g.	chemical	manufacturing	or	laboratory,	auto	mechanic,	
painting,	cosmetologist)				Yes					No	
	
2.	Which	area(s)	or	room(s)	do	you	spend	the	most	time	in	the	house?	
	
	
	
3.	Does	any	of	your	daily	activities	produce	dust	or	odor?	
	
		
Yes	
No	
		
	
Please	explain:		
	
	
	
4.	Circle	the	answers	that	best	describe	you.	
	
Been	diagnosed	with	migraine?	 Yes	 No	
Have	pollen	allergies?	 Yes	 No	
Have	skin	allergies?	 Yes	 No	
Have	a	cold/flu?	 Yes	 No	
Have	sinus	problems?	 Yes	 No	
Have	asthma?	 Yes	 No	
Do	you	smoke?	 Yes	 No	
Respiratory	disease	 Yes	 No	
Cardiovascular	disease	 Yes	 No	
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5.	Do	you	believe	you	are	or	may	be	allergic/sensitive	to	any	of	the	following?	
	
Pollen	or	plants	 Yes	 No	
Mold	 Yes	 No	
Animal	dander	 Yes	 No	
(specify:______________________)	 	 	
Dust	 Yes	 No	
Chemicals	 Yes	 No	
(specify:______________________)	 	 	
Commercial/personal	products	 Yes	 No	
(specify:______________________)	 	 	
Other:	_______________________	 Yes	 No	
	
6.	Check	the	symptoms	you	have	experienced	while	in	your	home.	 When	you	exit	the	house,	
these	symptoms	usually…	
Symptom	 Not	at	all	 Sometimes	
(a	couple	of	days	in	the	last	month)	 Occasionally	(a	couple	of	days	a	week	in	the	last	month)
	 Frequently	(almost	every	day)	 Got	worse	 Stayed	
the	same	 Got	better	
Wheezing	 	 	 	 	 	 	 	
Coughing	 	 	 	 	 	 	 	
Headache	 	 	 	 	 	 	 	
Sore,	or	dry	throat	 	 	 	 	 	 	 	
Chest	tightness	 	 	 	 	 	 	 	
Dry,	itching,	or	irritated	eye	 	 	 	 	 	 	 	
Unusual	fatigue,	drowsiness,	or	tiredness	 	 	 	 	 	 	 	
Dizziness	or	lightheadedness	 	 	 	 	 	 	 	
Sneezing	 	 	 	 	 	 	 	
Nausea	or	upset	stomach	 	 	 	 	 	 	 	
Dry	or	itchy	skin	 	 	 	 	 	 	 	
Other:	
¬___________________	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	
Have	you	seen	a	doctor	about	any	of	these	symptoms?	 Yes	 No	
If	yes,	please	explain:	
	
	
7.	Do	you	consider	yourself	sensitive	to	the	presence	of	chemicals	in	the	air	in	your	home?	Please	
elaborate.	
	
	
	
8.	Do	you	have	any	concerns	about	indoor	air	quality	in	your	home?	Please	elaborate.	
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OCCUPANT LOG SHEET 

Floor	(circle	one):						Basement							1st	floor							2nd	floor	
Instruction:	During	the	4	days	of	sampling,	please	indicate	as	best	as	possible	the	number	

of	occupants	at	any	given	time	period.	
  

 Day 1 Day 2 Day 3 Day 4 
12:00 AM     
1:00 AM     
2:00 AM     
3:00 AM     
4:00 AM     
5:00 AM     
6:00 AM     
7:00 AM     
8:00 AM     
9:00 AM     
10:00 AM     
11:00 AM     
12:00 PM     
1:00 PM     
2:00 PM     
3:00 PM     
4:00 PM     
5:00 PM     
6:00 PM     
7:00 PM     
8:00 PM     
9:00 PM     
10:00 PM     
11:00 PM     
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APPENDIX C: OTHER MANUSCRIPTS (PUBLISHED, SUBMITTED, IN-
PREPARATION) 
 

 

Nguyen M.*, Sharma A.*, Wu W., Gomi R., Sung B., Hospodsky D., Angenent L. T.* and Worgall 
S.* (2016). The fermentation product 2,3-butanediol alters P. aeruginosa clearance, cytokine 
response, and the lung microbiome. The ISME Journal. 

 

Kucek L. A., Nguyen M. and Angenent L. T. (2016). Conversion of L-lactate into n-caproate by a 
continuously fed reactor microbiome. Water Research, Vol. 93, pp. 163-171. 

 

Kucek L. A., Xu, J.J., Nguyen M. and Angenent L. T. (2016). Wine waste resource recovery with 
anaerobic reactor microbiomes: production and in-line extraction of n-caprylate and n-caproate. 
Frontiers in Microbiology. Submitted. 

 

Gildemyn, S., Molitor, B., Usack, J., Nguyen M., Rabaey, K. and Angenent, L.T. Upgrading 
syngas fermentation effluent using Clostridium kluyveri in a continuous fermentation. In 
preparation.  
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APPENDIX D:  PROTOCOLS 
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Protocol:	House	Sampling	(Preparations	to	Equipment	Readouts)	
Draft	written	by	Mytien,	May	18th,	2014	

	
Table	of	Content	
I.	Preparation	
II.	Sampling	

A. Equipment	Setup	
B. Taking	Samples	(wipes,	swabs,	dust,	soil,	and	vegetation)	

III.	Post-Sampling	
	
I.	Preparation	
	
Materials	
Track-Etch	Filters	(0.2	μm	pore	size,	if	available)	
Scale	(10-5	g	accuracy	–	0.00mg)	
Tweezers	
Scissors	
9	sterile	petri	dishes	
Alpha	Ionizer	
	
I-A.	Cutting	and	weighing	filters	

1. Clean	a	pair	of	scissors	with	EtOH	and	UV	sterilize	under	hood.	
2. Cut	filters	in	hood	according	to	template.	Each	sampling	requires	4	filters	with	inner	

hole,	and	5	filters	without	inner	hole.	
3. In	the	BRL,	weigh	lab	filter	blank,	and	each	filter.	Alpha	ionize	each	time	before	

weighing.	Weigh	each	filter	three	times,	making	sure	that	measurements	are	precise.	
4. Place	filters	in	petri	dishes,	label	dishes	with	weights,	sample	name,	and	date.	

	
I-B.	Cleaning	and	Loading	Tisch	Impactor	

1. In	hood,	separate	impactor	stages	(stages	from	top	to	bottom	are	labelled:	0,	2,	4,	6).	
Wipe	each	stage	with	EtOH	and	UV	sterilize	for	15	minutes.	

2. Once	sterile,	assemble	and	load	filters	onto	impactor	stages,	using	filters	with	inner	
holes	for	the	first	two	stages,	and	whole	filters	for	the	bottom	two	stages.	Make	sure	
that	the	shiny	side	of	each	filter	faces	up.	For	the	field	blank	filter,	place	the	filter	in	
one	stage	of	the	impactor	and	then	return	back	to	petri	dish.		

	
II.	Sampling	(checklist)	
	
Materials	 Equipment	
Swabs	
Aluminum	foil	
1X	sterile	PBS	
Wipers	
Nylon	socks	(from	drug	store)	
Lots	of	extension	cords	
Lots	of	tubing	

LICOR	CO2	monitor	
SBA	CO2	monitor	
10	Data	loggers	(temperature	&	RH)	
RadStar	Radon	monitor	
1	Radon	sample	kit	
2	HACH	particle	counters	
1	food	grade	CO2	tank	(at	least	almost	full)	
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16S and ITS Illumina MiSeq analysis using Qiita 
Angenent Lab edition 

 

Original by Mytien Nguyen (mtn29), 3.5.2015 

Updated by Mytien Nguyen (mtn29), 6.2.2016 

 

http://qiita.ucsd.edu or http://qiita.microbio.me  

 

- Create an account by clicking “Sign Up” 

 

BEFORE YOU BEGIN 

 

Definitions 

 

Sample template: a tab-delimited txt file containing information about your samples, 
including environmental and other important information about them. If you collected 
100 samples, you will need 100 rows in your sample template describing each of them, 
including blanks. A template of this file is in the Angenent Lab Google drive. 

Prep template: a tab-delimited txt file containing basic information about wet lab work 
on all or a subset of the samples. In your 100 samples, if you prepare 95 of them for 16S 
and 50 of them for ITS, you will need 2 prep templates: one with 95 rows describing the 
preparation for 16S, and another one with 50 to describing the ITS. A template of this file 
is in the Angenent Lab Google drive. A list of required columns and data for both the 
sample and prep templates are also detailed on the Qiita website 
(http://qiita.microbio.me/static/doc/html/tutorials/prepare-templates.html). 

Pre-processing: includes the first steps in sequencing analysis, including demultiplexing 
and quality filtering. This step outputs quality filtered joined reads. 

Processing: includes clustering, OTU picking, and assigning taxonomies, and outputs a 
biom OTU table. 

 

About studies in Qiita 
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Studies can contain one set of samples or multiple sets of raw data, each of which can have a 
different preparation. The number of sample template and prep template you will need depends 
on the number of datasets you have. For example, imagine a study with 100 samples in which: 

 

• Scenario 1: all of the samples were prepped for 16S and sequenced in a single MiSeq run 
• Scenario 2: all of the samples were prepped for 16S and sequenced in two MiSeq runs 
• Scenario 3: all of the samples were prepped for 16S, and 50 were also prepped for ITS. 

All 16S and ITS samples were sequenced in a single MiSeq run 
• Scenario 4: all of the samples were prepped for 16S and sequenced in a single MiSeq run, 

and samples are from two separate studies (50 from study 1, 50 from study 2) 
 

To represent this project in Qiita, you will need to create a single study with a single sample 
template that contains all 100 of the samples. Separately, you will need to create 4 prep templates 
that describe the preparations for the corresponding samples. All raw data uploaded will need to 
correspond to a specific prep template. For instance, the data sets described above would require 
the following data and template information: 

 

Scenario 1: 

• 1 prep template describing the MiSeq run where the 100 samples are represented 
• The 3 fastq raw data files without demultiplexing from the sequencing center (i.e., the 

forward-R1, reverse-R2, and barcodes-I1) 
Scenario 2: 

• 1 prep template describing the two MiSeq runs (use the run_prefix column to 
differentiate between the two MiSeq runs, corresponding to the file names) where the 100 
samples are represented 

• The 6 fastq raw data files without demultiplexing from the sequencing center (i.e., 2 files 
for forward-R1, 2 files for reverse-R2, and 2 files for barcodes-I1) 

Scenario 3: 

• 2 prep templates, one describing the 16S preparations and the other describing the ITS 
preparations 

• The 3 fastq raw data files without demultiplexing from the sequencing center (i.e., the 
forward-R1, reverse-R2, and barcodes-I1)   

Scenario 4: 

• 2 prep templates, one for each study describing the MiSeq run where the study’s 50 
samples are represented 

• The 3 fastq raw data files without demultiplexing from the sequencing center (i.e., the 
forward-R1, reverse-R2, and barcodes-I1) 
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Study status 

 

Sandbox: When a study is in this status, all the required metadata columns must be 
present in the metadata files (sample and prep), but the values don't have to be filled in or 
finalized yet. The purpose of this status is so that users can quickly upload their sequence 
files and some (possibly incomplete) metadata in order to have a preliminary look at their 
data. 

Private: Moving from sandbox to private status requires the user to correct and finalize 
their metadata. On the each study overview page, there is a button that the user can use to 
request approval. Approval must be provided by a Qiita admin, who will validate and 
finalize the metadata. After a study moves from sandbox to private status, very little can 
be changed about the study without reverting the study to sandbox. 

Public: Once a study is made administrator-approved and becomes private, the user can 
choose when to make it public. Making a study public means that it will be available to 
anyone with a Qiita user account (e.g., for data downloads and meta-analyses). 

 

 

PROTOCOL 

 

Creating a study 

 

1. To create a study, click on the “Study” menu and then on “Create Study”. This will take 
you to a new page that will gather some basic information to create your study. 

2. Enter a unique “Study Title”, and select the appropriate principal investigator(s) from the 
list. If the PI is not in this list, you can choose to add a new one. Note: Lars is on the 
list—in fact, he is on it twice—just pick one.  

3. (Optional) select the environmental package appropriate to your study. Different 
packages will request different specific information about your samples. 

4. Select the kind of time series you have. The main options are: 
• No time series: the samples do not represent a time series. 
• Single intervention: the study has only one intervention, the classic before/after 

design. This can be also selected if you are only following individuals/environments 
over time without an actual intervention. 

• Multiple interventions: the study includes multiple interventions, such as 2-3 
antibiotic (ABX) interventions. 

• Combo: the samples are a combination of those having single and multiple 
interventions. 

Additionally, there is a distinction between real, pseudo or mixed interventions: 
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• Real: the study follows the same individuals over time, so there are multiple 
samples from the same individuals. 

• Pseudo: the study has time information from diverse individuals; for example, it 
includes samples from individuals from 3 to 60 years of age but has only one 
sample per individual. 

• Mixed: the study is a combination of real and pseudo. 
 

Adding sample template 

 

When you click on a study, you’ll be taken to the study description page. Here you will be able 
to edit the study info, upload files, and manage all other aspects of your study. 

 

5. To upload your sample template, prep template, and sequence files, click on the “Upload” 
button. Drag-and-drop files into the grey area or simply click on “select from your 
computer” to select the fastq, fastq.gz or txt files you want to upload. 
Note: uploads can be paused at any time and restarted again, as long as you do not refresh 
or navigate away from the page, or log out of the system from another page. 

6. Once your file(s) have been uploaded, from the upload tool, click on “Go to study 
description” and click on the “Sample template” tab. Select your sample template from 
the dropdown menu, then click “Process sample template”. If it is processed successfully 
and is EBI-compliant, a green message will appear; if processing is successful, but is not 
EBI-compliant, a yellow message will appear; if processing is unsuccessful, a red 
message describing the errors will appear. If the last two, fix the described issues, re-
upload your sample template file, and then re-attempt processing. 

7. You can download the processed sample template under the “Sample template” tab once 
it has been successfully processed. 
 

Linking raw data 

(Video: 01 Adding Raw Files.MOV) 

 

8. Under Data Type, click on ‘16S’ (or ‘ITS’, depending on your prep), and click on the 
PREP link that appears. Check your Prep information. In ‘Select type’, select FASTQ-
none. You will see your uploaded R1, R2, and I1 files. Drag and drop the files into the 
correct column designation—this is done correctly when all column backgrounds are 
green.  

9. To add the files, click “Add files”. This step will take ~30 minutes. 
10. If you have more than one prepping templates, repeat this for the rest of your prepping 

templates. Each prepping file will have their own subtab with a unique ID, i.e.) 16S (ID: 
###) or ITS (ID: ###) 
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11. Once you’ve successfully added your prepping template(s), you can download your 
prepping template, a summary of your prepping template, and a QIIME-compatible 
mapping file, which is a combination of your sample template and prepping template. 

 

Preprocessing and processing your raw data 

(Video: 02 Preprocessing.MOV and 03 Processing.MOV) 

 

12. Once you have linked your raw data and your prep template has been processed, you can 
then proceed to preprocessing your data for each preparation by going back to your ‘16S’ 
– PREP page under Data Types. Under file network, you should have a button named 
‘dflt_name-FASTQ’. Click on this button and click ‘Process’. Here, you will define the 
preprocessing steps. Click on the bubble ‘dflt_name-FASTQ’ and scroll down. Select 
‘Split libraries FASTQ’ for Choose command, dflt_name for input data, and the 
appropriate barcode for Choose parameter set. For the latter, if you have 16S 515F/806R 
Golay sequences, select the Golay 12bp, reverse complement mapping file barcodes 
option, with the following parameters: 

max_barcode_errors: 1.5 
sequence_max_n: 0 
max_bad_run_length: 3 
rev_comp: False 
phred_quality_threshold: 3 
rev_comp_barcode: False 
rev_comp_mapping_barcodes: True 
min_per_read_length_fraction: 0.75 
barcode_type: golay_12 

13. Click the Add command, then Run. 
14. Pre-processing may take a couple of hours to complete, and you may logout and do 

whatever in the meantime. The status is reported within your dflt_name – FASTQ file 
status page. Once completed, there’ll be a second button under Files network, called 
dflt_name – Demultiplexed. 

15. Click on the dflt_name – Demultiplexed button to see your preprocessed files. You will 
have 4 new files: 

*_seqs.fna: demultiplexed sequences in fasta format 

*_seqs.fastq: demultiplexed sequences in fastq format 

*_seqs.demux: demultiplexed sequences in an HDF5 format 

*_split_library_log: the classic QIIME split libraries log that summarizes the 
demultiplexing process 

16. If you are happy with the results, click on “Process” above your files to process your 
data. Under file network, click on the dflt_name – Demultiplexed button. Here, you will 
define the processing steps. Click on the bubble ‘dflt_name-Demultiplexed’ and scroll 
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down. Select ‘Pick closed-reference OTUs’ for Choose command, dflt_name for input 
data, and ‘default - serial’ or ‘default - parallel’ for Choose parameter set. Check the 
processing parameters that appears (reference 1 = Greengenes 13_8), then click Add 
Command, then Run. Processing will take around 24 hours or more (depends on how 
complex your data is), so you should let it run overnight. You do not need to be logged 
in. 

17. Once the processing is completed, a new button will be created under the Files network. 
You will have 3 new files: 

Biom – an OTU biom file of your data, in HD5 format (compatible with QIIME 
1.9.0 and later) 
Directory – (not sure what this is) 
Log – a log file that summarizes the clustering, OTU picking, and taxonomic 
assignment processes ran in QIIME 

18. If you have other prep templates, repeat steps 11-16 for each of them. 
19. Complete your microbiome analysis in your local QIIME with the biom OTU table(s) 

and QIIME mapping file(s) from step 9 
 

Analyzing your data with Qiita 

 

20. Once your sequences have completed processing, you can conduct preliminary 
microbiome analysis on Qiita. Go to Study > View Studies and select the study(ies) 
you’d like to add to the analysis. Click Add to Analysis next to each study. Once you’ve 
successfully selected your samples, the Selected link on the top right corner should be 
green. 

21. Click Analysis > Create from Selected samples. A list of your selected study will be 
visible. Here, you can remove samples and/or studies (samples list can be expanded by 
clicking Show/Hide Samples) you want to exclude from the analysis. Once you have your 
samples list, click Create Analysis. 

22. Specify your rarefaction depth (you can leave it blank for no rarefying), and select any/all 
of the analysis types. Click Start Processing. Some analyses may take a while, and you 
can navigate out of the page while it is processing. 

23.  All analyses are listed under Analysis > See Previous Analyses. 
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Protocol: Updated on 03/02/2015 by Lars Angenent 

Originally compiled by Elliot Friedman and edited by Catherine Spirito and Mytien 
Nguyen in the Angenent Lab at Cornell University 

Sequencing of Environmental Samples Using Illumina MiSeq: Preparation and Data 
Processing 

Materials: 
PowerSoil® DNA Isolation Kit 
515f Forward primer 
806r Barcoded reverse primer 
5PRIME HotMaster Mix 
Molecular grade H2O 
96 well PCR plates 
Mag-Bind PCR Cleanup Solution 
96 well Mag-Bind PCR Cleanup Plate 
70% molecular grade ethanol (from at least 200 proof (VWR #459844)– no methanol 
allowed) 
Magnetic separation stand 
Elution Buffer (Solution C6 from PowerSoil® DNA Isolation Kit) 
PicoGreen Reagent 
Tris EDTA solution 
Polypropylene reservoirs 
Various single- and multi-channel pipettes 
0.1-10 µL filter pipette tips 
200 µL filter pipette tips 
Eppendorf pipette tips 

 
Procedure: 

1. Extract genomic DNA from samples using the PowerSoil DNA Isolation Kit. 
Procedure: http://www.mobio.com/images/custom/file/protocol/12888.pdf 

2. Run duplicate 50 µL polymerase chain reactions (PCRs) for each sample by combining 
(for each reaction): 0.5 µL of 10 µM 515f forward primer, 0.5 µL of 10 µM 806r 
barcoded reverse primer, 20 µL of 5PRIME HotMaster Mix, 28 µL of molecular grade 
H2O, and 1 µL of DNA template (extraction product). The PCR sequence is titled 
16SEMP25 on the thermocycler. The thermocycler program is as follows: 

a. 94°C for 3 minutes 
b. 94°C for 45 seconds 
c. 50°C for 60 seconds 
d. 72°C for 90 seconds 
e. Repeat steps b-d 24 times (for a total of 25 PCR cycles) 
f. 72°C for 10 minutes 
g. 4°C hold 

Note: for low DNA samples, perform PCR with 30-35 cycles, but only go to 35 
cycles when you have no other choice. It is problematic and all blanks must be 
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negative. With 35 cycles it is likely that amplicons appear from just the 
polymerase or other chemicals and clean water. A constant check is needed. A 
different batch of enzymes can change the outcomes for the negative. 

Note: details on the forward primer and reverse barcoded primer sequences used 
can be found at http://www.earthmicrobiome.org/emp-standard-protocols/16s/ 

3. For each sample, combine the PCR product from duplicate reactions. 
4. Run gels to confirm PCR product. 
5. Purify PCR product with Mag-Bind PCR Cleanup Kit. 

a. Shake Mag-Bind Solution to resuspend any settled particles. Add 1.8X PCR 
product (1.8*80uL) of Mag-Bind to each well. [In DNA biosafety cabinet, rest 
of protocol outside hood in clean bench area] 

b. Transfer 80 uL of pooled PCR product to 96-well Mag-Bind PCR Cleanup Plate 
c. Mix each well by pipetting up and down 5-10 times (or vortexing for 30 

seconds), then incubate at room temperature for 1 minute. 
d. Place the plate onto a magnetic separation stand to magnetize the Mag-Bind 

particles. Solution will be clear when beads have completely migrated toward 
the magnets [at least 5 minutes]. Leave plate on stand. 

e. Remove and discard the clear supernatant (don't disturb magnetic beads, should 
remove ~200 uL). 

f. Add 200 uL of 70% ethanol (made with 200 proof ethanol) to each well and 
incubate at room temperature for 1 minute. 

g. Remove and discard the clear supernatant (don't disturb magnetic beads, 
remove ~200 uL). 

h. Repeat steps f and g. 
i. Allow the plate to dry on the magnetic for at least 10-15 minutes. Remove any 

liquid residue from the wells by pipetting [Make sure it is dry before 
proceeding; don't move plate at this step, the beads can be easily disturbed]. 

j. Remove from the separation stand (carefully!) and add 30-40 uL of Elution 
Buffer (10 mM Tris pH 8.5, TE Buffer, 0.1 mM EDTA, DI H2O, or Solution 
C6 from PowerSoil® DNA Isolation Kit) to each well to elute DNA from the 
magnetic particles. [Make sure the volume is above the magnetic beads]. 

k. Mix each well by pipetting up and down 20 times (or vortexing for 30 seconds), 
then incubate at room temperature for 2-3 minutes. 

l. Place the plate onto the magnetic seperation stand to magnetize the Mag-Bind 
particles. Wait at least 5 minutes. 

m. Transfer the cleared supernatant containing purified DNA to a new 96-well 
PCR plate. [Use 10 uL pipette, if you draw beads, put solution back and let 
settle, then retry; you should get ~30-35 uL out] 

n. Seal the PCR plate with aluminum foil and store at -20oC. 
6. Run gels to confirm bands are expected size. 
7. Quantify DNA using PicoGreen. 

a. Take out PicoGreen to thaw. 
b. Make linear DNA standards from lamda-DNA stock. 
c. You will need 99 uL of TE and 100 uL green mix per sample. To calculate the 

amount of green mix you need (# of samples +1) x 100 = volume (uL) of green 
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mix. To make green mix, make a 1:200 dilution of PicoGreen in TE. (For 
example, to make 1mL of green mix you would dilute 5uL PicoGreen in 995 
uL sterile TE). Mix, and keep in the dark until ready to use. 

d. Using a black 96-well plate, first add 99uL of TE to each well that a sample or 
standard will go in. 

e. Add 1uL of sample or standard per well. Remember to have one 'blank' 
containing only TE and green mixture (no DNA). 

f. Add 100uL of green mixture to each well. Pipette up and down to mix well. 
g. Read fluorescence at Excitation 485/20; Emission 528/20; Sensitivity 50. 
h. Calculate DNA concentrations in samples using standard curve. 

8. Pool 100 ng DNA from each sample into a single tube. Aliquot the pooled samples into 
50 μL volumes (only one 50 μL volume needs to be brought to the sequencing center, 
you can store the rest as backup) 

Notes (check with your own sequencing center): 
• The minimum volume accepted by the sequencing center is 15 μL  
• For low DNA concentrations, pool 20 ng DNA from each sample 
• Run gel on pooled sample to ensure correct size – if not, perform another 

round of PCR-cleanup 
9. Sequence at the Cornell University Biotechnology Resource Center using the Illumina 

MiSeq (2x250bp; paired end). Specifically for Cornell: 
a. Create your own account on the BRC website by going to 

http://www.biotech.cornell.edu/brc/genomics-facility >> Sample Submission.  
b. To complete an order, first create a new project and experiment, then click Place 

Order.  
i. After you input your account details, you’ll be asked about your order 

information. Select the following: Illumina MiSeq, 2x250bp paired-end, 
custom library submission, barcode primer length = 12 

ii. On the next page, note that the sample is a 16S rRNA (Rob Knight) 
primer amplicon in the comments box, then enter your sample name, 
pool = blank, Number of lanes = 1, volume of submission, and 
concentration of DNA. 

c. Drop sample off at the BRC Genomics Diversity Facility (140 Biotech Bldg 
(NOT 147 Biotech) 

10. A couple of days after, you’ll receive a Fragment Analyzer QC data of your sample. 
Your target DNA should be around 380’s bp. The main peaks to check for are 
significant DNA fragments between 130bp – 500bp that’s not your target DNA. If there 
is, talk to a lab technician from the center (any technician listed under Genomics 
Diversity Facility in the BRC staff directory). You may need to repeat a PCR cleanup. 

11. You will receive three files from the sequencing center: forward reads, reverse reads, 
and the 12 base barcode read. Join the forward and reverse reads, demultiplex and 
quality filter the sequences by: 

a. Use fastqjoin to join the forward and reverse reads. 
i. Sample syntax: 

fastq-join Read1.fastq Read2.fastq -o fastq 
ii. Note: info on the fastq-join program used can be found here: 

https://code.google.com/p/ea-utils/ 
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b. Filter joined sequences (fastqjoin file output in step a) to remove sequences 
longer than 275 bp (note: the sequences should be 253 bp and longer sequences 
can interfere with later processing in Qiime) 

i. Sample syntax: 
python filter_seqs_by_size.py fastqjoin 275 fastqjoin_filter_len_275 

ii. Note: see provided script below (in section 11) 
c. Modify barcode file to allow Qiime split library step to perform properly 

i. Sample syntax: 
python match_barcode.py fastqjoin_filter_len_275 barcodes.fastq 
fastqjoin_filter_len_275 

ii. Note: see provided script below (in section 11) 
d. Run split library step on filtered joined reads and modified barcode file 

i. Sample syntax: 
split_libraries_fastq.py -i fastqjoin_filter_len_275 -o split_lib_files/ -b 
fastqjoin_filter_len_275_barcode.fastq --
rev_comp_mapping_barcodes -m mapping_file.txt -q25 

e. Pick OTUs and continue downstream data analysis as you would normally in 
QIIME (http://www.qiime.org). 

12. Alternatively, you can combine steps 11a and 11c, with join_paired_ends.py in QIIME, 
inputting both and reverse and forward reads, as well as the barcodes.  

a. Sample syntax: 
join_paired_ends.py -f Read1.fastq -r Read2.fastq –b barcodes.fastq -o fastq-
join 

b. Then run 11b and 11d as above, using the outputs from join_paired_ends.py. 
13. Scripts1 not available in QIIME: 

a. filter_seqs_by_size.py: 

from sys import argv 
 
mergedreads = argv[1] 
size = argv[2] 
out_name = argv[3] 
 
outmergesl=open(out_name,"w") 
outmergesl.close() 
outmergesl=open(out_name,"a") 
 
 
 
for i,l in enumerate(open(mergedreads,"U")): 
        if i%4 == 0: 
                header = l 
                write = False 

                                                
 
1 Scripts by Julia Goodrich from the Ley Lab at Cornell University. 
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        elif i%4 == 1 and len(l.strip()) <= int(size): 
                outmergesl.write(header) 
                outmergesl.write(l) 
                write = True 
        elif write: 
                outmergesl.write(l) 
 
 
outmergesl.close() 

 
b. match_barcode.py: 

#!/usr/bin/python 
from sys import argv 
 
"""usage: python match_barcode.py merged_seqs_fastqjoin barcodes.fastq output_prefix""" 
 
merged_seqs=argv[1] 
 
barcode=argv[2] 
prefix=argv[3] 
 
outmergesl=open(prefix+"_barcode.fastq","w") 
outmergesl.close() 
 
outmergesl=open(prefix+"_barcode.fastq","a") 
 
barcode_file = open(barcode,"U") 
seqline=False 
 
for i,l in enumerate(open(merged_seqs,"U")): 
    if l.startswith("@M"): 
        seqname_old=l.strip("@").split()[0] 
        found_in_splitlib = False 
        while not found_in_splitlib: 
            line = barcode_file.readline() 
            line2 = barcode_file.readline() 
            line3 = barcode_file.readline() 
            line4 = barcode_file.readline() 
            #print line 
            s = line.strip("@").split()[0] 
            if s == seqname_old: 
                found_in_splitlib = True 
                outmergesl.write(line) 
                outmergesl.write(line2) 
                outmergesl.write(line3) 
                outmergesl.write(line4) 
 
outmergesl.close() 
barcode_file.close() 
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June 2nd, 2014 

Standard Operation Procedure 

 

Mag-Bind PCR Clean-Up 

Mytien Nguyen 

 

Materials 

96-wells microplate (Omega – 500ul) (drawer #49 in B45) 

Magnetic separation stand (borrow from Ley Lab) 

Mag-Bind E-Z Pure kit 

 

Method 

1. Shake Mag-Bind solution to re-suspend. Calculate amount of solution needed for each 
sample (1.8ul of Mag-Bind solution per microliter of PCR DNA). 

2. Pipette Mag-Bind solution into microplate wells. 
3. Pipette PCR samples into microplate wells. Mix well by pipetting up and down 10X. 

Incubate at room temperature for at least 2 minutes. 
4. Place plate onto magnetic separation stand for 5 minutes, until beads have visibly 

migrated to the periphery (solution should be clear). Remove and discard the clear 
solution. 

5. Add 200ul of 70% ethanol to each well (to wash) and incubate at room temperature for 1 
minute. Remove and discard supernatant. 

6. Repeat step 5 for a second wash. 
7. After the second ethanol wash, allow plate to dry on magnetic separation stand for 20-30 

minutes. It may be necessary to remove excess ethanol with small pipette tips to speed up 
the drying process. Samples could also be incubated at 37C to speed up evaporation 
process. 

8. After the plate has dried completely, remove from magnetic separation stand and add 30-
40ul of elution buffer (i.e. C6) to each well. Mix well by pitpeeting up and down 20X. 
Incubate at room temperature for 2-3 minutes. 

9. Place plate on magnetic separation stand and allow beads to separate. 
10. With plate still on magnetic separation stand, transfer cleared supernatant containing the 

purified PCR DNA to 96-wells collection plate by pipetting 10ul at a time. Make sure not 
to pipette any beads with PCR DNA. 

11. Allow plate to settle for 2 minutes to check for remnant beads. If there are still beads 
present, place plate back on separator and repeat removal. 

12.  Seal plate with aluminum cover and store in -20C freezer. 
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June 2nd, 2014 

Standard Operating Procedure 

 

Weatherization Sample Processing: Wipers, Swabs, Dust, and Soil 

Mytien Nguyen 

 

Materials 

PBS-Tween (autoclaved): ~900ul H2O + 100ul 10X PBS + 1ml Tween 

200ul sterile cell culture flask 

100ul microfunnel with 0.2um Supor membrane (Pall Co.) 

Syringe (sterile) 

Syringe filter (sterile) 

Tweezer (sterile) 

 

Wipers 

1. Remove wiper samples from freezer and allow to thaw for at least 10 minutes 
2. Filter sterilize 80-100ul of PBS-Tween into 200ul sterile cell culture flasks. 
3. Unfold wipers and place in labeled flask. Shake flask vigorously for a few seconds. 
4. Allow flasks to shake in shaker (Soil & Water lab in RRB basement) at setting 4-6 for 4 

hours or more. Stabilize flasks to shaker with tape. 
5. Set up vacuum filtration apparatus. 
6. Pour flask liquid contents into 0.2um pore microfunnel filter and wait until sample is 

fully filtered through. Some samples will filter through quickly and others may take 30 
minutes to an hour. Once filtered, allow to run for an additional minute to allow residues 
to dry. 

7. Use sterile tweezers to remove membrane. Place membrane in 50mL sterile tubes, and 
label. Store sample membranes in -20C freezer. 

DNA extraction prep: using sterile scissors (UV’ed or flamed with EtOH), cut ¼ of 
membrane into slices into extraction tubes. 

 

Swabs 

1. No processing required. 
DNA extraction prep: using sterile scissors, cut swab tips into extraction tubes. 

 



 
 

 84 

Dust 

1. Flip socks inside out and empty content into a weighing plate. Remove larger particles, 
leaving dust particles. Weigh dust particles and record weigh measurements. 

DNA extraction prep: Empty all dust particles into extraction tubes. 

 

Soil 

1. Weigh a small scoop of soil sample (with sterile spatula). Record weight. 
DNA extraction prep: Empty soil sample into extraction tubes. 

 

 


