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Abstract 

 

Characterization of the Microbial Community Aerosolized in 

Residential Showers 

 

Alexandra Caya, M.S.E. 

The University of Texas at Austin, 2014 

 

Supervisor:  Kerry Kinney 

 

A wide range of microorganisms are present in the tap water that reaches residential 

homes, including potential pathogens. Additionally, biofilms that contain potential 

pathogens grow in residential premise plumbing, in showerheads, and on shower-

associated surfaces. Showers produce respirable droplets, and thus may aerosolize 

microbes from the water or from shower-associated biofilms. Inhalation of bioaerosols 

containing potential pathogens is an important human infection route, and previous studies 

have implicated showers as a source of airborne microbial infections. However, no 

previous studies have fully characterized the transient changes in the airborne microbial 

community resulting from residential shower operation. 

This study is the first to characterize the short-term changes in the airborne bacterial 

community resulting from shower operation using molecular methods. Shower aerosol 

samples were collected with a high-throughput bioaerosol sampler, which allowed the 

collection of short-duration samples to provide a time-series picture of the transient 

changes in the airborne microbial community during shower operation. Culture-
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independent molecular methods were used to quantify the microbial aerosol loads during 

shower operation, and to identify the genus-level diversity and relative abundances of 

bacteria present in shower bioaerosols.  

The results of this research show that residential shower operation does result in an 

increase in airborne bacterial loads, and impacts the airborne bacterial community 

diversity. The relative abundances of many specific bacterial genera, some of which 

contain pathogenic species, were increased during shower operation. Overall, the airborne 

bacterial community during shower operation is different than the ambient, background 

airborne community. 

This research additionally compared different methods to extract DNA from short-

duration, environmental bioaerosol samples. The results indicate that different extraction 

methods can significantly impact resultant microbial quantity and diversity estimates. An 

extraction method for bioaerosol samples should be chosen carefully based on the specific 

goals of each research project. 
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Chapter 1: Introduction 

Although microbial disinfection is an important goal of municipal water treatment, 

studies have shown that bacteria, including potential pathogens, are present in the 

municipal drinking water that reaches end users (Falkinham, 2011; Holinger et al., 2013; 

Vaerewijck, Huys, Palomino, Swings, & Portaels, 2005; Wang, Edwards, Falkinham, & 

Pruden, 2012). Additionally, potentially pathogenic bacteria have been detected in biofilms 

growing in residential premise plumbing, in showerheads, and on shower-related surfaces 

(Feazel et al., 2009; Kelley et al., 2004; Wang, Edwards, Falkinham, & Pruden, 2013). For 

some of these bacterial pathogens, such as Mycobacterium, Pseudomonas, and Legionella, 

inhalation of microbes originating from water sources is an important potential infection 

route (Delogu, Sali, & Fadda, 2013; Fields, Benson, & Besser, 2002; Gellatly & Hancock, 

2013; Johnson & Odell, 2014). Showers are known to produce respirable droplets and, 

additionally, some pathogens may preferentially partition from water to air (Falkinham, 

1996; Y. Zhou, Benson, Irvin, Irshad, & Cheng, 2007). Thus, it is possible that showering 

may be a source of respiratory exposure to the bacteria present in shower biofilms and 

water.  

Several studies have suggested showers as a source of airborne bacterial pathogen 

exposure or have directly detected bacterial pathogens in aerosols generated from showers 

(Bauer et al., 2008; Bollin, Plouffe, Para, & Hackman, 1985; Dennis, Wright, Rutter, 

Death, & Jones, 1984; Feazel et al., 2009; Perkins, Mayfield, Fraser, & Angenent, 2009; 

Thomson et al., 2013). However, most of these studies have focused on isolating or 

identifying a specific bacterial pathogen using culture-based methods (Bollin et al., 1985; 

Dennis et al., 1984; Thomson et al., 2013). Studies that rely on molecular methods often 

target a specific pathogen as well, either through fluorescent in situ hybridization or by 
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using species-specific primers for quantitative polymerase chain reaction (qPCR) or via 

DNA sequencing (Bauer et al., 2008; Feazel et al., 2009). Given the broad diversity and 

ubiquity of potential bacterial pathogens, a more thorough study of the entire bacterial 

community present in shower aerosols is warranted. Additionally, previous molecular-

based studies that directly examined shower aerosols have relied on relatively long time-

averaged “before” and “after” shower bioaerosol samples (Perkins et al., 2009). No 

previous studies have captured the transient changes in the total aerosolized bacterial 

community resulting from a single, short-duration showering event.  

The primary goal of this study is thus to use molecular methods to characterize the 

transient changes in the bacterial communities aerosolized during residential shower 

operation. It is expected that shower operation will result in an increase in the quantity of 

airborne bacteria and will change the airborne bacterial community composition. 

Additionally, this study attempts to track the origin of the aerosolized microbial 

communities in residential showers by comparing the airborne bacterial community to that 

recovered from the shower water, showerhead and plumbing biofilms, as well as from the 

surface biofilms present in the shower area.  

Concentrations of microbes in air are relatively low (Hammes et al., 2008; Perkins 

et al., 2009). Consequently, previous shower bioaerosol studies have relied either on 

culture-based methods or on the collection of long-term samples in order to obtain 

sufficient biomass for downstream analysis (Bauer et al., 2008; Bollin et al., 1985; Dennis 

et al., 1984; Perkins et al., 2009; Thomson et al., 2013). In this study, a high-throughput 

(100 L/min) wetted wall cyclone (WWC) was utilized to collect bioaerosol samples during 

short-term, 15-minute shower events. Despite the fact that a high-throughput sampler was 

utilized, the bioaerosol samples collected typically contained low levels of biomass. Thus, 

a secondary objective arose to determine an efficient DNA extraction method for short-
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duration, environmental bioaerosol samples. The goal is to determine which DNA 

extraction method is the most efficient and yields high-quality DNA from dilute bioaerosol 

samples. 

OBJECTIVES 

This overall goal of this research was to use molecular methods to characterize the 

bacterial communities aerosolized during shower operation. There were two specific 

objectives for this study: 

1. Characterize the transient changes in bacterial bioaerosol composition 

corresponding to shower operation in residential homes and attempt to 

identify potential sources of the aerosolized microbes, 

2. Identify an efficient DNA extraction method for short-duration, 

environmental bioaerosol samples. 

SCOPE 

This study falls within a larger research project that aims, in addition to the 

objectives outlined above, to characterize the fungal communities aerosolized in showers, 

to examine the development of shower-associated microbial communities over time in a 

controlled setting, and to determine how cleaning showers affects the aerosolized microbial 

community. The scope of this thesis is limited to (1) the discussion of the bacterial 

communities sampled from showers at occupied residences; and (2) a comparison of 

extraction methods for isolating DNA from dilute environmental samples collected during 

short-duration WWC operation. A literature review and justification for this research is 

provided in Chapter 2. The investigation of bacterial bioaerosols generated in residential 

showers is presented in Chapter 3, and the study on efficient DNA extraction methods for 

dilute bioaerosol samples is presented in Chapter 4.  
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Chapter 2: Background and Literature Review 

PATHOGENIC MICROBES IN SHOWERS 

The provision of clean tap water is critical to protecting public health, and we rely 

on the tap water delivered to our homes for drinking water, household cleaning, and 

personal hygiene. Although the major objective of drinking water treatment is microbial 

disinfection, studies have shown that bacteria are present in the water that reaches end users 

(Falkinham, 2011; Holinger et al., 2013; Wang et al., 2012). Of particular health concern 

are the potential human pathogens Mycobacterium spp., Pseudomonas aeruginosa, and 

Legionella spp. that have at been identified in tap water (Bauer et al., 2008; Falkinham, 

2011; Holinger et al., 2013; Wang et al., 2012).  

In addition to being found in the water itself, potentially-pathogenic microbes have 

also been identified in biofilms growing on water-related surfaces. The potential pathogens 

Mycobacterium spp., Legionella spp., Pseudomonas spp., Streptococcus spp., 

Staphylococcus spp., Sphingomonas spp., and Methylobacterium spp. have been identified 

in samples collected from shower curtains, shower heads, and shower plumbing (Cordes et 

al., 1981; Falkinham, Iseman, de Haas, & van Soolingen, 2008; Feazel et al., 2009; Kelley 

et al., 2004; Wang, Masters, Edwards, Falkinham, & Pruden, 2014).  

Water supplies have been clearly indicated as a reservoir for infectious bacteria and 

fungi, especially in hospital settings; and contaminated water supplies may lead to a 

significant number of infection-related deaths per year (Anaissie, Penzak, & Dignani, 

2002). The risk of infection is especially problematic for immunocompromised people. 

People may be exposed to pathogens in contaminated water via contact, ingestion, or 

inhalation or aspiration of aerosols. For some pathogenic bacteria, especially Legionella 

spp., Mycobacterium spp., and Pseudomonas spp., inhalation of aerosolized bacterial cells 
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is the major exposure route for infection (Delogu et al., 2013; Fields et al., 2002; Gellatly 

& Hancock, 2013; Johnson & Odell, 2014).  

Showers generate aerosolized droplets of breathable size, and thus shower water 

contaminants in general present a potential respiratory exposure risk (Y. Zhou et al., 2007). 

It is possible, then, that bacteria present in shower water or dislodged from shower-

associated biofilms may become aerosolized due to the physical spray action of the shower. 

Bacterial aerosolization could be further exacerbated by the hydrophobic interactions that 

lead some pathogens to preferentially partition from water to air (Angenent, Kelley, St 

Amand, Pace, & Hernandez, 2005; Falkinham, 2003). Thus, water and biofilm bacteria 

may become respirable during shower operation and present a possible infection risk. The 

Centers for Disease Control (CDC) acknowledges the importance of showers as a pathogen 

exposure route, recommending that immunosuppressed patients avoid showering in water 

potentially contaminated with Legionella (CDC, Infectious Disease Society of America, & 

American Society of Blood and Marrow Transplantation, 2000). 

The research on bacterial aerosolization from showers is limited. A couple of 

studies have attempted to correlate showers with increased pathogen infection rates. One 

study found that the Mycobacterium strain responsible for a patient’s lung infection 

matched strains found in the water and showerhead, and inferred that the Mycobacterium 

must have been aerosolized by the shower and inhaled (Falkinham et al., 2008). This 

research did not, however, attempt to directly detect Mycobacterium in shower aerosols. 

Another study associated an increased incidence of Legionella infection with showering in 

water that contains Legionella (Bauer et al., 2008). In this study, the Legionella infection 

risk was statistically correlated to the bacterial concentrations measured directly in the 

water and the shower aerosols. A few additional studies have also directly measured the 

presence of pathogens in shower aerosols during shower operation. Legionella has been 
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recovered directly from the aerosols generated during short term showering events in 

hospital or occupational settings (Bollin et al., 1985; Dennis et al., 1984). Aerosolized 

Legionella was present only immediately adjacent to the shower during shower operation 

(Bollin et al., 1985). Similarly, Mycobacterium has been isolated from residential shower 

aerosols (Thomson et al., 2013). All of these previous aerosol studies were able to culture 

the pathogens sampled, and thus the implication is that viable cells are present in shower 

aerosols and might theoretically be able to colonize the lungs. Other bacterial pathogens, 

Pseudomonas aeruginosa and Bosea thiooxidans, have also been detected using culture-

independent methods in shower aerosols during a showering event (Perkins et al., 2009). 

Finally, one study detected bacteria in residential shower aerosols and suggested that the 

aerosolized bacterial community was more closely related to water samples than 

showerhead biofilms, but did not provide information on the specific microbes detected 

(Feazel et al., 2009). 

While an association has been made between showering and the aerosolization of 

potential bacterial pathogens, previous studies are limited in their scope and applicability. 

Most studies have relied on culture-based methods to confirm the presence of only one or 

two specific, pre-selected pathogens. Culturing inherently limits the results to only a small 

subset of the microbes that may be present (Pace, 1997; Rappé & Giovannoni, 2003). While 

culture-based methods can be useful for identifying specific, anticipated microbes, they do 

not allow the detection of the complete microbial community that is actually present in a 

sample. Given the vast diversity and ubiquity of potentially pathogenic bacteria, a more 

complete characterization of the bacterial community aerosolized during shower operation 

is warranted. 
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BIOAEROSOL SAMPLING 

Only one study has attempted to thoroughly characterize shower-generated 

bacterial aerosols using culture-independent gene sequencing (Perkins et al., 2009). In this 

study, three separate aerosol samples were collected each at ~4 L/min for 90 minutes while 

the shower was running, and then pooled. The practical reasoning behind collecting long-

duration samples and pooling them is that aerosol samples are relatively dilute (Hammes 

et al., 2008; Perkins et al., 2009). In order to capture sufficient biomass for downstream 

analysis using a low flow rate sampler, samples must be collected for a relatively long time. 

However, most typical showering events are much shorter than 90 minutes, and extended 

sampling may thus overestimate real-life exposure during a shower. Additionally, this type 

of bulk, time-averaged sampling obscures any transient changes in the airborne bacterial 

community that may occur over short periods of time. The extrapolation of these results to 

real-life exposure is further hindered by the fact that the study was conducted in a hospital. 

The hospital utilized high efficiency particulate air (HEPA) filters and the shower was 

cleaned daily, and thus the environment was likely more sterile than a typical residential 

shower. This could lead to a potential underestimation of the numbers and types of 

microbes that most people would be exposed to during a typical showering event. The 

previous research does not provide an accurate picture of the transient changes to the 

aerosolized bacterial community occurring during residential shower operation, and thus 

does not provide the data needed to assess typical residential exposures. 

One way to collect short-duration samples that will capture the transient changes in 

the aerosolized microbial community during showering is to utilize a high-throughput 

sampling device, such as the Wetted Wall Cyclone (WWC) bioaerosol sampler, which 

collects bioaerosol samples at 100 L/min with a concentration factor of >106 (McFarland 

et al., 2010). Another advantage of the WWC sampler is that it maintains cell viability and 
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DNA integrity in bioaerosol samples during collection (King & McFarland, 2012). As a 

result, the WWC allows for the collection of relatively concentrated biomass samples over 

a short sampling period, and preserves the DNA for downstream molecular analysis. 

MOLECULAR METHODS FOR MICROBIAL COMMUNITY CHARACTERIZATION 

Once bioaerosol samples have been collected, characterization of the sampled 

microbial communities is based entirely on culture-independent methods that provide a 

more complete picture of the total bacterial community aerosolized during shower 

operation. For culture-independent community characterization, total genomic DNA is 

extracted from a sample and is used to characterize which microbes are present and in what 

quantities they are present. The use of molecular methods strongly reduces the biases 

toward specific microbes that are introduced when using culture-based methods. The 

molecular techniques used in this study include quantitative polymerase chain reaction 

(qPCR) and bacterial 16S rRNA gene sequencing.  

Quantification of the total numbers of bacteria present in a sample is accomplished 

using qPCR. In total bacterial qPCR, universal bacterial primers are used to amplify the 

16S ribosomal DNA (rDNA) sequences found in a sample. All bacteria contain 16S rDNA, 

and so all bacteria that contributed DNA to a sample should also contribute to the 

quantification. qPCR is based on the same principles as a regular PCR reaction, in which a 

target region of DNA is amplified exponentially over a series of reaction cycles. The main 

difference is that qPCR reactions contain a fluorescent dye that binds to double-stranded 

DNA and thus corresponds directly to amplicon concentration. As the target gene amplicon 

increases over the reaction cycles, the fluorescent signal increases accordingly. The qPCR 

machine reads the fluorescent signal and uses it to determine the amount of target DNA 

that was originally present in the sample. The amount of target DNA directly corresponds 
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to the number of bacteria present in the sample, and thus qPCR provides a quantitative 

measure of the numbers of bacteria sampled. 

Previous research has shown that qPCR can detect very low levels of bacterial and 

fungal spores in ambient indoor air (Hospodsky, Yamamoto, & Peccia, 2010). Because of 

its low detection limit, qPCR has the potential to more accurately determine microbial 

quantity than culture-based methods. In previous bioaerosol studies, pathogens have been 

detected in larger quantities using molecular methods compared to culture-based methods 

(Angenent et al., 2005; Zeng, Westermark, Rasmuson-Lestander, & Wang, 2004). 

Additionally, qPCR can be used to detect total bacterial or fungal counts, whereas culture-

based methods can only reliably detect specific or pre-selected microbes (Pace, 1997). 

Because of its low detection limit and the potential to quantify either specific species or 

total microbial communities, qPCR quantification has been utilized successfully in 

previous bioaerosol studies involving both fungi and bacteria (Adams, Miletto, Taylor, & 

Bruns, 2013; Chang & Chou, 2011; Chen & Li, 2005; Dungan & Leytem, 2009; Peccia & 

Hernandez, 2006; Schweigkofler, Donnell, & Garbelotto, 2004).  

One issue with qPCR is that potential quantification errors may be introduced in if 

the standard curve to which samples are compared is handled differently than the samples 

themselves; i.e. if genomic DNA extracted from a pure culture is compared to air sampled 

bacteria (An, Mainelis, & White, 2006). Using a standard curve generated from a pure 

culture can lead to underestimates in bioaerosol sample quantification, which can be a 

significant problem for studies attempting to determine absolute quantities of aerosolized 

microbes. However, for comparative studies an underestimation of the absolute microbial 



 10 

quantities will not impact the relative differences between samples, granted that samples 

are all handled identically and are compared to the same standard curve. 

DNA sequencing enables characterization of the diversity of microbes present in a 

sample and their relative abundance. This study relies on bacterial 16S rDNA sequencing. 

The 16S rRNA gene is conserved, meaning that all bacteria have it. However, the gene is 

also variable, so differences in the sequence of nucleotide base pairs can be used to 

distinguish between different types of bacteria. The DNA sequences obtained from a 

sample are clustered by similarity and compared to a phylogenetic database of known 

microorganisms. The result is a description of which specific bacteria are present, and in 

what proportions they are present within a given sample. 

Illumina next generation sequencing is the most recent development in DNA 

sequencing technology and is the successor to pyrosequencing. While Illumina is based on 

a different technology than pyrosequencing, the results obtained from the two methods 

have been shown to be consistent (Caporaso et al., 2012). The biggest drawback of Illumina 

sequencing is the lack of published research that has relied on this technology, especially 

for environmental samples such as bioaerosols. This is likely a result of Illumina’s novelty 

and the continued availability and familiarity with pyrosequencing. Additionally, there is 

some question about the applicability of Illumina to fungal sequencing due to its short read-

lengths. However, Illumina has been successfully used in studies to delineate the 

composition of bacterial communities present in environmental (non-aerosol) samples 

(Loudon et al., 2014; Staley et al., 2013).  

In addition to assessing the diversity, abundance, and quantity of bacteria found in 

shower-generated aerosols, this study also seeks to compare the aerosolized communities 

with other shower-associated communities for potential source-tracking purposes. 

Bacterial communities recovered from the shower water, and biofilm communities 
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recovered from shower pipes, the showerhead, and shower-related surfaces are also 

sequenced. Then, the potential source communities are compared to aerosolized 

communities in order to identify the similarities. If microbes from a shower-associated 

biofilm or from water contribute to the aerosolized community during shower operation, 

then we would expect the two communities to be similar in terms of diversity.  

Overall, this study seeks to provide a more complete picture of the bacterial 

community aerosolized during residential shower operation by directly examining shower-

generated aerosols using molecular methods. Additionally, this study attempts to associate 

the aerosolized bacterial community with other shower-associated communities to 

determine a potential source for the aerosolized bacteria. The goal is a more accurate and 

complete understanding of potential microbial exposure during showering events. The 

methods, results, and conclusions pertaining to the characterization of the bacterial aerosols 

generated in residential showers are presented in Chapter 3. Ultimately, this information 

may be used to identify additional pathogens to which we are exposed during showering, 

and to recommend methods to eliminate the source communities to reduce further 

exposure.  

DNA EXTRACTION 

DNA extraction is the first step, after sample collection, in molecular microbial 

community analysis. Any biases that result from DNA extraction have the potential to 

propagate to the final results. DNA extraction consists of two major steps: (1) lysing the 

cell walls, and (2) purifying the DNA from cell debris, inhibitors, and other contaminants. 

There are a variety of available DNA extraction methods, and for studies reliant on PCR-

based methods such as qPCR and sequencing, it is important to choose an extraction that 

captures DNA from a diversity of cell types without over-fragmenting the DNA (Peccia & 
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Hernandez, 2006; von Wintzingerode, Göbel, & Stackebrandt, 1997). On the other hand, 

dilute and diverse environmental bioaerosol samples require a rigorous method that will 

capture as much DNA as possible from the largest variety of cell types. 

While conducting research on the bacterial communities aerosolized in residential 

showers, difficulties were encountered in sample processing that led to a secondary 

research objective: to determine the most efficient DNA extraction method for short-term, 

environmental WWC samples. In spite of the WWC sampler’s high flow rate and ability 

to concentrate large-volume samples, many of the bioaerosol samples collected in the main 

study yielded low concentrations of DNA after DNA extraction. This is problematic 

because the molecular analysis portion of this study necessitates that enough DNA is 

obtained from each sample to be sequenced and to be quantified using qPCR. Although 

there are several studies aiming at the optimization of bacterial DNA extraction methods 

for PCR applications, there is no previously published research on the most efficient 

method of DNA extraction from short-duration, environmental bioaerosol samples 

(Rantakokko-Jalava & Jalava, 2002; van Tongeren, Degener, & Harmsen, 2011). Although 

successful results were ultimately obtained for the shower bioaerosol study, it would 

benefit future researchers to have a description of the most efficient method for recovering 

DNA from dilute bioaerosol samples in order to avoid sample losses.  

Several previous studies have compared different methods of extracting DNA from 

environmental samples such as soil and water (Carrigg, Rice, Kavanagh, Collins, & 

O’Flaherty, 2007; Inceoglu, Hoogwout, Hill, & van Elsas, 2010; Miller, Bryant, Madsen, 

& Ghiorse, 1999; Salonen et al., 2010; Yeates, Gillings, Davison, Altavilla, & Veal, 1998; 

Yuan, Cohen, Ravel, Abdo, & Forney, 2012). While only some of the studies have 

compared the diversity estimates obtained from different extraction methods, it is apparent 

that the extraction method can significantly bias the resultant microbial diversity as 
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determined via gene sequencing (Inceoglu et al., 2010; Yuan et al., 2012). Previous 

comparative studies have typically found that extraction methods incorporating bead-

beating cell lysis are the most efficient in terms of mass yield and DNA quality for 

downstream molecular analysis (Carrigg et al., 2007; Haugland, Brinkman, & Vesper, 

2002; Miller et al., 1999; Salonen et al., 2010; Yeates et al., 1998; Yuan et al., 2012). Many 

recent environmental bacterial community studies, including bioaerosol studies, have 

utilized a commercial bead beating kit for DNA extraction (Adams et al., 2013; Hospodsky 

et al., 2012; Noris, 2010). 

This study compares 12 different DNA extraction methods commonly used in 

bioaerosol studies in order to determine which method most efficiently captures the total 

DNA from a WWC sample. Because different DNA extraction methods rely on a variety 

of cell lysis techniques, and cell wall structures and chemistries can vary for different 

microbes, it is possible for different DNA extraction techniques to favor certain microbes 

over others. In order to assess the overall diversity captured by the different DNA 

extraction methods, total bacterial 16S rDNA sequencing was performed on the DNA 

extracts. Additionally, because intact 16S rDNA is required for sequencing and qPCR, it 

is important that an extraction method is not so rigorous so as to fragment the extracted 

DNA. This study characterizes the quality of DNA obtained using qPCR and conventional 

PCR to confirm that the DNA recovered is amplifiable. The goal is to identify a method 

that yields sufficient amounts of high-quality DNA and which captures broad microbial 

diversity, thus enabling the characterization of the total bacterial community present in 

unknown, environmental bioaerosol samples. The methodology, results, and analysis of 

the DNA extraction methods included in this study are presented in Chapter 4. 
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Chapter 3: Characterizing the Bacterial Communities in Residential 

Shower Aerosols 

Although showers have been implicated as potential sources of airborne microbial 

exposure, previous research has not characterized the transient changes in the bacterial 

community aerosolized during residential shower operation (Chapter 2). This research 

seeks to capture transient changes in the aerosolized bacterial community by using a high 

throughput bioaerosol sampler for short-duration sampling. Additionally, rather than 

isolating specific pathogens, this research attempts to more fully characterize the bacterial 

assemblage found in shower aerosols using culture-independent, molecular methods. The 

expected result is a more complete description of the bacteria found in the air during shower 

operation and how that community changes over short periods of time. Additionally, 

airborne bacterial assemblages are compared to those found in biofilms and shower water 

in order to determine potential sources of the aerosolized bacteria. This research will allow 

for the identification of a broader range of potential pathogens that may be present in 

shower aerosols, and it will potentially identify target areas for disinfection to reduce the 

sources contributing to airborne bacterial exposure. 

3.1 MATERIALS AND METHODS 

3.1.1 Residential Shower Sampling Campaign 

Three residential showers in Central Texas were selected for sampling, each 

receiving municipal drinking waters from different hydrologic sources as summarized in 

Table 1. At each site, six air samples, one water sample, and five swab samples were 

collected. Additionally, at Site 1 only, the showerhead was sonicated in order to remove a 

sample of the internal biofilm. A summary of the samples collected at each site is provided 

in Table 2, and a schematic of sample collection sites is provided in Figure 1. Throughout 
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sampling, all researchers wore clean full-body suits (Magid, Chicago, IL) to minimize 

contamination.  

 

All air samples were collected with a 100 L/min wetted wall cyclone (WWC), 

described below, using PBST (0.01% Tween 20) as the collection fluid (McFarland et al., 

2010). Each individual air sample was collected for a period of 15 minutes. There were 

two general groups of air samples collected at each site: shower samples, which were 

collected near the human breathing zone in the shower; and background, ambient air 

samples, which were collected from the hallway or room adjacent to the bathroom. Before 

each set of bioaerosol samples were collected (shower and ambient), the WWC was 

“flushed” by running, consecutively, 0.5 mL each of 5% bleach, 100% isopropanol, and 

Site
Drinking Water Source 

Type

1 surface water

2 groundwater

3
mixed surface and 

groundwater

Table 1: Drinking water source types for 

each residential site sampled. 

Surface 

Biofilm

Plumbing 

Biofilm
Water

Shower 

Aerosol

Ambient 

Aerosol
Total

1 4 2 1 3 3 13

2 4 1 1 3 3 12

3 4 1 1 3 3 12

Number of Samples Collected

Site

Table 2: Number of each type of biological sample collected at each 

residential site. 
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sterile collection liquid (0.01% Tween-20) through it with a filter (A/D, Pall, Ann Arbor, 

MI) over the inlet. 

Shower air samples consisted of one sample collected before, one sample collected 

during, and one sample collected after shower operation. The “before shower” sample was 

collected first. Then, the shower was turned on and quickly adjusted to ~40°C. The shower 

was left on for 15 minutes during which the “during shower” air sample was collected. A 

bulk 2 L water sample was also collected during shower operation by placing a collection 

bottle beneath the shower water stream. The “after shower” air sample was collected 

immediately after the shower was turned off.  

Once shower air sampling was complete, biofilm swab samples were collected from 

various shower-related surfaces. Nylon flocked swabs (Copan Diagnostics, Murrieta, CA) 

were dipped in 1 mL of sterile PBST (0.01% Tween 20) and then used to swab each surface 

for 2 minutes. After sample 

collection, the swab tip was broken 

off into the tube containing PBST. 

The surfaces sampled at every site 

included the external face of the 

showerhead, the internal surface of 

the pipe that connects to the 

showerhead, and the wall, floor, and 

ceiling of the shower stall or alcove. 

All sites were swabbed for 2 

minutes. A swabbing template was 

used to ensure that every wall, floor, 

Figure 1: Schematic showing sampling locations for 

residential showers. Sites of biofilm 

swabbing are marked with a red “X.” 
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and ceiling swab covered an area of 1 ft2.  

After all shower sampling was complete, three consecutive reference air samples 

were collected outside of the bathroom. The purpose of these samples is to provide 

information on the background microbial community present in the air inside the residence, 

but at a location separated from shower operation both spatially and temporally. The 

ambient air samples were collected after shower sampling was complete for the sake of 

being conservative – if the reference air samples were collected before shower sampling, 

when the total activity in the house was at a minimum, the samples may have been skewed 

toward lower numbers and diversity of airborne microbes.  

All samples were stored on ice immediately after collection and were transported 

back to the laboratory on the same day. Water samples were concentrated onto 0.22 μm 

DNA-free filters (MoBio Labs, Carlsbad, CA) and the filters were stored at -20°C until 

further processing. WWC and swab samples were also archived frozen at -20°C until 

further processing. 

3.1.2 Bioaerosol Sampling 

The wetted wall cyclone (WWC) bioaerosol sampler used for this study was 

developed by our collaborator at Texas A&M University and is shown schematically in 

Figure 2 (McFarland et al., 2010). The WWC operates at a flow rate of 100 L/min, which 

is an order of magnitude higher than the SKC BioSampler (SKC, Inc., Eighty Four, PA) 

that is commonly used in bioaerosol studies (Fierer et al., 2008; Perkins et al., 2009). 

Airborne particles, including microbial cells, impact the thin liquid film on the internal wall 

of the cyclone and are captured into the collection fluid. Because the WWC has a high flow 

rate and requires only a small volume of collection liquid, thousands of liters of air can be 

sampled in just a few milliliters of collection liquid. This enables the collection and 
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concentration of biomass sufficient for downstream analysis in the relatively short 

sampling times that are representative of typical shower durations. The short sampling 

times achievable with a WWC also allow for a time-series characterization of the transient 

changes in the aerosolized bacterial community corresponding to shower operation. 

3.1.3 Quantification of Total Bacteria 

Whole-cell quantitative polymerase chain reaction (qPCR) was performed in order 

to quantify the total number of bacteria present in each air sample. The universal primers 

1369F (5’- CGG TGA ATA CGT TCY CGG -3’) and 1492R (5’- GGT TAC CTT GTT 

ACG ACT T -3’) were used to amplify a 123 bp fragment of the bacterial 16S gene. The 

10 μL qPCR reaction mixture contained 1X Power SYBR Green PCR MasterMix (Applied 

Biosystems, Warrington, UK), 1 μM each of the forward and reverse primers, and 3 μL of 

the WWC sample. The reaction was run on an AB StepOne RT-PCR System (AB, Foster 

City, CA) with thermal cycler settings consisting of an initial denaturation step at 95°C for 

Figure 2: Schematic of the wetted wall cyclone bioaerosol sampler 

used in this study. [Figure from McFarland et al., 2010.] 
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10 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. After 40 

cycles, a dissociation (melting) curve was generated to check for nonspecific amplification.  

A standard curve, shown in Figure 3, was generated from serial dilutions of a pure 

culture of E. coli of known colony forming unit (CFU) concentration. This standard curve 

was used to convert the qPCR threshold cycle (CT) for each sample to equivalent E. coli 

cells per mL of sample using the following equation: 

 

 Equivalent E. coli cells / mL = exp[(CT-35.408)/-1.371]. (1) 

 

(Results of calculations from equation 1 are reported as E. coli cells per mL rather than E. 

coli CFUs per mL because qPCR can amplify both viable and nonviable cells.) The 

calculated concentration of E. coli cells per mL for each qPCR reaction were then 

multiplied by the total volume of the liquid sample that was collected by the WWC to 

Figure 3: qPCR standard curve used to convert CT value to equivalent 

concentration of E. coli cells per mL. 
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obtain the total number of equivalent E. coli cells per sample. The total number of 

equivalent E. coli cells in each sample was then divided by the volume of air sampled (1.5 

m3 for each 15 minute sample collected at 100 L/min) in order to estimate the concentration 

of equivalent E. coli cells per m3 of air. Finally, because an E. coli cell contains seven 

copies of the 16S rRNA gene (Klappenbach, Saxman, Cole, & Schmidt, 2001), the number 

of equivalent E. coli cells per m3 of air was multiplied by seven to obtain the final results 

reported as 16S rDNA copies per m3 of air. These calculations are summarized in equation 

2: 

 16S copy number/m3 = (E. coli/mL) x (Sample Vol.) x 4.67. (2) 

 

3.1.4 Proportion of Viable Cells 

In order to estimate the proportion of aerosolized bacterial cells that are viable, 50 

μL of each WWC bioaerosol samples was cultured on Tryptic Soy Agar (Becton, 

Dickinson and Company, Research Triangle Park, NC) and incubated at 37°C overnight. 

The numbers of colony forming units (CFUs) were determined using the Colony Counter 

570 (MRC Labs, Holon, Israel). Because CFUs represent only the viable (and culturable) 

cells in a sample while qPCR quantifies both viable and non-viable cells, the ratio of CFUs 

to the quantity determined by qPCR provides insight about how many cells in a sample are 

viable vs. non-viable. However, it is important to recognize that only the fraction of the 

bioaerosol community that is culturable on TSA plates would be counted in this manner. 

3.1.5 DNA Extraction 

All samples were extracted using the PowerWater genomic DNA isolation kit 

(MoBio Labs, Carlsbad, CA). Water samples collected from the showers that were 

previously concentrated onto PowerWater filters (MoBio Labs, Carlsbad, CA) were added 
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directly to the kit. WWC samples were filtered onto the same type of 0.22 μm filter, which 

was then processed using the same PowerWater kit. Swabs were vortexed for 3 minutes in 

their original collection liquid, which was then subsequently filtered onto a 0.22 μm filter. 

For swab samples, both the filter and the swab tip were added directly to the kit. DNA was 

extracted according to the manufacturer’s specifications (see Appendix B), including the 

optional 65°C heating step. One of the ambient air samples from Site 3 was lost during 

extraction. 

3.1.6 Genome Sequencing and Analysis 

In order to examine the bacterial diversity recovered in different residential shower 

samples, the samples were sent for bacterial 16S sequencing. Extracted DNA was sent to 

the University of Texas Genomic Sequencing and Analysis Facility (Austin, TX) for 

bacterial Illumina 16S paired-end (2x250) sequencing on the MiSeq platform. First round 

polymerase chain reaction (PCR) was used to amplify the V4 and V5 regions of the 16S 

rRNA gene using primers 512F (5’-GTG YCA GCM GCC GCG GTA-3’) and 909R (5’-

CCC CGY CAA TTC MTT TRA GT-3’) (Baker, Smith, & Cowan, 2003). This first round 

of qPCR amplification was run in triplicate for each sample, pooled, and then cleaned using 

AMPure beads (New England Biolabs, Ipswich, MA). Second round PCR amplification 

was performed with different primers which added sample-specific barcodes. Both rounds 

of PCR amplification (a total of 30 cycles) used Taq polymerase NEB Q5 (New England 

Biolabs, Ipswich, MA). The final PCR products for each sample after both rounds of 

amplification were then size purified by removing amplicons less than 300 bp in length 

using AMPure beads (New England Biolabs, Ipswich, MA) and quantified using 

PicoGreen (Life Technologies, Carlsbad, CA). Samples were then normalized by amplicon 

mass and pooled for the Illumina run. In addition, a random subset of samples were 
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assessed on an Agilent BioAnalyzer (Agilent Technologies, Santa Clara, CA) to ensure 

correct amplicon size of about 485 bp. 

DNA sequences were processed and analyzed using the Quantitative Insights Into 

Microbial Ecology (QIIME) pipeline (Caporaso et al., 2010). The paired-end reads were 

stitched using flash in QIIME with the following parameters: -r 250 –f 414 –s 2 –x 0.6. 

Barcode and primer sequences were removed, and the sequences were filtered to a quality 

score of 29. The sequences were grouped in operational taxonomic units (OTUs) and 

assigned taxonomy using open-reference OTU-picking against the Green Genes 13_8 

database. The OTU table was then filtered to generate site-specific OTU tables that each 

contained the samples from only one site. For further diversity analyses, the site-specific 

OTU tables were rarified to the lowest number of sequences contained in a sample from 

that site. Site 1 was rarefied to 20,913 sequences; site 2 was rarefied to 10,652 sequences, 

and site 3 was rarefied to 8,806 sequences. These site-specific OTU tables were then used 

to generate alpha diversity plots for each site. Then, the original (unrarefied) OTU table 

was used in jackknifed beta diversity tests for each site. An unweighted UniFrac analysis 

was performed on the complete sample sets from each site individually, at a sub-sampling 

depth equal to the rarefaction depth used in to generate site-specific OTU table (as 

described above). Unweighted UniFrac was chosen in this analysis because the goal was 

to compare genus-level diversity, and different sampling methods (swab, bioaerosol, water 

filtration) are likely to produce differences in relative abundances that are an artifact of the 

sampling method rather than an indication of a source community relationship. Finally, for 

each site, an OTU table containing only the air samples was generated by filtering the 

original, unrarefied OTU table. The air-only OTU tables for each site were used to generate 

weighted UniFrac jackknifed beta diversity plots at the following subsampling depths: Site 

1, 21,432 sequences; Site 2, 12,728 sequences; Site 3, 8,806 sequences). Weighted UniFrac 
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was chosen in this analysis because it was important to capture changes in both diversity 

and relative abundance in the bioaerosol samples, to see if the bioaerosol samples collected 

during shower operation had shifted away from the ambient airborne communities. Genera 

that increased significantly from before to during shower operation were determined by 

comparing relative abundances in the rarefied OTU tables for each site.  

3.2 RESULTS AND DISCUSSION 

3.2.1 Quantification of Total Bacteria 

The concentrations of total bacteria in the bioaerosol samples collected from all 

three sites were successfully measured by qPCR. Results are reported as the number of 16S 

rDNA copies per m3 of air. The total bacterial quantification results are displayed in Figures 

4-6 for sites 1-3, respectively.  

Because the number of 16S rRNA genes directly correspond to the number of total 

bacteria (viable and non-viable), the results can be interpreted as a quantification of the 

Figure 4: Number concentration of bacterial 16S rDNA copies in each 

bioaerosol sample from Site 1. 
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number of bacterial cells present in the air samples. At all three sites, there is an order-of-

magnitude increase in the number of bacteria present in the air when the shower is turned 

on as compared to the sample taken before shower operation. Less variability is evident in 

airborne bacterial concentrations determined for the ambient air samples, but at all three 

sites the greatest increase in bacterial aerosol concentrations was observed during shower 

operation. 

It is interesting to note that the bacterial concentrations vary substantially across 

the different sites. Site 3, which is supplied by a mixture of groundwater and surface water, 

had the lowest observed airborne concentration of bacteria during shower operation as 

compared to the two other sites that receive either groundwater only (Site 2) or surface 

water only (Site 1).  

 

Figure 5: Number concentration of bacterial 16S rDNA copies in each 

bioaerosol sample from site 2. 
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Perkins et al. (2009) previously conducted a series of shower experiments using an 

SKC Biosampler (SKC Inc., Eighty Four, PA) to sample shower aerosols at a hospital; in 

this study, they detected an average of 3.4x104 bacterial cells per m3 in shower aerosols. 

To enable a comparison of the data collected in this study with the data collected by Perkins 

et al. (2009), the 16S rDNA quantities detected in the total bacterial qPCR experiments can 

be roughly converted to equivalent numbers of E. coli cells as follows (Klappenbach et al., 

2001): 

 

Equivalent E. coli cells = 16S rDNA copies / (7 rDNA copies / E. coli cell). (3) 

Figure 6: Number concentration of bacterial 16S rDNA copies in each 

bioaerosol sample from site 3. 
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The resulting numbers of equivalent E. coli cells present in the air during shower operation 

are summarized in Table 3. While the number of bacteria present in the shower aerosols at 

Site 3 is similar to Perkins’ findings, the airborne bacterial concentrations observed at the 

other two sites are orders of magnitude higher. There are several possible reasons for this 

discrepancy. For instance, a different bioaerosol sampler was used in the Perkins study than 

the current study. Also, the current study collected airborne samples from occupied homes 

where the background bacterial load may have been higher than in the hospital used in the 

Perkins study which had a HEPA air filtration system. 

It was expected that the airborne bacterial concentrations would be lower in the 

ambient air samples collected outside the bathroom than in the air sampled during shower 

operation, as shown in Figure 4 and Figure 5. However, at Site 3 the ambient airborne 

bacterial concentrations are similar to the bacterial aerosol concentrations detected during 

shower operation, as shown in Figure 6, while the air sample collected before shower 

operation has a much lower bacterial aerosol concentration, as expected. Because ambient 

air samples were collected in an adjacent room after shower sampling was complete, it is 

possible that at this particular site the effect of increased airborne bacterial loads due to 

shower operation persisted over time and impacted the adjacent room. Another potential 

explanation is that the ambient concentration of airborne bacteria in the adjacent room is 

higher than the ambient concentration in the bathroom due to differences in room use, 

Site E. coli cells / m
3
 of air

1 2.3x10
5

2 1.2x10
6

3 2.0x10
4

Table 3: Equivalent number of E. coli cells per m3 of air 
during shower operation at each site. 
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contents, and activity levels. In any case, because air flow dynamics can vary substantially 

between sites, it is not surprising that there is some variation in the ambient concentrations 

of airborne bacteria between different residences.  

3.2.2 Proportion of Viable Cells 

Bioaerosol samples from each site each produced culturable bacteria. The 

quantities of culturable bacteria at sites 1-3 are shown in Figures 7-9, respectively.  

 

 

 

 

 

 

Figure 7: Concentration of airborne viable cells collected in Site 1 

bioaerosol samples, as determined by culturing. 
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Figure 8: Concentration of airborne viable cells collected in Site 2 
bioaerosol samples, as determined by culturing. 
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At each of the three sites, the aerosol sample collected during shower operation 

shows an increase in viable cell concentration when compared to the samples collected 

before and after shower operation. The aerosol sample collected during shower operation 

is also higher than the viable cell concentrations in the ambient samples, except for one 

ambient sample at Site 3. This mirrors the increase in total cell concentration (viable and 

non-viable) during shower operation, seen in Figures 4-6. However, the viable, culture-

based aerosol concentrations before and during shower operation do not mirror the changes 

observed in the total bacterial concentrations determined via qPCR quantification. The lack 

of apparent correlation between culturable aerosol counts and total cell counts determined 

via qPCR has been reported in several previous studies (Angenent et al., 2005; Zeng, 

Westermark, Rasmuson-lestander, & Wang, 2004). This result is also reasonable given that 

different genera vary in their survivability and culturability (Pace, 1997). 

Figure 9: Concentration of airborne viable cells collected in Site 3 

bioaerosol samples, as determined by culturing. 
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3.2.3 DNA sequencing 

A total of 17 air, 16 biofilm, and 3 water samples recovered from the residential 

shower sites were successfully sequenced via Illumina MiSeq paired-end (2x250) 

sequencing. From the 2,240,698 16S sequences obtained, 711 unique taxa were detected. 

The phylum-level alpha diversity in the bacterial communities collected in samples from 

all three sites is shown in Figure 10. 
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Figure 10: Phylum-level bacterial diversity in all samples obtained from the three residential sites, as determined by 
Illumina 16S sequencing. Rarefied to 8,806 sequences. 



 32 

The samples are dominated by Proteobacteria, Firmicutes, Acinetobacteria, and 

Cyanobacteria, indicating that this study captured a wider diversity of bacteria than that 

conducted by Perkins et al. (2009), which found only Proteobacteria in shower aerosol 

samples. 

The genus level alpha diversity plots for all of the samples from a given site for 

sites 1-3 are shown in Figures 11-13. While the shower air and ambient air communities 

appear similar in terms of diversity, there are differences in the relative abundances of 

genera before, during, and after shower operation. 
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Figure 11: Genus-level bacterial alpha diversity in each sample taken at Site 1, as determined by Illumina 16S sequencing. Samples 

were rarefied to 20,913 sequences. 
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Figure 12: Genus-level bacterial alpha diversity in each sample taken at Site 2, as determined by Illumina 16S sequencing. Samples 

were rarefied to 10,652 sequences. 
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Figure 13: Genus-level bacterial alpha diversity in each sample taken at Site 3, as determined by Illumina 16S sequencing. Rarefied to 
8,806 sequences. 
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The genera with the highest relative abundances detected in bioaerosols during 

shower operation at Sites 1-3 are summarized in Tables 4-6, respectively.  

 

 

 

 

Before Shower During Shower

Proteobacteria; Betaproteobacteria; Burkholderiales; Burkholderiaceae; Burkholderia 0.0055 0.6021

Proteobacteria; Betaproteobacteria; Burkholderiales; Oxalobacteraceae; Ralstonia 0 0.1141

Firmicutes; Bacilli; Bacillales; Bacillaceae; Bacillus 0 0.0754

Proteobacteria; Alphaproteobacteria; Rhizobiales; Bradyrhizobiaceae; Bradyrhizobium 0.0001 0.0183

Firmicutes; Bacilli; Bacillales; Staphylococcaceae; Staphylococcus 0 0.0131

Proteobacteria; Alphaproteobacteria; Rhizobiales; Methylobacteriaceae; Methylobacterium 0.0003 0.0067

Firmicutes; Bacilli; Lactobacillales; Lactobacillaceae; Lactobacillus 0.0006 0.0066

Actinobacteria; Actinobacteria; Actinomycetales; Nocardiopsaceae; Other 0 0.0053

Firmicutes; Bacilli; Bacillales; Staphylococcaceae; Salinicoccus 0 0.0035

Firmicutes; Bacilli; Bacillales; Staphylococcaceae; Macrococcus 0 0.0034

Airborne Relative Abundace

Phylum; Class; Order; Family; Genus

Table 5: Genera with the highest relative abundances detected in Site 2 bioaerosols 

collected during shower operation. Each of these genera increased in relative 

abundance during shower operation. 

Table 4: Genera with the highest relative abundances detected in Site 1 bioaerosols 
collected during shower operation. Each of these genera increased in relative 

abundance during shower operation. 

Before Shower During Shower

Actinobacteria; Actinobacteria; Actinomycetales; ACK-M1; unidentified 0.0007 0.1022

Actinobacteria; Actinobacteria; Actinomycetales; Propionibacteriaceae; Propionibacterium 0.0283 0.0799

Cyanobacteria; Synechococcophycideae; Synechococcales; Synechococcaceae; Synechococcus 0 0.0387

Proteobacteria; Alphaproteobacteria; Rickettsiales; Pelagibacteraceae; unidentified 0.0002 0.0374

Firmicutes; Bacilli; Bacillales; Staphylococcaceae; Staphylococcus 0.0241 0.0367

Bacteroidetes; Flavobacteria; Flavobacteriales; [Weeksellaceae]; Chryseobacterium 0.0011 0.0315

Proteobacteria; Betaproteobacteria; Burkholderiales; unidentified; unidentified 0.0001 0.0194

Firmicutes; Bacilli; Lactobacillales; Streptococcaceae; Streptococcus 0.0106 0.0177

Actinobacteria; Actinobacteria; Actinomycetales; Corynebacteriaceae; Corynebacterium 0.0160 0.0177

Proteobacteria; Alphaproteobacteria; Sphingomonadales; Erythrobacteraceae; unidentified 0.0053 0.0164

Airborne Relative Abundance

Phylum; Class; Order; Family; Genus
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Some genera whose airborne relative abundances increased during shower 

operation are of particular interest because they contain pathogenic species: 

Methylobacterium, Corynebacterium, Burkholderia, Mycobacterium, Staphylococcus, and 

Streptococcus (Ash & Sheffield, 2013; Bernard, 2012; Delogu et al., 2013; Keynan & 

Rubinstein, 2013; Meumann, Cheng, Ward, & Currie, 2012; Sanders, Martin, Hooke, & 

Hooke, 2000). Burkholderia in particular had a large increase in airborne relative 

abundance during shower operation at Site 2, to 60% of the airborne bacterial community. 

These results suggest the need to investigate the presence of particular pathogenic species 

in shower bioaerosols using species-specific detection methods. Additionally, in order to 

determine the statistical significance of the differences between samples collected before 

and during shower operation (such as in a g-test), more samples replicates are needed. 

It is interesting to note that Staphylococcus increases in relative abundance in 

shower aerosols during shower operation at Site 1 and Site 2, but decreases at Site 3. This 

reiterates the finding that there can be variation in the impact of shower operation between 

different residential sites. 

Table 6: Genera with highest relative abundances detected in Site 3 bioaerosols collected 

during shower operation. The genera highlighted in red decreased in relative 

abundance during shower operation, while all others increased. 

Before Shower During Shower

Actinobacteria; Actinobacteria; Actinomycetales; Corynebacteriaceae; Corynebacterium 0.0445 0.0995

Actinobacteria; Actinobacteria; Actinomycetales; Mycobacteriaceae; Mycobacterium 0 0.0727

Firmicutes; Bacilli; Bacillales; Staphylococcaceae; Staphylococcus 0.1371 0.0658

Proteobacteria; Alphaproteobacteria; Rhizobiales; Methylobacteriaceae; unidentified 0.1888 0.0563

Actinobacteria; Actinobacteria; Actinomycetales; Dietziaceae; Dietzia 0.0110 0.0533

Bacteroidetes; Flavobacteria; Flavobacteriales; [Weeksellaceae]; Cloacibacterium 0 0.0449

Proteobacteria; Gammaproteobacteria; Pseudomonadales; Moraxellaceae; Acinetobacter 0.0392 0.0441

Proteobacteria; Alphaproteobacteria; Rhizobiales; Bradyrhizobiaceae; unidentified 0.1417 0.0386

Proteobacteria; Gammaproteobacteria; Pseudomonadales; Moraxellaceae; Enhydrobacter 0.0020 0.0330

Firmicutes; Bacilli; Bacillales; Bacillaceae; Bacillus 0.0036 0.0294

Airborne Relative Abundace
Phlyum; Class; Order; Family; Genus
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PCoA plots comparing the unweighted UniFrac distances of all of the samples 

collected from sites 1-3 are displayed in Figures 14-16, respectively. Samples are grouped 

by shower air samples, ambient air samples, surface biofilms (the floor, wall, ceiling, and 

showerhead face swabs), plumbing biofilms (shower pipe swab and internal showerhead 

biofilm if applicable), and water. The purpose of these grouping is to determine whether 

the bacterial communities found in the ambient air, the shower stall surfaces, the shower 

plumbing, or the water are similar to the communities found in bathroom aerosols, and thus 

might be a potential source of microbes aerosolized during showering. At all three sites, 

surface swabs collected from different locations within the shower indicate that there is a 

wide variation in the communities present, and the communities do not appear to be similar 

to one another. At all three sites, the community found in the water sample is different than 

any of the other communities. None of the community types appear to cluster strongly with 

shower air samples, so no definitive source community can be determined from this 

analysis. It is possible that either none of the sampled communities are the source of 

aerosolized microbes during shower operation (a relatively unlikely scenario), or that the 

microbes aerosolized during shower operation originate from a combination of different 

shower-associated communities.  
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Figure 14: PCoA plot of the unweighted UniFrac distances between each bacterial community sampled at Site 1. 
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Figure 15: PCoA plot of the unweighted UniFrac distances between each bacterial community sampled at Site 2. 



 41 

 

Figure 16: PCoA plot of the unweighted UniFrac distances between each bacterial community sampled at Site 3. 
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 The air samples from each site were isolated for individual comparisons of the 

airborne bacterial communities sampled before, during, and after shower operation, along 

with ambient air. The air samples from each site were analyzed separately. The PCoA plots 

resulting from the weighted UniFrac analysis for sites 1-3 are displayed in Figures 17-19, 

respectively. From these figures, there is a clear change in the airborne community during 

shower operation. At all three sites, the sample collected before shower operation is similar 

to the ambient air samples along one of the principle coordinate axes (an axis of similarity). 

During shower operation, the airborne community shifts away from the other airborne 

communities along this axis. After shower operation, the airborne community returns 

closer to the ambient air communities. These results suggest that the airborne bacterial 

community present during shower operation is different than that present in the ambient 

air.
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Figure 17: PCoA plot of the weighted UniFrac distances between airborne bacterial communities at Site 1. Arrows are drawn 

to represent the change in the airborne community before, during, and after shower operation. 
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Figure 18: PCoA plot of the weighted UniFrac distances between airborne bacterial communities at Site 2. Arrows are drawn 

to represent the change in the airborne community sampled before, during and after shower operation. 
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Figure 19: PCoA plot of the weighted UniFrac distances between airborne bacterial communities at Site 3. Arrows are drawn 

to represent the change in the airborne community samples before, during and after shower operation. 
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3.3 CONCLUSIONS 

A wide diversity of bacteria can be found in shower aerosols, including 711 

different genera representing several different phyla. The WWC sampler was successful in 

collecting a wide diversity of bacteria from aerosol samples including both gram-positive 

and gram-negative cells.  

The results of this research have shown that residential shower operation does result 

in measurable, transient changes in the airborne bacterial community. The concentration 

of total airborne bacteria present during shower operation is increased relative to levels 

before shower operation, as quantified by qPCR. Additionally, there are differences in the 

airborne bacterial community diversity and relative abundance during shower operation, 

compared with the airborne communities sampled when the shower is not running. The 

aerosolized bacterial community is most different from background levels when the shower 

is running, and within 15 minutes of turning the shower off the airborne bacterial 

community returns nearerto its ambient state. Some of the genera that increased in relative 

abundance in the air during shower operation are known to contain potentially pathogenic 

species. The genera identified by this research to be impacted by shower operation should 

be further investigated to determine the impact of shower operation on specific, pathogenic 

species. Furthermore, additional residential shower sampling campaigns should be 

conducted in order to perform statistical analysis on the beta diversity results. 

This study did not identify a single source community for the bacteria aerosolized 

during shower operation, and the water sample was, unexpectedly, the most distinct 

community sampled in this study. It is possible that either none of the shower-associated 

communities sampled in this study are the source community for the aerosolized microbes, 

or more likely, the aerosolized microbes may originate from several of the potential source 
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communities sampled. Additionally, different sampling methods (aerosol sampling, 

biofilm swabbing, water filtration) may inherently collect different communities, and thus 

source tracking across multiple sampling types may be difficult.  
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Chapter 4: Optimizing DNA Extraction Efficiency for WWC Samples 

Bioaerosol samples are relatively dilute, and recovering enough DNA for 

downstream molecular analysis from short-duration samples can be challenging. During 

the residential shower bioaerosol study, low DNA yields made it difficult to obtain DNA 

sequencing and qPCR results. While the study was ultimately successful, it became 

apparent that a systematic comparison of different DNA extraction methods would be 

beneficial to future bioaerosol research relying on short-term environmental samples. 

Based on the goals of obtaining as much genetic information as possible from a given 

sample and minimizing the chance of underestimating microbial quantities in dilute 

samples, the study was designed to identify the most efficient extraction method that 

provides the greatest mass yield of high-quality (amplifiable) DNA and captures the widest 

diversity of microbes. 

4.1 MATERIALS AND METHODS 

Twelve different DNA extraction methods were compared to determine which was 

the most efficient. Extraction methods were selected to represent a variety of cell lysis and 

DNA purification procedures. The PowerSoil (MoBio Labs, Carlsbad, CA), PowerWater 

(MoBio Labs, Carlsbad, CA), and Maron (P. A. Maron et al., 2005) methods were chosen 

because they have been successfully utilized for bioaerosol samples in previous studies 

(Adams et al., 2013; P.-A. Maron et al., 2005; Noris, 2010; Thomson et al., 2013). The Van 

Burik method was chosen because it is a rigorous method intended to extract DNA from 

fungal cells (Van Burik, Myerson, Schreckhise, & Bowden, 1998). Other methods or 

modifications were informally suggested by other bioaerosol researchers. The extraction 

trials were conducted in two separate rounds. The first round identified the most promising 

methods for extraction based on DNA mass and DNA amplification. The second round re-
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tested the two best methods from round 1 and compared them to several additional 

extraction methods.   

4.1.1 WWC Sample Collection 

For the first round, 15 consecutive ambient bioaerosol samples were collected from 

a pilot shower research facility at Texas A&M University. Prior to air sampling, the shower 

had been run for 20 minutes and then turned off. For the second round, 12 consecutive 

ambient air samples were collected from the same location on a different day, again after 

the shower had been run for 20 minutes and then turned off. Each sample was collected 

using a WWC sampler at a flow rate of 100 L/min for 15 minutes. Samples were frozen at 

-20°C until DNA extraction. 

4.1.2 DNA Extractions 

Each round of extraction trials was processed separately. Samples from the same 

collection series (15 or 12 consecutive samples) were pooled, mixed, and divided into 

aliquots of 0.9 mL each. Aliquots were centrifuged at 12,000 x g for 10 minutes in order to 

pellet suspended cells. The supernatant was removed, and the cell pellets were processed 

using the DNA extraction methods being tested. All samples were concentrated by 

centrifugation. If the DNA extraction protocol normally calls for a different concentration 

step (i.e. filtering), centrifugation was used in lieu of the normal step in order to minimize 

variability in sample handling. A total of 12 different DNA extraction methods were 

compared. Eight different extraction methods were tested in round 1. The two best methods 

from round 1 were repeated in round 2, along with 4 new methods. A summary of the 

methods tested is provided in Table 7. More detailed descriptions of the extraction methods 

are provided in Appendix A. 
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4.1.3 DNA Mass Quantification 

The mass of DNA obtained from each extraction was quantified based on 

fluorescence using the Quant-iT PicoGreen dsDNA kit (Life Technologies, Carlsbad, CA). 

This method provides a measure of the total mass of double-stranded DNA present in a 

sample. However, this measure does not provide information about the integrity or purity 

of the DNA present. 

Method Lysis DNA purification

PW (PowerWater) bead beating spin column

PWF (PowerWater + 

freeze/thaw)
bead beating, freeze/thaw spin column

PWE (PowerWater + 

enzymes)
bead beating, enzyme cocktail spin column

PS (PowerSoil 

modified)
bead beating, single enzyme, chemical spin column

PSE (PowerSoil + 

enzymes)
bead beating, enzyme cocktail spin column

VB (Van Burik) single enzyme alcochol precipitation

VBF (Van Burik + 

freeze/thaw)
single enzyme, freeze/thaw alcochol precipitation

M (Maron) bead beating, single enzyme, freeze/thaw alcochol precipitation

PW (PowerWater) bead beating spin column

PWE (PowerWater + 

enzymes)
bead beating, enzyme cocktail spin column

PWM (PowerWater, 

modified elution)
bead beating spin column, modified elution

PWEM (PowerWater + 

enzymes, modified 

elution)

bead beating, enzyme cocktail spin column, modified elution

AL (Alkaline Lysis) chemical alcochol precipitation

FS (Fast Spin) bead beating spin column with binding matrix

Round 1

Round 2

Table 7: Summary of DNA extraction methods tested. 
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4.1.4 DNA Quality Measurements 

In order to determine whether the extracted DNA was intact, qPCR experiments 

were run to check for bacterial 16S and fungal 18S rDNA amplification. The magnitude of 

DNA quantification as determined by qPCR serves as a measure of DNA integrity. 

Successful qPCR amplification indicates that the extracted DNA fragments are sufficiently 

long and intact for sequencing and qPCR. The absence of qPCR amplification would 

indicate that the DNA may have become fragmented into small pieces, and would not be 

suitable for sequencing or other PCR-dependent analysis. 

The DNA obtained from the different extraction methods was tested for total 

bacterial and total fungal quantification. Three replicates of each extraction method were 

tested in qPCR, and each replicate was run in triplicate qPCR reactions, for a total of 9 

qPCR reactions per extraction type. For both fungal and bacterial qPCR, the reaction 

mixture was 10 μL in volume and contained 1X SYBR Select Mastermix (Life 

Technologies, Carlsbad, CA), a final concentration of 200 nM of each primer, and a final 

concentration 0.1 mg/mL bovine serum albumin (New England Biolabs, Ipswich, MA). 

The qPCR reactions were run on a Viia 7 Real Time PCR System (Life Technologies, 

Carlsbad, CA). For total bacterial qPCR, the primers 1369F (5’- CGG TGA ATA CGT 

TCY CGG -3’) and 1492R (5’- GGW TAC CTT GTT ACG ACT T -3’) were used to 

amplify a target region of 123 bp. Thermal cycler settings for total bacterial qPCR were 

50°C for 2 minutes, 95°C for 10 minutes, and 40 cycles of 95°C for 15 seconds, 56°C for 

20 seconds, and 68°C for 30 seconds. For total fungal quantification, the primers ITS3 (5’- 

GCA TCG ATG AAG AAC GCA G -3’) and ITS4 (5’- TCC TCC GCT TAT TGA TAT 

GC -3’) were used to amplify a target region of about 330 bp, with some variation expected 

between species. Thermal cycler settings for total fungal qPCR were 50°C for 2 minutes, 

95°C for 10 minutes, and 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. For both 
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the bacterial and fungal qPCR runs, a melting curve was generated after completion of the 

40 cycles. 

A standard curve for bacterial qPCR was generated using known concentrations of 

DNA obtained from a pure culture of Acinetobacter sp. BD413, a strain of Acinetobacter 

calcoaceticus (Williams & Shaw, 1997). The bacterial standard curve is displayed in 

Figure 20. For the standard curve, DNA concentrations as measured by Quant-iT Pico 

Green (Life Technologies, Carlsbad, CA) were converted to 16S rDNA copy number by 

assuming a genome size of 3.91 Mbp and 6 copies of the 16S rRNA gene per genome 

(Klappenbach et al., 2001; National Center for Biotechnology Information, 2014a).  

A standard curve for fungal qPCR was generated using known concentrations of 

DNA obtained from a pure culture of Aspergillus niger, and is shown in Figure 21. For the 

standard curve, DNA concentrations as measured by Quant-iT Pico Green (Life 

Technologies, Carlsbad, CA) were converted to 18S (ITS) rDNA copy number by 

Figure 20: qPCR standard curve used to convert CT value to bacterial 

16S rRNA gene copies for DNA extraction trials. 
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assuming a genome size of 3.91 Mbp and 38 copies of the 18S rRNA gene per genome 

(Herrera, Vallor, Gelfond, Patterson, & Wickes, 2009; National Center for Biotechnology 

Information, 2014b).  

The quantities of bacterial 16S and fungal 18S rDNA measured in each extract were 

compared to show which extraction method results in the highest amount of intact DNA. 

For bioaerosol research, it is desirable to obtain as much intact DNA as possible from the 

dilute air samples. Thus, the extraction method that provides the most intact DNA will be 

selected as the most efficient extraction method. The ratio of the quantity of intact DNA to 

the total DNA mass also provides insight on whether a particular extraction method is too 

harsh and results in high levels of genome fragmentation. 

4.1.5 Microbial Diversity 

In order to determine how the different extraction methods impact microbial 

diversity, samples from the second round of extractions were sent for bacterial 16S 

Figure 21: qPCR standard curve used to convert CT value to fungal 

18S (ITS) copies for DNA extraction trials. 
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sequencing. Triplicates of each extraction method were sequenced separately, so three 

distinct sets of sequences were obtained for each extraction type. Extracted DNA was sent 

to the University of Texas Genomic Sequencing and Analysis Facility (Austin, TX) for 

bacterial Illumina 16S paired-end (2x250) sequencing on the MiSeq platform. First round 

polymerase chain reaction (PCR) was used to amplify the V4 and V5 regions of the 16S 

rRNA gene using primers 512F (5’-GTG YCA GCM GCC GCG GTA-3’) and 909R (5’-

CCC CGY CAA TTC MTT TRA GT-3’) (Baker et al., 2003). This first round of qPCR 

amplification was run in triplicate for each sample, pooled, and then cleaned. Second round 

PCR amplification was performed with different primers which added sample-specific 

barcodes. Both rounds of PCR amplification (a total of 30 cycles) used Taq polymerase 

NEB Q5 (New England Biolabs, Ipswich, MA). The final PCR products for each sample 

after both rounds of amplification were then size purified by removing amplicons less than 

300 bp in length using AMPure beads (New England Biolabs, Ipswich, MA) and quantified 

using PicoGreen (Life Technologies, Carlsbad, CA). Samples were then normalized by 

amplicon mass and pooled for the Illumina run. In addition, a random subset of samples 

were assessed on an Agilent BioAnalyzer (Agilent Technologies, Santa Clara, CA) to 

ensure correct amplicon size of about 485 bp. 

DNA sequences were processed and analyzed using the Quantitative Insights Into 

Microbial Ecology (QIIME) pipeline (Caporaso et al., 2010). The paired-end reads were 

stitched using flash in QIIME with the following parameters: -r 250 –f 414 –s 2 –x 0.6. 

Barcode and primer sequences were removed, and the sequences were filtered to a quality 

score of 29. The sequences were grouped in operational taxonomic units (OTUs) and 

assigned taxonomy using open-reference OTU-picking against the Green Genes 13_8 

database. Resulting OTU tables were rarified to the lowest number of sequences contained 

within one sample. The FS samples had low numbers of sequences, with a minimum of 85 
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sequences, and so were removed from analysis. The OTU table was rarified to 20,800 

sequences, the minimum number found in one of the PW extraction samples. The results 

obtained from the OTU table rarefied to 20,800 sequences were used to generate alpha 

diversity plots. The original (unrarified) OTU table was used in jackknifed beta diversity 

tests with weighted UniFrac analysis and a sub-sampling depth of 20,800 sequences. 

4.2 RESULTS AND DISCUSSION 

4.2.1 DNA Mass 

The total DNA masses obtained by each first-round extraction method are displayed 

in Figure 22. The PWE extraction method clearly outperforms the others in terms of DNA 

mass yield. The PW and PWE methods were repeated in the second round of DNA 

extraction trials based on mass yields and DNA quality results (discussed below).  

Figure 22: Average total mass of DNA obtained in three replicates of each 

extraction method in the second round of extraction trials, as 

measured by fluorometry. Error bars represent standard deviation 

from the mean of the masses obtained in triplicate independent 

extractions for each method. 
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The total DNA masses obtained by each of the second-round extraction methods 

are displayed in Figure 23. Again, PWE and PWEM (a slightly modified version of the 

PWE method) are the most efficient extraction methods in terms of DNA mass yield.  

The mass of DNA obtained by the PWE method in the second round of extraction 

trials was significantly lower than the mass obtained by the same method in the first round. 

This is an indication that the bioaerosol samples used in the second round had lower overall 

biomass recovery during sampling. Because the initial bioaerosol samples are so different, 

the second round of extraction trials cannot be directly compared to the first round. The 

PWE and PW methods, repeated in both rounds, serve as a rough point of comparison 

between the two rounds. In both rounds, PWE (and its modification, PWEM) was clearly 

the most efficient extraction method in terms of DNA mass yield.  

Figure 23: Average total mass of DNA obtained in three replicates of 

each extraction method in the second round of extraction 

trials, as measured by fluorometry. Error bars represent 

standard deviation from the mean of the masses obtained 

in triplicate independent extractions for each method. 
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4.2.2 DNA Quality 

While it is important to obtain sufficient DNA mass for molecular analysis, it is 

also necessary that the purified DNA be sufficiently intact for PCR reactions and gene 

sequencing. If the DNA is broken into small fragments, the target genes may not be 

available for amplification and thus molecular methods will not work. In this study, qPCR 

amplification was used as a measure of DNA quality. The results for total fungal 18S rRNA 

gene amplification for the first round of DNA extraction trials are shown in Figure 24. The 

PW extraction results in the highest measure of total fungal 18S rRNA gene copies per 

sample, and the PWE method results in the second highest number of 18S copies. It is 

interesting to note that the PW method provided higher fungal 18S rDNA quantification 

than the PWE method, even though PWE yielded nearly 70 times more DNA mass than 

PW. This suggests that PWE is a fairly harsh method that successfully releases DNA from 

cells, but also fragments much of the DNA in the process.  

 



 58 

In total bacterial 16S qPCR, the only method that resulted in 16S rDNA 

amplification was PWE, with an average of 9.66x106 16S rDNA copies in the three 

replicate extractions. For all other extraction methods there was no 16S rDNA 

amplification and the quantity of 16S rRNA genes in the sample could not be determined.  

Because the PW and PWE methods were the most efficient in terms of obtaining 

amplifiable DNA in the first round, they were repeated in the second round of extraction 

trials. The results for fungal 18S rDNA amplification in the second round of extraction 

trials are presented in Figure 25. In this case, the PWE method resulted in the highest total 

fungal quantification, followed by PW and PWM. 

Figure 24: Average total fungal qPCR results for three replicates of 

each extraction method in the first round of extraction 

trials. The total number of 18S rRNA gene copies serves 

as a proxy for the total amount of intact, high-quality 

DNA. 
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In the second round of extraction trials, none of the samples amplified in bacterial 

16S qPCR. This is likely a reflection of the low initial sample concentrations, since it was 

expected from the first round that at least the PWE sample would amplify.  

Graphical representations of the ratios of amplifiable, high-quality fungal DNA to 

total DNA mass obtained for each of the extraction methods are shown in Figure 26 and 

Figure 27. In the first round of extraction trials, the PW method had the highest ratio of 

amplifiable DNA to total DNA mass. However, as shown in Figure 24, the PW method 

still results in only slightly higher quantification of total fungal biomass when compared to 

the PWE method. In the second round of extraction trials, PW and PWM produce the 

highest ratio of amplifiable 18S rDNA to total DNA. However, PWE still results in slightly 

higher quantification of total fungal biomass. These results imply that the PW and PWM 

Figure 25: Average total fungal qPCR results for three replicates of 

each extraction method in the second round of extraction 

trials. The total number of 18S rRNA gene copies serves 

as a proxy for the total amount of intact, high-quality 

DNA. 
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methods preserve DNA integrity during the extraction process, whereas much of the DNA 

obtained using the PWE method is fragmented.  

 

 

 

 

 
  

Figure 26: Proportion of total DNA mass that is intact, amplifiable 

fungal 18S genes as determined in total fungal qPCR, for 

the first round of extraction trials. This is a proxy for 

proportion of total DNA mass that is high-quality. 
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4.2.3 Microbial Diversity 

 After quality filtering a total of 1,037,042 bacterial 16S sequences were obtained 

from the second round of DNA extraction samples. All extraction types provided 

sequences, although PWEM 3 was omitted from the sequencing run. The average number 

of sequences obtained from each of the three independent replicates extraction for each 

method are displayed in Figure 28.  

The alpha diversity in each group of extractions is displayed graphically in Figure 

29. A qualitative evaluation of the alpha diversity bar chart indicates that the AL extraction 

results in the highest diversity. On the other hand, PWE and PWEM have notably low 

diversities. Cellulosimicrobium, a genus of gram-positive Actinobacteria, comprises over 

90% of every PWE and PWEM sample. This suggests that the high mass of amplifiable 

Figure 27: Proportion of total DNA mass that is intact, amplifiable 

fungal 18S genes as determined in total fungal qPCR, for 

the second round of extraction trials. This is a proxy for 

proportion of total DNA mass that is high-quality. 
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bacterial DNA obtained from the PWE-based methods is mostly extracted from a single 

bacterial genus. The average numbers of distinct operational taxonomic units (OTUs) 

detected in each extract type when rarefied to 20,800 sequences are displayed in Figure 30. 

The AL method results in the highest average alpha diversity.  

From the sequencing results it is apparent that different extraction methods favor 

different types of bacteria. The most dominant genera detected in the different extraction 

methods (over 20% relative abundance) are summarized in Table 8. No two methods were 

dominated by the same genera. At the phylum level, Proteobacteria are favored by PWM, 

and AL, while Actinobacteria are favored by PWE and PWEM. Only the PW method was 

co-dominated by Proteobacteria and Actinobacteria.  

Figure 28: Average number of bacterial 16S sequences obtained from 

the three replicates of each extraction method from round 

2 extractions. 
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Figure 29: Genus-level bacterial alpha diversity obtained in each replicate sample of each 
second-round extraction method.  
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Figure 30: Average number of bacterial OTUs obtained in the 

three replicate samples for each extraction method, 

rarefied to 20,800 sequences (FS samples were lost 

in rarefaction). 

Extraction Dominant Taxa (phylum; class; order; family; genus)

Proteobacteria; Alphaproteobacteria; Rhizobiales; Bradyrhizobiaceae; unidentified

Actinobacteria; Actinobacteria; Actinomycetales; Propionibacteriaceae; Propionibacterium

PWE Actinobacteria; Actinobacteria; Actinomycetales; Promicromonosporaceae; Cellulosimicrobium

Proteobacteria; Alphaproteobacteria; Rhizobiales; Methylobacteriaceae; Methylobacterium

Proteobacteria; Alphaproteobacteria; Rhizobiales; Bradyrhizobiaceae; unidentified

PWEM Actinobacteria; Actinobacteria; Actinomycetales; Promicromonosporaceae; Cellulosimicrobium

AL Proteobacteria; Gammaproteobacteria Pseudomonadales; Moraxellaceae; Acinetobacter

PW

PWM

Table 8: Genera with over 20% relative abundance in triplicate samples for each 

extraction method in the second round of extractions (FS excluded in 

rarefaction). 
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A PCoA plot of weighted UniFrac distances between the samples, shown in Figure 

31, supports the finding that different extraction methods result in different diversity 

results. With the exception of the PW method, all samples cluster closely together by 

extraction type, and thus each extraction consistently recovers a particular community. The 

communities obtained from each extraction type are also distinct from other types except 

for the modified extractions (PWM and PWEM), which are each related to their parent 

extractions (PW and PWE). The PWE and PWEM communities are so closely related that 

they all essentially collapse into one point. The communities extracted by the PW method 

appear the least similar to each other in terms of beta diversity. However, it is likely that 

the PW community on the far right is an outlier resulting from some error, since the other 

PW communities and the PWM communities are all close together.  
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4.3 CONCLUSIONS 

This is the first study to evaluate the impact of different DNA extraction methods 

on the quantification and diversity obtained from short-term bioaerosol samples. The 

results of these experiments demonstrate that the choice of a DNA extraction method can 

significantly impact community characterization from bioaerosol samples, and an 

extraction method must be chosen carefully depending on the desired analysis. Some 

extraction methods give higher estimates of total bacterial and fungal quantity, while others 

Figure 31: PCoA plot of the weighted UniFrac distances between bacterial 

communities recovered via each of five extraction methods 

examined during the second round of extraction trials. 
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recover so little DNA that microbial quantification cannot be readily accomplished using 

qPCR. The different extraction methods also result in widely different estimates of sample 

diversity, and some methods appear to significantly favor a specific genus.  

Based on these results, it would seem that the PWE extraction method is the most 

rigorous in terms of mass yield. Although the majority of the resulting DNA is fragmented 

and does not amplify via qPCR, the PWE method still results in relatively high estimates 

of total fungi using qPCR, as compared to the other methods tested. Furthermore, PWE is 

the only method that resulted in a successful total bacterial qPCR amplification in the first 

round of experiments. While a rigorous method such as PWE seems to fragment a 

significant amount of the DNA in a sample, its rigor seems also to extract DNA from a 

larger quantity of microbial cells. However, as shown in the sequencing results, this large 

amount of DNA comes almost exclusively from one genus, a gram-positive bacteria called 

Cellulosibacterium. One species from this genus, Cellulosibacterium cellulans (also called 

Arthrobacter luteus) is the industrial strain from which lyticase (an enzyme added to the 

PWE extraction) is isolated. It is likely that the sample was contaminated with C. celllulans 

when lyticase was added, and either the extraction method itself favored C. cellulans DNA 

extraction, or C. cellulans simply dominated the microbes collected in the WWC sample. 

In order to determine whether contamination is an issue, future research will submit a blank 

PWE extract for DNA sequencing. Therefore, adding lyticase to the PowerWater kit is not 

recommended for research until sample contamination has been ruled out. 

The FS and AL methods produced very little DNA mass, and were insufficient for 

bacterial qPCR analysis. However, the AL method produced the highest alpha diversity 

out of the methods sent for sequencing. Therefore, the AL methods is recommended when 

capturing a wide diversity is important, and low quantities of DNA are sufficient for 

experimental needs and quantification by molecular methods is unnecessary.  
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The PW and PWM methods appear to preserve DNA integrity during the extraction 

process, resulting in a high proportion of amplifiable fungal DNA. However, the PW 

method did not produce amplifiable bacterial DNA. Therefore, PW and PWM extractions 

are recommended for those studies aiming to quantify total fungi, but additional study-

specific experiments should be done to confirm that it can provide sufficient DNA for 

quantifying bacteria. The PW and PWM methods did yield a moderate level of bacterial 

alpha diversity, and so may be sufficient for studies that include bacterial diversity analysis. 

Future work to analyze fungal diversity results obtained from PW and PWM extractions 

may prove whether these methods are the best for complete fungal quantification and 

identification. 

This study involved centrifugation of the WWC samples in order to concentrate the 

biomass and separate it from the collection liquid before testing the different extractions. 

Centrifugation was chosen in order to allow for all samples to be processed identically 

before DNA extraction. However, the PW kit is designed to process samples that have been 

concentrated onto a 0.22 or 0.45 μm filter. Therefore, DNA recovery using the PW or PWM 

method may be enhanced by using a filter to concentrate samples before processing.  
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Chapter 5: Conclusions 

This is the first study that has successfully characterized the transient changes in 

the aerosolized bacterial community during residential shower operation. The results 

indicate that there are measurable changes in the aerosolized bacterial community during 

a short, 15-minute showering event. During residential shower operation, the airborne 

concentration of total bacterial increases. Additionally, there are changes in the airborne 

community diversity and relative abundances. In particular, the relative abundances of 

some pathogen-containing genera are increased during shower operation. 

Shower bioaerosols and other residential shower-associated bacterial communities 

are dominated by bacteria representing several different phyla: Proteobacteria, 

Acinetobacteria, and Firmicutes. The residential bioaerosols collected in this study were 

not heavily dominated by a particular genus but rather comprised of a diverse range of taxa. 

Additionally, the bacterial community diversity varies widely between different residential 

sites, and between different sample types within a given site. The results of this study 

suggest that residential showers contain a wider diversity of bacteria than the levels 

previously reported for hospital showers. Thus, studies focused on hospital showers may 

underestimate typical residential exposure.  An accurate estimate of residential shower 

exposure is especially important for immunocompromised individuals who use a shower 

at home.  

The results of this study do not clearly indicate a source for the microbes 

aerosolized during shower operation. Interestingly, the water sources at each site contained 

the most distinct bacterial communities. It is possible that several different sources 

contribute to the increased aerosolized microbial load during shower operation. 

Additionally, the different sampling methods used to collect microbial communities from 
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different sources (swab, bioaerosol sampler, water filter) may inherently skew the resultant 

community diversity and relative abundance estimates. A systematic study to determine 

the microbial diversity captured from a mock-community by different sampling methods 

may shed light on the potential biases introduced by sampling. An understanding of 

sampling impacts on community diversity would allow for more accurate bioaerosol 

source-tracking investigations. 

This study was also the first to compare DNA extraction methods for short-

duration, environmental bioaerosol samples. For dilute environmental bioaerosols, the 

choice of DNA extraction method can have a significant impact on resultant quantity and 

diversity measures. Some extraction methods provided good quantification and poor 

diversity estimates (PWE), while other methods provided good diversity estimates and 

poor quantification (AL). The PowerWater kit may be a good compromise for those studies 

that aim to detect both quantity and diversity of microbial aerosols. Bioaerosol researchers 

should carefully consider research goals when selecting a DNA extraction method. 

Further research on DNA extraction methods should test the PowerWater kit using 

its associated filter, rather than concentrating the DNA by centrifugation as in this study. 

The use of the filter may enhance cell recovery, and this may increase the quantity and 

diversity measured in bioaerosol samples. Additionally, it would be useful to determine the 

fungal diversity captured from bioaerosol samples by the PowerWater method, via gene 

sequencing. 
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Appendix A: Detailed Protocols for DNA Extraction Methods 

POWERWATER (PW) 

This extraction used the PowerWater DNA isolation kit (Mo Bio Labs, Carlsbad, 

CA), which is intended to extract both bacterial and fungal genomic DNA from 

environmental water samples. The cell pellet was resuspended in 1 mL of buffer PW1 by 

vortexing for 10 seconds. The suspension was transferred into the PowerWater bead tube, 

and the sample processed according to manufacturer’s specifications beginning at step 6 

(see Appendix B). Two rounds of bead beating were conducted using a FastPrep 

Homogenizer (MP Biomedicals, Santa Ana, CA) at 5 m/s for 30 seconds each. 

POWERWATER + FREEZE/THAW LYSIS (PWF) 

This extraction also utilized the PowerWater kit, with added freeze/thaw cycles to 

aid in cell lysing. The cell pellet was subjected to three freeze/thaw cycles consisting of 1 

minute in an ethanol-dry ice bath followed by 1 minute in a 65°C water bath. The rest of 

the DNA extraction used the PowerWater DNA isolation kit (Mo Bio Labs, Carlsbad, CA). 

The sample was resuspended by vortexing for 10 seconds in 1 mL of buffer PW1, and then 

transferred to the PowerWater bead tube. The rest of the extraction followed 

manufacturer’s specifications starting at step 6 (see Appendix B). Two rounds of bead 

beating were conducted using a FastPrep Homogenizer (MP Biomedicals, Santa Ana, CA) 

at 5 m/s for 30 seconds each. 

POWERWATER + ENZYME COCKTAIL (PWE) 

This extraction was also based on the PowerWater DNA isolation kit, with the 

addition of three different enzymes to aid in cell lysing. Lysozyme is added to digest 

bacterial cell walls, and lyticase is added to digest fungal cell walls. Proteinase K is a serine 

protease that digests nuclease proteins in the lysate that might otherwise destroy the DNA. 
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The cell pellet was suspended in 992 uL of an enzyme cocktail containing 11 mg/mL 

lysozyme, 6 U/mL lyticase, and 1% SDS in buffer PW1. The samples were incubated at 

37°C for one hour. Then, 3 uL of 25 mg/mL proteinase K was added, and the samples were 

again incubated at 37°C for one hour. After incubation, the samples were vortexed for 10 

seconds and the suspension was transferred to the PowerWater bead tube. The rest of the 

extraction followed manufacturer’s specifications starting at step 6 (see Appendix B). Two 

rounds of bead beating were conducted using a FastPrep Homogenizer (MP Biomedicals, 

Santa Ana, CA) at 5 m/s for 30 seconds each. 

POWERWATER WITH MODIFIED ELUTION (PWM) 

The PowerWater DNA isolation kit was used with a modified elution step in order 

to enhance DNA recovery and concentration from the spin column. The spin column with 

bound DNA was incubated for 1 minute with 50 μL of elution buffer PW6 and then 

centrifuged at 13,000 x g for 1 minute. Then, the same 50 μL of elution buffer was added 

to the top of the spin column again, and incubated for 1 minute. The final DNA extract was 

collected via a final 1 minute centrifugation at 13,000 x g. All other steps of the extraction 

followed manufacturer specifications starting at step 6 (see Appendix B). 

POWERWATER + ENZYME COCKTAIL WITH MODIFIED ELUTION (PWEM) 

 This extraction was based on the PowerWater + enzyme (PWE) extraction method 

described above, with a modified elution step to enhance DNA recovery and concentration 

from the spin column. The extraction was identical to the PWE method (see above), with 

the exception of the final elution (step 22, see Appendix B). The spin column with bound 

DNA was incubated for 1 minute with 50 μL of elution buffer PW6 and then centrifuged 

at 13,000 x g for 1 minute. Then, the same 50 μL of elution buffer was added to the top of 
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the spin column again, and incubated for 1 minute. The final DNA extract was collected 

by a final 1 minute centrifugation at 13,000 x g. 

POWERSOIL + CHEMICAL + ENZYME (PS) 

The PowerSoil DNA isolation kit (Mo Bio Labs, Carlsbad, CA) is intended to 

extract bacterial and fungal genomic DNA from environmental soil samples. Though the 

kit is intended for soil, it has been successfully used to extract DNA from environmental 

dust and air samples (Adams et al., 2013; Noris, Siegel, & Kinney, 2011). The cell pellet 

was resuspended in 60 uL of buffer C1 by vortexing for 10 seconds, and the solution was 

transferred to the PowerSoil bead tube. 100 uL of lysozyme (3 mg/mL) and 300 uL of 

phenol-chloroform-isoamyl alcohol (24:24:1) were added to the bead tube. The rest of the 

extraction followed manufacturer’s specifications, starting at step 5 (see Appendix C). Two 

rounds of bead beating were conducted using a FastPrep Homogenizer (MP Biomedicals, 

Santa Ana, CA) at 5 m/s for 30 seconds each. 

POWERSOIL + ENZYME COCKTAIL (PSE) 

This extraction was also based on the PowerSoil DNA isolation kit (Mo Bio Labs, 

Carlsbad, CA) with the addition of an enzyme cocktail to aid in cell lysis. 59.5 uL of an 

enzyme cocktail consisting of 11 mg/mL lysozyme, 6 U/mL lyticase, and 1% SDS diluted 

in buffer C1 were added to the cell pellet. The sample was incubated at 37°C for one hour. 

Then, 0.5 uL of 25 mg/mL proteinase K was added, and the sample was again incubated at 

37°C for one hour. After incubation, the mixture was vortexed for 10 seconds and 

transferred to the PowerSoil bead tube. The rest of the extraction was carried out according 

to manufacturer’s directions (see Appendix C). Two rounds of bead beating were 

conducted using a FastPrep Homogenizer (MP Biomedicals, Santa Ana, CA) at 5 m/s for 

30 seconds each. 
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VAN BURIK (VB) 

The extraction method described by Van Burik (1998) uses enzymatic lysis 

combined with chemical DNA purification to extract DNA from fungal cells. The enzyme 

lyticase hydrolyzes yeast cell wall glucan. The extraction was performed exactly as 

described in Van Burik (1998).  

VAN BURIK + FREEZE/THAW LYSIS (VBF) 

This extraction method utilizes a combination of chemical, enzymatic, and 

freeze/thaw lysis followed by a chemical DNA purification, and is modified from a method 

that has been used successfully for fungal DNA extraction (Van Burik, 1998). The cell 

pellet was subjected to three freeze/thaw cycles by submerging the tube in an ethanol-dry 

ice bath for 1 minute, followed by 1 minute in a 65°C water bath. After the freeze/thaw 

cycles, the rest of the extraction was carried out as described by Van Burik (1998). 

FASTDNA SPIN KIT (FS) 

This extraction utilized the FastDNA SPIN Kit for Soil (MP Biomedicals, Santa 

Ana, CA). The extraction was performed according to manufacturer’s specifications (see 

Appendix D). A FastPrep 24 homogenizer (MP Biomedicals, Santa Ana, CA) was used for 

the bead beating step (step 4). The binding matrix was resuspended and DNA eluted in 50 

μL of DES, and the optional heating step was included (step 16). 

ALKALINE LYSIS (AL) 

This extraction was based on a modified version of the alkaline lysis extraction 

method (C. Zhou, Yang, & Jong, 1990). The extraction was performed as follows: 

1. Add to the cell pellet 300 μL of TENS buffer (0.1 M NaOH, 1X TE, 0.5% 

SDS). Vortex for 20 seconds. 

2. Incubate for 10 minutes at room temperature. 
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3. Add 150 μL 3N sodium acetate, pH 5.2. Vortex Briefly. 

4. Centrifuge for 2 minutes at 13,000 x g at room temperature. 

5. Transfer supernatant to sterile microcentrifuge tube. Add 10 μL poly acryl 

carrier (Molecular Research Center, Cincinnati, OH) and invert gently. 

6. Add 1 mL of 100% isopropanol. Invert tube gently 10 times until well 

mixed. 

7. Centrifuge for 20 minutes at 13,000 x g at room temperature. Remove 

supernatant without disturbing the DNA pellet.  

8. Wash DNA pellet with 1 mL ice cold 100% ethanol by vortexing until the 

pellet detaches from the side of the tube. 

9. Centrifuge for 10 minutes at 13,000 x g at 4°C. Remove supernatant without 

disturbing DNA pellet.  

10. Air dry until all ethanol is evaporated. Resuspend DNA pellet in 50 μL 

nuclease-free water. 
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Appendix B: PowerWater DNA Isolation Kit Protocol 

Warm Solution PW1 prior to use at 55°C for 5-10 minutes. Use Solution PW1 while still 

warm. Check Solution PW3 and warm at 55°C for 5-10 minutes if necessary. Solution PW3 

can be used while still warm.  

1. Filter water samples using a reusable or disposable filter funnel attached to a 

vacuum source. Disposable filter funnels, containing 0.22 μm or 0.45 μm filter 

membranes, can be ordered from MO BIO Laboratories. The volume of water 

filtered will depend on the microbial load and turbidity of the water sample. 

2. If using a reusable filter funnel, remove the upper portion of the apparatus. If using 

a MO BIO Laboratories filter funnel, remove the 100 ml upper portion of the filter 

cup from the catch reservoir by snapping it off.  

3. Using two sets of sterile forceps, pick up the white filter membrane at opposite 

edges and roll the filter into a cylinder with the top side facing inward. Note: Do 

not tightly roll or fold the filter membrane. To see a video of this technique, please 

visit the PowerWater® DNA Isolation Kit product page on www.mobio.com.  

4. Insert the filter into the 5 ml PowerWater® Bead Tube. 

5. Add 1 ml of Solution PW1 to the PowerWater® Bead Tube. Note: Solution PW1 

must be warmed to dissolve precipitates prior to use. Solution PW1 should be used 

while still warm. For samples containing organisms that are difficult to lyse (fungi, 

algae) an additional heating step can be included. See Alternate Lysis Method in 

the Hints and Troubleshooting Guide (www.mobio.com).  

6. Secure the PowerWater® Bead Tube horizontally to a MO BIO Vortex Adapter, 

catalog number 13000-V1-15 or 13000-V1-5. 

7. Vortex at maximum speed for 5 minutes. 
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8. Centrifuge the tubes ≤ 4000 x g for 1 minute at room temperature. The speed will 

depend on the capability of your centrifuge. (This step is optional if a centrifuge 

with a 15 ml tube rotor is not available, but will result in minor loss of supernatant).  

9. Transfer all the supernatant to a clean 2 ml Collection Tube (provided). Draw up 

the supernatant using a 1 ml pipette tip by placing it down into the beads. Note: 

Placing the pipette tip down into the beads is required. Pipette more than once to 

ensure removal of all supernatant. Any carryover of beads will not affect 

subsequent steps. Expect to recover between 600-650 μl of supernatant depending 

on the type of filter membrane used.  

10. Centrifuge at 13,000 x g for 1 minute. 

11. Avoiding the pellet, transfer the supernatant to a clean 2 ml Collection Tube 

(provided). 

12. Add 200 μl of Solution PW2 and vortex briefly to mix. Incubate at 4°C for 5 

minutes. 

13. Centrifuge the tubes at 13,000 x g for 1 minute. 

14. Avoiding the pellet, transfer the supernatant to a clean 2 ml Collection Tube 

(provided). 

15. Add 650 μl of Solution PW3 and vortex briefly to mix. Note: Check Solution PW3 

for precipitation prior to use. Warm if necessary. Solution PW3 can be used while 

still warm.  

16. Load 650 μl of supernatant onto a Spin Filter and centrifuge at 13,000 x g for 1 

minute. Discard the flow through and repeat until all the supernatant has been 

loaded onto the Spin Filter. Note: A total of two loads for each sample processed 

are required.  

17. Place the Spin Filter basket into a clean 2 ml Collection Tube (provided). 
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18. Shake to mix Solution PW4 before use. Add 650 μl of Solution PW4 and centrifuge 

at 13,000 x g for 1 minute.  

19. Discard the flow through and add 650 μl of Solution PW5 and centrifuge at 13,000 

x g for 1 minute.  

20. Discard the flow through and centrifuge again at 13,000 x g for 2 minutes to remove 

residual wash. 

21. Place the Spin Filter basket into a clean 2 ml Collection Tube (provided). 

22. Add 100 μl of Solution PW6 to the center of the white filter membrane. 

23. Centrifuge at 13,000 x g for 1 minute. 

24. Discard the Spin Filter basket. The DNA is now ready for any downstream 

application. No further steps are required. 
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Appendix C: PowerSoil DNA Isolation Kit Protocol 

1. To the PowerBead Tubes provided, add 0.25 grams of soil sample.  

2. Gently vortex to mix.  

3. Check Solution C1. If Solution C1 is precipitated, heat solution to 60°C until 

dissolved before use. 

4. Add 60 μl of Solution C1 and invert several times or vortex briefly. 

5. Secure PowerBead Tubes horizontally using the MO BIO Vortex Adapter tube 

holder for the vortex (MO BIO Catalog# 13000-V1-24) or secure tubes horizontally 

on a flat-bed vortex pad with tape. Vortex at maximum speed for 10 minutes. Note: 

If you are using the 24 place Vortex Adapter for more than 12 preps, increase the 

vortex time by 5-10 minutes.  

6. Make sure the PowerBead Tubes rotate freely in your centrifuge without rubbing. 

Centrifuge tubes at 10,000 x g for 30 seconds at room temperature. CAUTION: Be 

sure not to exceed 10,000 x g or tubes may break.  

7. Transfer the supernatant to a clean 2 ml Collection Tube (provided). Note: Expect 

between 400 to 500 μl of supernatant. Supernatant may still contain some soil 

particles. 

8. Add 250 μl of Solution C2 and vortex for 5 seconds. Incubate at 4°C for 5 minutes. 

9. Centrifuge the tubes at room temperature for 1 minute at 10,000 x g. 

10. Avoiding the pellet, transfer up to, but no more than, 600 μl of supernatant to a 

clean 2 ml Collection Tube (provided). 

11. Add 200 μl of Solution C3 and vortex briefly. Incubate at 4°C for 5 minutes.  

12. Centrifuge the tubes at room temperature for 1 minute at 10,000 x g.  
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13. Avoiding the pellet, transfer up to, but no more than, 750 μl of supernatant into a 

clean 2 ml Collection Tube (provided).  

14. Solution C4 to the 

supernatant and vortex for 5 seconds. 

15. Load approximately 675 μl onto a Spin Filter and centrifuge at 10,000 x g for 1 

minute at room temperature. Discard the flow through and add an additional 675 μl 

of supernatant to the Spin Filter and centrifuge at 10,000 x g for 1 minute at room 

temperature. Load the remaining supernatant onto the Spin Filter and centrifuge at 

10,000 x g for 1 minute at room temperature. Note: A total of three loads for each 

sample processed are required.  

16. Add 500 μl of Solution C5 and centrifuge at room temperature for 30 seconds at 

10,000 x g. 

17. Discard the flow through. 

18. Centrifuge again at room temperature for 1 minute at 10,000 x g. 

19. Carefully place spin filter in a clean 2 ml Collection Tube (provided). Avoid 

splashing any Solution C5 onto the Spin Filter.  

20. Add 100 μl of Solution C6 to the center of the white filter membrane. Alternatively, 

sterile DNA-Free PCR Grade Water may be used for elution from the silica Spin 

Filter membrane at this step (MO BIO Catalog# 17000-10). 

21. Centrifuge at room temperature for 30 seconds at 10,000 x g. 

22. Discard the Spin Filter. The DNA in the tube is now ready for any downstream 

application. No further steps are required.  
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Appendix D: FastDNA Spin Kit Protocol 

1. Add up to 500 mg of soil to a Lysing Matrix E tube. 

2. Add 978 μL Sodium Phosphate Buffer to sample in Lysing Matrix E tube. 

3. Add 122 μL MT Buffer. 

4. Homogenize in the FastPrep Instrument for 40 seconds at a speed setting of 6.0. 

5. Centrifuge at 14,000 x g for 5-10 minutes to pellet cell debris. 

6. Transfer supernatant to a clean 2.0 mL microcentrifuge tube. Add 250 μL PPS 

(Protein Precipitation Solution) and mix by shaking the tube by hand 10 times. 

7. Centrifuge at 14,000 x g for 5 minutes to pellet precipitate. Transfer supernatant 

to a clean 15 mL tube. NOTE: While a 2.0 mL microcentrifuge tube may be 

used at this step, better mixing and DNA binding will occur in a larger tube. 

8. Resuspend Binding Matrix suspension and add 1.0 mL to supernatant in 15 mL 

tube. 

9. Place on rotator or invert by hand for 2 minutes to allow binding of DNA. Place 

tube in a rack for 3 minutes to allow settling of silica matrix. 

10. Remove and discard 500 μL of supernatant being careful to avoid settled 

Binding Matrix. 

11. Resuspend Binding Matrix in the remaining amount of supernatant. Transfer 

approximately 600 μL of the mixture to a SPIN Filter and centrifuge at 14,000 

x g for 1 minute. Empty the catch tube and add the remaining mixture to the 

SPIN Filter and centrifuge as before. Empty the catch tube again. 

12. Add 500 μL prepared SEWS-M and gently resuspend the pellet using the force 

of the liquid from the pipet tip. NOTE: Ensure ethanol has been added to the 

concentrated SEWS-M. 
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13. Centrifuge at 14,000 x g for 1 minute. Empty the catch tube and replace. 

14. Without any addition of liquid, centrifuge a second time at 14,000 x g for 2 

minutes to “dry” the matrix of residual wash solution. Discard the catch tube 

and replace with a new, clean catch tube. 

15. Sir dry the SPIN Filter for 5 minutes at room temperature. 

16. Gently resuspend Binding Matrix (above the SPIN Filter) in 50-100 μL of DES 

(DNase/Pyrogen-Free Water). NOTE: Yields may be increased by incubation 

for 5 minutes at 55°C in a heat block or water bath. 

17. Centrifuge at 14,000 x g for 1 minute to bring eluted DNA into the clean catch 

tube. Discard the SPIN Filter. DNA is now ready for PCR and other 

downstream applications. 
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